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Abstract

Various physiological and pathological conditions lead to the accumulation of
misfolded proteins in the endoplasmic reticulum (ER), perturbing cellular homeostasis
and causing ER stress. Although the Unfolded Protein Response (UPR) primarily relies
on the transcriptional response to counter the ER protein-folding overload, many UPR-
associated mRNAs are post-transcriptionally regulated. Yet, the mechanisms of post-
transcriptional regulation during ER stress are not fully understood. In this work, we
discovered that the conserved RNA-binding protein IGF2BP3 binds to multiple
transcripts encoding UPR effectors. ER stress shifts IGF2BP3 function toward
promoting destabilization of its target transcripts, including those encoding UPR
effectors. Mechanistically, this shift correlates with the increased association of
IGF2BP3 with ER stress sensor RNase IRE1 and mRNA decapping complex.
Strikingly, prolonged depletion of IGF2BP3 dampens the UPR through transcriptional
downregulation of UPR target genes. Altogether, our results suggest a dual role for
IGF2BP3 during ER stress: directly, it promotes mMRNA degradation to reduce protein
synthesis and alleviate folding overload, while indirectly supporting transcription of
UPR effectors.



Zusammenfassung

Verschiedene physiologische und pathologische Bedingungen fihren zur Anhaufung
von fehlgefalteten Proteinen im Endoplasmatischen Retikulum (ER), wodurch die
zellulare Homoostase gestort wird und ER-Stress entsteht. Obwohl die Unfolded
Protein Response (UPR) in erster Linie auf die Transkriptionsantwort angewiesen ist,
um der Uberlastung des ER durch Proteinfaltung entgegenzuwirken, werden viele
UPR-assoziierte mRNAs posttranskriptionell reguliert. Die Mechanismen dieser
posttranskriptionellen Regulation wahrend des ER-Stresses sind jedoch noch nicht
vollstandig geklart. In dieser Arbeit haben wir entdeckt, dass das konservierte RNA-
bindende Protein IGF2BP3 an mehrere Transkripte bindet, die UPR-Effektoren
kodieren. ER-Stress verschiebt die Funktion von IGF2BP3 in Richtung einer
Destabilisierung seiner Zieltranskripte, einschliel3lich derjenigen, die UPR-Effektoren
kodieren. Mechanistisch korreliert diese Verschiebung mit der erhdhten Assoziation
von IGF2BP3 mit dem ER-Stresssensor RNase IRE1 und dem mRNA-Decapping-
Komplex. Bemerkenswert ist, dass eine langere Depletion von IGF2BP3 die UPR
durch transkriptionelle Herunterregulierung der UPR-Zielgene dampft. Insgesamt
deuten unsere Ergebnisse auf eine doppelte Rolle von IGF2BP3 wahrend des ER-
Stresses hin: Direkt fordert es den mRNA-Abbau, um die Proteinsynthese zu
reduzieren und die Faltungsuberlastung zu verringern, wahrend es indirekt die

Transkription von UPR-Effektoren unterstutzt.
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1 Introduction

1.1 Endoplasmic Reticulum (ER) stress and the Unfolded Protein
Response (UPR)

1.1.1 The UPR senses perturbations of ER proteostasis

The endoplasmic reticulum (ER) is the largest membrane-bound organelle in
eukaryotic cells. It is essential for cellular function, as approximately one-third of the
proteome is translated by the ribosomes into the ER '-3. One of the primary functions
of the ER is to provide a proper folding environment for the maturation of the secreted,
transmembrane, and endomembrane resident proteins #5. Thus, ER is abundant in
molecular chaperones and folding enzymes as well as protein quality control
machineries. Moreover, unlike the cytosol, the ER has an oxidizing redox potential to
facilitate disulfide bond formation 4-7. Together, the unique enzymatic repertoire and
chemical environment of the ER lumen support the folding of secreted and membrane

proteins.

Despite being tailored for promoting the folding of its clients, ER lumen remains a
challenging folding environment due to lower diffusion rates & and oxidizing redox
potential 8. In addition, cells must often cope with varying protein synthesis demand
and damaging conditions. If the folding capacity of the ER is exceeded, unfolded
polypeptides accumulate in the lumen, perturbing ER homeostasis. This state is
referred to as “ER stress”. The resulting depletion of available chaperones and
increase in the concentration of the unfolded polypeptides are directly detected by
specialized sensors embedded in the ER membrane. In mammalian cells, three such
sensors coordinate the response: the inositol-requiring enzyme 1 (IRE1), PKR-like
kinase (PERK), and the activating transcription factor 6 (ATF6). Together they activate
a conserved signaling cascade called the unfolded protein response (UPR; reviewed
in 1% Fig. 1).

1.1.2 The three branches of the UPR

The most conserved branch of the UPR is initiated by the ER stress sensor IRE1,
which is conserved from fungi to plants and animals "4 IRE1 is a type |
transmembrane protein with an ER luminal domain that directly senses the unfolded

polypeptides '5-7. When ER proteostasis is perturbed, the cytosolic RNase domains
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of IRE1 become allosterically activated, mediating its endoribonuclease activity. The
direct outcome of IRE1 activation is the unconventional splicing of the XBP7 mRNA 8-
2 In unstressed cells, the unspliced form, XBP1u mRNA is translated into a
polypeptide containing a hydrophobic region that targets it to the ER membrane
surface 2°. XBP1u mRNA contains two stem-loops that are specifically recognized and
cleaved by the activated RNase domain of IRE1, initiating the unconventional splicing
18212627 The spliced XBP1 mRNA (XBP1s) encodes a potent transcription factor that
induces transcription of ER chaperones, folding enzymes, and ER-associated
degradation (ERAD) components, thereby increasing the folding capacity of the ER 28~
30 Although XBP1u mRNA is the only known substrate of IRE1 that undergoes
unconventional splicing, IRE1 also cleaves a broader set of ER-localized mRNAs,
leading to their degradation and reducing protein influx into the stressed ER. This
function of IRE1 is called regulated IRE1-dependent decay (RIDD) 3'32, Together,
these mechanisms allow the IRE1 branch to promote cellular adaptation to ER stress
3334 However, if protein misfolding persists and stress cannot be resolved, prolonged
RIDD activity shifts the balance toward apoptosis by targeting transcripts that support

cell survival 34-36,

In addition to IRE1, mammalian cells rely on two other UPR branches, initiated by ATF6
and PERK, to respond to ER overload. Upon ER stress, ATF6 translocates to the Golgi,
where it undergoes proteolytic cleavage to release its cytosolic N-terminal fragment 37~
39, This fragment functions as a transcription factor that induces ER chaperones and
folding enzymes to facilitate folding in the ER 4%-#4. PERK, on the other hand, is an ER-
tethered kinase that, upon activation, phosphorylates the translation initiation factor
elF2a, leading to rapid and transient downregulation of global protein synthesis 45-47.
This lowers the influx of new proteins into the ER, while allowing translation of mMRNAs
encoding ER stress response proteins, such as transcription factor ATF4 48-50_|nitially,
the PERK-ATF4 branch supports adaptation to ER stress by enhancing amino acid
metabolism and antioxidant responses “8. However, if stress is excessive or prolonged,
ATF4 induces transcription of pro-apoptotic genes, including DDIT3 (CHOP),

promoting cell death in parallel with the IRE1 branch 552,

The three UPR branches drastically remodel the transcriptome of stressed cells.
Moreover, they partially overlap in their targets, employ feedback loops, and can
9



promote opposing cell fate outcomes 53-55. As a result, the ultimate effect of the UPR
depends not only on the severity of ER stress but also on the pre-existing state of the
transcriptome. This is evident from the striking differences in sensitivity to ER stress
and UPR activation observed across different cell types °6-°°. The importance of
cellular context for UPR activation and outcome is further reflected at the organismal
level 6061 where the UPR is essential for diverse physiological processes during
development 3962-64 gand in adulthood, including plasma cell differentiation ¢, glucose
homeostasis 967, hepatic lipid metabolism %69 gastrointestinal tract ’° and nervous
system function 7'-73. Consequently, UPR dysregulation contributes to a variety of

pathological conditions, including cancer (reviewed in 74-80),

(4 folded ER stress unfolded A
g IRE1 PERK
3
HaH
@ Unfolded Protein Response SURVIVAL
S XBP1s, ATF4, ATF6
Z
e J

Figure 1. Schematic of the unfolded protein response (UPR) branches.

1.1.3 Regulation of mMRNA stability during ER stress

Increasing evidence indicates that, in addition to transcriptional reprogramming driven
by the UPR, cells also rely on post-transcriptional mechanisms to regulate mRNA
levels during ER stress. Several genome-wide studies have addressed this indirectly
by comparing changes in total mMRNA levels either with nascent mRNA 8182 or with a
combination of translatome and proteome data 83, revealing hundreds of transcripts
whose stability is differentially regulated. The diversity of these transcripts and the
features defining their fate suggests that selective mRNA degradation and stabilization

during ER stress are mediated by multiple mechanisms.
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One of the key mechanisms to counteract ER folding overload during acute stress
involves the stabilization of newly transcribed UPR-induced mRNAs. These mRNAs
have longer poly(A) tails, which contribute to their increased translation rates and
stabilization 828 In parallel, bulk translation is suppressed through elF2a
phosphorylation by PERK 4°#’. The mRNAs are released from polysomes and
assemble into messenger ribonucleoprotein granules (MRNPs) called stress granules
(SGs) 8-88 The SGs contain 40S ribosomal subunits, translation initiation factors, and
multiple RNA-binding proteins that maintain the structure of this membraneless
organelle through a mesh of multivalent interactions with mRNAs 8. Interestingly, upon
ER stress a subset of SGs co-localizes with the ER membrane and includes ER-
targeted mRNAs . Although SG formation is observed upon multiple stress
conditions, their function is still debated °'. While localization of particular mRNAs to
SGs can correlate with increased stability %29, global analyses show that SG-enriched
MmRNAs are generally less stable than SG-depleted ones, and only ~10% of the
transcriptome is associated with SGs at a given moment %49, This suggests that the
functional outcome for a particular mRNA is dictated more by the set of proteins
interacting with it than by SG localization itself. Indeed, SG formation per se has been
shown to be dispensable for stabilization of select mRNAs, which instead relies on

interactions with specific RBPs %,

Accumulating evidence suggests that RBPs are involved in the post-transcriptional
response to ER stress. Since the extent and outcome of the UPR depend strongly on
the transcriptome of the affected cell, and RBPs are powerful regulators of mRNA
stability, localization, and translation, they are prominent candidates to shape the
response. Transcriptome-wide non-ribosomal protein footprinting has shown that ER
stress alters RBP binding to mRNA's untranslated regions (UTRs) 3, supporting their
involvement in the regulation of the ER stress response. Nevertheless, the role of
RBPs in the ER stress response has not yet been systematically explored. Instead,
individual studies point to their function in regulating specific transcripts during stress.
For instance, in Drosophila, RBP Pumilio binds Xbp7 mRNA and protects spliced
mRNA from further IRE1-mediated cleavage and degradation . The RBP TIA-1 links
hormonal control of the cardiovascular system with ER stress through differential

regulation of the angiotensin Il type 1 receptor (AT1R). Under homeostatic conditions,

11



TIA-1 binds AT1R mRNA and represses translation, while under ER stress, it releases
the mRNA, leading to increased AT1R protein expression %. In another example, the
RBP HuR mediates ER stress-induced stabilization of the liver hormone hepcidin,
which controls iron transfer to plasma . HuR also increases its binding to the 3' UTR
of ATF3 mRNA during amino acid starvation, increasing its stability. A similar
mechanism may function during ER stress as it also increases ATF3 levels and half-
life. At the same time, AUF1, a decay-promoting RBP, shows reduced binding to the
ATF3 3' UTR during stress, which may further stabilize the transcript 1.

One of the primary mechanisms by which RBPs regulate mRNA stability is through
modulation of miRNA-mediated silencing and degradation. miRNAs guide the RNA-
induced silencing complex (RISC) to complementary sequences in target mRNAs.
RBPs can either counteract this process by binding to miRNA sites and shielding the
mRNA from RISC, or facilitate it by modulating secondary structure to increase site
accessibility and promoting recruitment of RISC and associated decay factors
(reviewed in 191). miRNA-mediated regulation is a broad and complex layer of UPR as
miRNAs target components of all three UPR branches and are themselves subject to
regulation 92-1%4  The importance of miRNA pathways in the UPR is supported by
findings that depletion of AGO2, the major component of the RISC, prevents ER stress-

induced downregulation of multiple transcripts 9.

In response to ER stress, cells attempt to reduce the influx of newly synthesized
proteins into the ER by limiting the number of mMRNAs translated by ER-bound
ribosomes. This is illustrated by the finding that ER stress induces the release of
mRNAs from the ER surface 1. In addition, IRE1 cleaves the mRNAs translated on
the ER surface, which has been proposed to decrease protein folding load of the
organelle. How IRE1 selects its targets among the ER-bound mRNAs is not yet
completely understood. The canonical IRE1 substrates such as XBP1u, BLOC1S1,
CD59, TGOLNZ2, and others are confirmed in multiple studies and contain a distinct
hairpin structure with CNG|CAGN consensus sequence within the loop 273132107108
Yet, the presence of this hairpin motif is not the only determinant of IRE1 target
selection, as for many ER-targeted mRNAs, it is not sufficient to induce cleavage %,
Moreover, IRE1 also acts in a more promiscuous, motif-independent manner 34109110,
In this mode, it even targets UPR-induced transcripts, such as HSPAS (encoding BiP)
12



34 counteracting the transcriptional UPR. The absence of strict determinants suggests
that IRE1 substrate specificity is modulated by additional factors. For example, stress-
induced reduction in translational initiation increases the accessibility of hairpin motifs
in MRNA coding sequences to IRE1 97, Another layer of regulation may be provided
by RBPs, which can influence the localization of IRE1 target MRNAs or the accessibility
of cleavage sites within the target sequence. In line with this idea, IRE1 has been
shown to associate with SGs, which facilitates XBP1 splicing '''. However, it remains

unclear whether this association also affects the cleavage of other IRE1 substrates.

The work of Acosta-Alvear and Karagoz et al. "2 combined IRE1 immunoprecipitation
with proteomics to investigate how IRE1 recruits and selects its targets among the ER-
bound mRNAs. Using protein-RNA crosslinking followed by immunoprecipitation under
denaturing conditions with stringent washes, the authors discovered that IRE1 directly
contacts the ribosome and monitors the dynamics of folding and translation to detect
the mRNAs whose products fail to fold efficiently. This systematic and unbiased
approach also captured proteins that associate closely with IRE1 in an RNA-dependent
manner, plausibly either through their mutual binding to ribosome or their mRNA
substrates. Among the identified interactors, RBP from Insulin-like growth factor 2
mRNA-binding proteins (IGF2BP) family, IGF2BP3, stood out as a specific mMRNA
binder that associates with IRE1 in an ER stress-dependent manner. These findings
led us to hypothesize that IGF2BP3 may modulate IRE1 function or regulate the fate
of IRE1 mRNA targets, including multiple UPR effectors.

1.2 Oncofetal proteins of the IGF2BP family are potent regulators of
MRNA metabolism
The Insulin-like growth factor 2 mRNA-binding proteins (IGF2BPs) are a highly
conserved family of RBPs (reviewed in ''3114) Mammals express three IGF2BP
paralogs IGF2BP1/2/3, while only single homologs have been described in Xenopus
laevis (Vg1RBP/Vera, most closely related to IGF2BP3) and in Drosophila (dIMP).
Several synonymous names are present in the literature for IGF2BP family proteins:
Vg1RBP/Vera, IMP, CRD-BP, KOC, and ZBP, therefore the family is sometimes
referred to as VICKZ. IGF2BP1 and 3 are expressed as single isoforms and share 73%
amino acid identity, while IGF2BP2 is more distant (56%) and exists in two alternative

splicing isoforms 113.114,
13



1.2.1 Functional roles of IGF2BPs

IGF2BPs belong to the class of so-called “oncofetal” proteins, which are expressed at
high levels during embryogenesis, largely silenced in most adult tissues, and re-
expressed in cancer 15116 Consistent with this patter, all three IGF2BP paralogs are
abundant during early development '13.117=120 where they regulate mRNAs involved in
cell growth and migration and are therefore necessary for embryo development 121-128,
In adult tissues, IGF2BP1 and IGF2BP3 are mostly down-regulated in an organ-
specific manner, while IGF2BP2 remains highly expressed and displays a more
uniform pattern across tissues 113129130 Unlike IGF2BP1 and 3, IGF2BP2 has been
linked to the regulation of metabolic processes. It regulates mRNAs involved in
glycolysis 3!, thermogenesis 32, and insulin responses 32133 and the variants in its
gene associate with type 2 diabetes risk 13*. The overexpression of IGF2BP paralogs
contributes to carcinogenesis 13.114.124.135136 = 115.116\yhere their elevated levels are
associated with increased tumor growth', therapy resistance 38, metastasis '3, and
poor prognosis 4%, The most common mechanism by which IGF2BPs contribute to
cancer is the upregulation of developmental oncogenic pathways through stabilization

of oncogenic mMRNAs, such as KRAS %1, cMYC 23, HMGA?2 %6, and ABCB1 (MDR1)
142

1.2.2 Domain architecture and RNA-binding specificity of IGF2BPs

IGF2BP homologs share a canonical RNA-binding protein architecture. Each ~65 kDa
proteins contains two RNA recognition motifs (RRM1-2) followed by four hnRNP K
homology domains (KH1-4), which are arranged in heterodimers (KH1-2) and (KH3-
4). These heterodimer domains are separated by unstructured linkers of ~40 amino
acids (between RRM1-2 and KH1-2) and ~60 amino acids (between KH1-2 and KH3-
4) 120 Each of the six domains has its own RNA binding surface with distinct sequence
preferences and affinities #3-45, This enables combinatorial recognition of clustered
motifs with the target mRNA looping around the domains 44146, The first defined
IGF2BP-binding element was a 54-nt sequence in chicken B-actin, termed the
“zipcode” 147148 |GF2BP footprinting obtained with Photoactivatable-Ribonucleoside-
Enhanced Crosslinking and Immunoprecipitation (PAR-CLIP) revealed short
consensus motif CAUH (H = A, C, or U), which represents the most common sequence

recognized by RNA binding sites within IGF2BP domains '#°. Later, Systematic
14



Evolution of Ligands by Exponential Enrichment (SELEX) experiments resulted in an
extended consensus sequence for IGF2BP3: GGCA-N20-CACA-N14-CACA-N22-
CGGC-N4-(CA)4 '#4 (Fig. 2). It has to be noted, however, that this sequence represents
an optimal binding motif under in vitro selection, while in vivo recognition is more
versatile ¥4, Due to the combinatorial nature of RNA-binding motifs, IGF2BPs can
bridge multiple mRNAs in multivalent interactions and recruit them into mRNPs
126,143,150 Thjs feature provides a structural basis for the diverse regulatory functions of

IGF2BPs and their ability to coordinate transcript fate in diverse cellular contexts.

IGF2BP3

(9]

V994

Figure 2. Schematic model of RNA binding by IGF2BP3 (adapted from Schneider et

al. 144)

1.2.3 Mechanisms of IGF2BPs function

The ability of IGF2BPs to recognize flexible motifs allows them to bind a broad
spectrum of transcripts. This is confirmed in RNA immunoprecipitation studies, which
robustly identify around three thousand targets for each IGF2BP paralog 125151,
However, transcriptome- and translatome-wide analyses following IGF2BP depletion
indicate that binding does not necessarily results in regulation of the associated RNA
125151 Moreover, the high overlap between the bound transcripts further suggests that
IGF2BP paralogs can compensate for one another 15152, As many of their targets
encode transcriptional regulators 123.126.141,1531%4 = deciphering the downstream
networks perturbed by IGF2BP loss and identifying the actual mechanisms of their

function remain a challenging task.

Despite this complexity, several mechanisms of action have been described for
IGF2BPs. In mammals, IGF2BPs have been characterized as translational inhibitors

of IGF2 mRNA 20 |GF2BP1 was later shown to regulate spatial translation of B-actin

15



to allow directed cell movement. Specifically, binding of IGF2BP1 to the 5’UTR of -
actin mRNA inhibits its translation in the cytosol and facilitates its delivery to the leading
edge '%5. Once localized to the cell periphery, phosphorylation of IGF2BP1 by Src
results in mRNA release and allows translation initiation '>2. This mechanism is not
universal for all IGF2BP targets. For instance, IGF2BP2 binding has been shown to
directly promote translation of UCPT mRNA, conferring resistance to obesity in mice
132 In contrast, depletion of IGF2BP3 leads to a substantial increase in bulk translation
156 Mechanistically, this has been linked to IGF2BP3-depletant sequestrations of

mRNAs into processing bodies (P-bodies) %.

All IGF2BPs can act as mRNA stabilizers '®'. IGF2BP1 was first identified as a
stabilizer of MRNA encoding c-Myc 116.157.158  Binding of IGF2BP1 to a region within
the coding sequence protects the mRNA from cleavage by an endonuclease 2, later
identified as APE1 '%°. Although depletion of each IGF2BP paralog results in MYC
destabilization '®', the underlying mechanism has not yet been confirmed for IGF2BP2
and IGF2BP3.

The ability of IGF2BP1 and 3 to protect the mRNAs from cleavage has been
extensively described in the context of miRNA-mediated degradation. Competition of
IGF2BP1 with the miRNAs for overlapping binding sites results in stabilization of target
transcripts, as shown for BTRC (BTrCP1, a substrate recognition subunit for the
SCFPRTCP E3 ubiquitin ligases) "% and MITF (microphthalmia-associated transcription
factor) 81, However, the primary mechanism by which IGF2BP1 and 3 interfere with
miRNA-mediated mRNA degradation relies on the recruitment of their targets into
mRNPs depleted of RISC 126152, This mechanism is employed to stabilize mRNAs of
multiple oncogenic factors 126152 including SRF (serum response factor) %3 and
HMGAZ2 (high-mobility group AT-hook 2) 126.154,

mRNA modifications strongly influence the ability of IGF2BPs to bind their targets. All
three IGF2BP paralogs recognize the most abundant internal mMRNA modification - N6-
methyladenosine (m6A) '®'. For multiple targets, including MYC, IGF2BP-mediated
stabilization has been shown to depend on m6A '5'. Another abundant modification,
internal N7-methylguanosine (m7G), also enhances IGF2BP binding. However, its
functional outcome differs from that of m6A. While IGF2BP2 binding to m7G-modified

16



sites does not affect mMRNA stability, binding of IGF2BP1 and, in particular, IGF2BP3

leads to destabilization of its targets 2.

In contrast to IGF2BP1 and IGF2BP2, several studies have shown that IGF2BP3 can
promote degradation of its targets '62-165. Nevertheless, the proposed mechanisms
vary. Epistasis analysis revealed that IGF2BP3 acts in the same pathway as the
endonucleases RRP4 (one component of the 3'-5’ exonuclease complex) and XRN2
(5'-3' exonuclease) to promote decay of EIF4E-BP2 mRNA %4, These endonucleases
and exosome components were also identified in IGF2BP3 co-immunoprecipitates
162,164 |n another study, IGF2BP3 was found to promote the association of its targets,
including ZFP36L1, with RISC, promoting miRNA-mediated degradation '85. Taken
together, these studies show that IGF2BP binding results in diverse outcomes

depending on the mRNAs and proteins it engages.

Altogether, IGF2BPs regulate mRNA translation, stability, and degradation via various
mechanisms. IGF2BP1 and IGF2BP2 are mainly characterized as stabilizers, while
IGF2BP3 can also promote decay, highlighting functional divergence within the family
(Fig. 3). Given the large number of confirmed targets and the connection with miRNA
pathways and mRNA modifications, the outcome of IGF2BP activity is likely to be
highly context dependent. Thus, IGF2BPs can be regarded as adaptable post-
transcriptional hubs whose regulatory output is dictated by the specific mMRNAs and

proteins they interact with, tailoring gene expression programs to cellular needs.
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Figure 3. Overview of the mechanisms employed by IGF2BP3.
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1.2.4 Regulation of IGF2BPs’ functions by phosphorylation

Phosphorylation adds an additional layer to IGF2BP-mediated regulation. Src
phosphorylates IGF2BP1 at Y396, located in the linker between the KH1-2 and KH3-
4, interfering with mRNA binding and allowing for localized translation of B-actin mRNA
122 |GF2BP1 can also be phosphorylated at S181 in the linker between the RRM1-2
and KH1-2 by mTORC2. In contrast to phosphorylation of Y396, S181 phosphorylation
increases IGF2BP1’s binding to its target mMRNAs, best described is /IGF2 mRNA
166,167 Similarly, phosphorylation of IGF2BP2 at S162 and S164 promotes its
interaction with mRNA targets '8 Much less is known about phosphorylation of
IGF2BP3. One of the first studies describing IGF2BP3 reported its localization to the
ER at the vegetal cortex in Xenopus oocytes, where it dictates the localization of mMRNA
Vg1 encoding transforming growth factor-B '?8. Phosphorylation of IGF2BP3 at S402,
located between the KH2 and KH3 domains, by Erk2 MAPK releases the Vg1 mRNA
from the cortex without affecting RNA binding, suggesting that this modification
regulates protein-protein interactions with the cytoskeleton and/or ER '6°. Taken
together, these findings suggest that phosphorylation modulates IGF2BP activity in a
site- and paralog-specific manner, integrating signaling with post-transcriptional control

and adding a spatial dimension to regulation.

1.2.5 IGF2BPs’ functions during stress conditions

Several studies show that IGF2BPs contribute to the regulation of mRNA stability
during cellular stress responses. Under stress-induced translational repression,
IGF2BPs localize to SGs 23170171 Partitioning of IGF2BP1 into SGs increases SG
retention for several of its targets, such as ACTB (B-actin), IGF2, MYC, and CD44.
Moreover, reporters containing the IGF2BP1 binding ‘zipcode’ sequence are stabilized
during acute stress and recovery phases . While IGF2BP1 depletion destabilized its
targets, knockdown of core SG components (TIA1, TIAR, G3BP1), which prevents SG
formation, had no effect %. This indicates that stabilization by IGF2BP1 does not
require localization of its MRNA targets to SGs. Stress conditions such as oxidative
stress or heat shock decrease the levels of select IGF2BP targets, including MYC
151,172 but overexpression of any IGF2BP paralog restores MYC expression 151172,

Taken together, although current evidence for IGF2BP function during stress is limited,
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available data suggest an important role in modulating mRNA fate during cellular

adaptation to adverse conditions.

Because carcinogenesis is strongly linked to stress conditions such as ER stress 7576:80
or oxidative stress 73, regulation of MRNA stability by IGF2BPs upon stress is highly
relevant to tumor development and progression. Moreover, IGF2BPs are promising
cancer therapeutic targets, as multiple small-molecule inhibitors that disrupt IGF2BP-
RNA interactions have already been developed, and many demonstrate potent anti-
cancer activity in various cancer models, including liver, non-small cell lung, ovarian,

and colorectal cancer 174,

In summary, IGF2BPs act as versatile post-transcriptional regulators. They influence
mRNA translation, stability, and decay through a variety of mechanisms, with
outcomes determined by mRNA maodifications, binding partners, and signaling cues.
Phosphorylation provides an additional layer of regulation, which integrates extra- and
intracellular signals and adds a spatial dimension to IGF2BPs’ function. During stress,
IGF2BPs safeguard critical transcripts, further emphasizing their role as adaptable
hubs that regulate mMRNA fate to meet cellular needs. This function becomes critical in
cancer, where IGF2BP activity fuels malignant growth. The recent development of
compounds that block IGF2BP-RNA interactions demonstrates that these proteins are

highly attractive targets for anti-cancer therapies.

1.3 Aim of this study

In this work, | aimed to identify post-transcriptional mechanisms involved in restoring
proteostasis during ER stress. An unbiased proteomic data by Acosta-Alvear and
Karagoz et al. 2 revealed that RBP IGF2BP3 associates with IRE1 under stress
conditions. This observation suggested that IGF2BP3 may interact with IRE1 target
mRNAs and contribute to their regulation during stress. Guided by this finding, |

focused on uncovering the role of IGF2BP3 in ER stress and its impact on the UPR.

IGF2BP3 binds a wide and context-dependent set of transcripts, which makes it
essential to define its targets specifically in the model system used in the study.
Therefore, my first aim was to establish a protocol capable of identifying IGF2BP3-
bound transcripts with high precision. To this end, in section 2, | optimized the existing

PAR-CLIP protocol to achieve radioactive-free, high-quality footprinting of IGF2BP3.
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Importantly, | also optimized the immunoprecipitation conditions to capture
endogenous IGF2BP3 efficiently and to avoid potential artifacts caused by tagging or
overexpression. This approach enabled the identification of IGF2BP3-bound

transcripts and the precise mapping of its binding sites.

In section 3, | investigated how IGF2BP3 contributes to the ER stress response. First,
| aimed to determine how IGF2BP3 binding to its targets changes during stress. Using
the optimized PAR-CLIP protocol, | discovered that IGF2BP3 binds transcripts
encoding crucial UPR effectors. To assess whether IGF2BP3 regulates the UPR, |
analyzed the transcriptome of stressed cells upon IGF2BP3 depletion using
transcriptomics approaches that distinguish between transcriptional effects and
changes in mRNA stability. Finally, to understand the mechanism by which IGF2BP3
influences mMRNA stability during ER stress, | identified its protein interaction partners
and tested the relevance of specific interaction interfaces. In conclusion, | deciphered

a novel function of IGF2BP3 as a regulator of the UPR.

In section 4, we addressed whether IGF2BPs are specifically regulated under stress
conditions. Because phosphorylation provides a rapid and reversible means of
transient regulation, we focused on this modification as a potential mechanism of
stress-specific adaptation. Our first goal was to determine whether cellular stress
influences the phosphorylation pattern of IGF2BP1. To this end, we analyzed stress-
induced changes in IGF2BP1 phosphorylation and identified the regulated sites. Next,
we aimed to examine how phosphorylation of IGF2BP1 at these sites affects its
properties by introducing phosphomimetic mutations. In particular, we addressed how
these mutations influence IGF2BP1’s RNA binding, phase separation, and mRNP
granule properties both in vitro and in vivo, as well as their impact on the transcriptome
during oxidative stress. Together, our findings establish phosphorylation as a

mechanism that modulates IGF2BP1 function during stress.

By systematically dissecting distinct layers of the IGF2BP-mediated regulation during
cellular stress, my work advances our understanding of how IGF2BPs integrate

signaling with mRNA fate decisions, with implications for stress biology and cancer.
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2 Results

2.1 Optimized infrared photoactivatable ribonucleoside-enhanced
crosslinking and immunoprecipitation (IR-PAR-CLIP) protocol

identifies novel IGF2BP3-interacting RNAs in colon cancer cells

2.1.1 Preamble

In this paper, | optimized the existing PAR-CLIP protocol to identify the RNA targets
and precise RNA binding sites of endogenous human IGF2BP3. As a first step, |
established immunoprecipitation conditions to isolate endogenous IGF2BP3-RNA
complexes of high purity. To avoid the use of radioactive labeling, | then introduced
infrared (IR) fluorescent dyes, which increased sensitivity and allowed direct
visualization of crosslinked RNA fragments. The modified version of the method (IR-
PAR-CLIP) provided a safer and easier-to-use alternative to the conventional protocol.
| also tested alternative RNase digestion conditions and discovered that sequence
preferences of the enzymes influence both the recovery of IGF2BP3 targets and the
motifs detected. In addition, to improve the efficiency of library construction and reduce
sequence bias, | used a single-adapter circular ligation strategy. Altogether, we
established an optimized IR-PAR-CLIP protocol, which identified novel IGF2BP3 RNA

targets in colorectal carcinoma cells.
This manuscript was published in RNA on August 15%, 2023.

2.1.2 Contribution statement

| contributed to the conceptualization, designed, and performed all experiments,
including crosslinking-immunoprecipitation, cell line establishment, PAR-CLIP
optimization, and computational analysis. | also wrote the first draft of the manuscript

and was involved in the editing
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Optimized infrared photoactivatable ribonucleoside-
enhanced crosslinking and immunoprecipitation

(IR-PAR-CLIP) protocol identifies novel IGF2BP3-
interacting RNAs in colon cancer cells

ALEKSANDRA S. ANISIMOVA'-22 and G. ELIF KARAGOZ'2

"Max Perutz Labs, Vienna BioCenter Campus (VBC), 1030 Vienna, Austria
’Medical University of Vienna, Center for Medical Biochemistry, 1030 Vienna, Austria
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ABSTRACT

The conserved family of RNA-binding proteins (RBPs), IGF2BPs, plays an essential role in posttranscriptional regulation
controlling mRNA stability, localization, and translation. Mammalian cells express three isoforms of IGF2BPs: IGF2BP1-
3. IGF2BP3 is highly overexpressed in cancer cells, and its expression correlates with a poor prognosis in various tumors.
Therefore, revealing its target RNAs with high specificity in healthy tissues and in cancer cells is of crucial importance.
Photoactivatable-ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP) identifies the binding sites
of RBPs on their target RNAs at nucleotide resolution in a transcriptome-wide manner. Here, we optimized the PAR-
CLIP protocol to study RNA targets of endogenous IGF2BP3 in a human colorectal carcinoma cell line. To this end, we first
established an immunoprecipitation protocol to obtain highly pure endogenous IGF2BP3-RNA complexes. Second, we
modified the protocol to use highly sensitive infrared (IR) fluorescent dyes instead of radioactive probes to visualize
IGF2BP3-crosslinked RNAs. We named the modified method “IR-PAR-CLIP.” Third, we compared RNase cleavage condi-
tions and found that sequence preferences of the RNases impact the number of the identified IGF2BP3 targets and intro-
duce a systematic bias in the identified RNA motifs. Fourth, we adapted the single adapter circular ligation approach to
increase the efficiency in library preparation. The optimized IR-PAR-CLIP protocol revealed novel RNA targets of
IGF2BP3 in a human colorectal carcinoma cell line. We anticipate that our IR-PAR-CLIP approach provides a framework
for studies of other RBPs.

Keywords: IGF2BP3; PAR-CLIP; RNA stability; posttranscriptional regulation

INTRODUCTION which are oncofetal proteins expressed during early devel-
opmentand in various cancers. Their crucial role in early de-
velopment was shown in Xenopus (Yaniv et al. 2003), mice
(Hansen et al. 2004), and zebrafish (Ren et al. 2020; Vong
etal. 2021). Whereas the expression of IGF2BP1/3 decreas-
esin most adult tissues, IGF2BP2 retains its expression and
was shown to regulate lipid and glucose metabolism in
adults (Hansen et al. 2004; Hammer et al. 2005; Bell et al.
2013; Laggai et al. 2014; Dai et al. 2015; Regué et al.
2019; Lu et al. 2021).

Due to its overexpression in aggressive tumors, IGF2BP3
is currently heavily studied. IGF2BP3 was initially identified
as a highly overexpressed gene in pancreatic cancer (Muel-
ler-Pillasch et al. 1997). In addition to pancreatic cancers,

RNA-binding proteins (RBPs) play a crucial role in the post-
transcriptional regulation of gene expression. They regu-
late fundamental steps in the RNA life cycle including
RNA splicing, stabilization, subcellular localization, transla-
tion, and degradation (Nielsen etal. 1999; Ladd et al. 2001;
Fallini et al. 2011; Mizutani et al. 2016). The insulin-like
growth factor 2 mRNA-binding proteins (IGF2BPs/IMPs)
are a family of RBPs conserved from insects to mammals
(Bell et al. 2013). Originally IGF2BPs were identified as
posttranscriptional regulators of mRNA encoding for
growth factor IGF2 (Nielsen et al. 1999; Zhang et al.
1999). Mammals have three IGF2BP paralogs (IGF2BP1-3),
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IGF2BP3 is highly expressed in various cancers including
lung, liver, breast, skin, and colon (Samanta et al. 2013;
Zhao et al. 2017; Xu et al. 2019; Hanniford et al. 2020;
Huang etal. 2020). Its overexpression is strongly correlated
with tumor aggressiveness and poor patient prognosis
(Ross et al. 2001; Dimitriadis et al. 2007). IGF2BP3 shuttles
between the nucleus and cytosol (Rivera Vargas et al.
2014), yet it is mainly found in the cytosol. It regulates the
stability of oncogenic mRNAs MYC and HMGAZ (Jgnson
etal. 2014; Huang etal. 2018) and controls the protein lev-
elsofcyclinsD1,D3,and G1 (Rivera Vargas etal. 2014). This
regulation was suggested to promote cell proliferation and
tumor growth. Moreover, since IGF2BP3 binds to a large
number of mRNAs in cells, it is likely that it controls the
stability of mRNAs participating in various pathways in-
volved in cellular homeostasis, thereby additionally con-
tributes to tumorigenesis. Therefore, identifying RNAs
interacting with IGF2BPs in a transcriptome-wide manner
is crucial. IGF2BP paralogs share a high sequence identity
in the amino acid level (~60% among three paralogs). The
sequence identity reaches 73% between IGF2BP1 and
IGF2BP3 paralogs. Currently, the functional differences in
IGF2BP paralogs remain largely uncovered.

Genome-wide crosslinking and immunoprecipitation
(CLIP) methods have been instrumental in identifying the
RNA targets of various RBPs. CLIP methods rely on in vivo
photo-crosslinking of proteins to RNAs in cells followed
by the immunoprecipitation of RBPs of interest to identify
RNAs directly interacting with those RBPs (Lee and Ule
2018; Hafner et al. 2021). Over the years, several variations
of CLIP methods have been introduced to increase the
stringency, efficiency, and resolution of those approaches.
The high-throughput sequencing of RNA isolated by cross-
linking immunoprecipitation (HITS-CLIP) for the first time
implemented the use of deep sequencing in the CLIP ap-
proaches allowing for genome-wide identification of RBP-
binding sites in RNAs (Licatalosi et al. 2008). To increase
the resolution in identifying RBP-binding sites in RNAs, al-
ternative CLIP strategies were developed enabling precise
mapping of the RBP-binding sites in their target RNAs at
nucleotide resolution. The photoactivatable-ribonucleo-
side-enhanced crosslinking and immunoprecipitation
(PAR-CLIP) relies on identifying the mutations introduced
by the reverse transcriptase at the crosslink sites. In con-
trast, the individual-nucleotide resolution UV crosslinking
and immunoprecipitation (iCLIP) leverages the termination
of reverse transcription at the peptide—RNA crosslink sites
(Konig et al. 2010).

PAR-CLIP methods revealed a large overlap of RNA tar-
gets of IGF2BP paralogs in human embryonic kidney (HEK)
293 cells (Hafner et al. 2010). In human pluripotent stem
cells, a modified version of iCLIP, with improved library
preparation, referred to as enhanced CLIP (eCLIP) (Van
Nostrand et al. 2016), showed that while IGF2BP1 and
IGF2BP2 were bound to a highly similar group of RNAs,

IGF2BP3 displayed a binding preference that was distinct
from the other paralogs (Conway et al. 2016). These results
indicated that the paralogs play both redundant and dis-
tinct functions during early development and in different
tissues. However, systematic characterization of RNA bind-
ing of the IGF2BP paralogs across cell types and tissues re-
mains largely unexplored.

In recent years, significant improvements were made in
the multistep CLIP methods, and several modifications
were made to the protocols to overcome various challeng-
es during the library preparation (Lee and Ule 2018; Hafner
etal. 2021). Due to low input amounts, originally radioiso-
topes were used in these methods to visualize the RNA.
Currently, the 3" adapter conjugated to the fluorescent or
infrared (IR) dye is being used to avoid radioactivity making
these methods more accessible (Zarnegar et al. 2016; Ka-
czynski et al. 2019; Anastasakis et al. 2021). The low RNA
input amounts represent a major challenge for the CLIP
methods. To overcome this, increasing the efficiency
of the library construction has been crucial. In addition to
the low RNA input, the inefficient readthrough of the oligo-
peptide crosslink sites by the reverse transcriptase presents
another challenge. The use of highly processive reverse
transcriptases was shown to increase the efficiency of the i-
brary preparation and to produce libraries with higher com-
plexity (Zarnegar et al. 2016; Van Nostrand et al. 2017). As
the major goal of the CLIP methods is the identification of
the RBP-binding sites with high precision, the interpreta-
tion of the results is highly influenced by the sequence
bias introduced during small RNA library preparation.
One of the sources of the sequence bias is the ligation of
the adapters (Hafner et al. 2011). The single adapter strat-
egy combined with circular ligation and the addition of
the short random sequences to the 5" ends of the adapter
were shown to be effective in reducing sequence bias at
this step in iCLIP (Kénig et al. 2010), miRNA (Hafner et al.
2011; Barberan-Soler et al. 2018), and ribosome profiling
(Lecanda et al. 2016) libraries. Another source of sequence
bias in CLIP experiments is the selection of RNase treat-
ment conditions to obtain short RNA sequences to precise-
ly map the RBP-binding sites (Kishore et al. 2011).
Importantly, different RNases were shown to produce
very distinct read coverage profiles in ribosome profiling
experiments, which rely on the mapping of short RNase-di-
gested footprints similar to the CLIP methods (Gerash-
chenko and Gladyshev 2017). Therefore, the RNase
selection and treatment conditions have to be carefully as-
sessed and optimized.

To date, PAR-CLIP approaches have been instrumental
in identifying RNAs interacting with several important
RBPs in the cell (Hafneretal. 2010; Ascano etal. 2012; Gre-
gersen et al. 2014). The PAR-CLIP relies on the incorpora-
tion of photoactivatable modified nucleoside analogs
(4-thiouridine [4sU] or 6-thioguanine [6SG]) into cellular
RNAs. Under UV light (365 nm) photoactivatable
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nucleoside analogs, 4sU being the most commonly used,
covalently crosslink with the interacting proteins. The 4sU
incorporation leads to 100- to 1000-fold increased cross-
linking efficiency compared to the UV crosslinking at 254
nm. The protein—-RNA complexes are then immunoprecip-
itated in combination with the two-step RNase treatment:
in-lysate and on-beads RNase to shorten the RNA frag-
ments, and the protein is digested with proteinase K to re-
move the polypeptide. The peptide remnants of the
protein at the crosslink site result in the T to C transitions
in the final sequencing library allowing identification of
the RBP-binding sites with single-nucleotide resolution
(Hafner et al. 2010). Here, we describe a modified PAR-
CLIP protocol optimized for immunoprecipitation of the
endogenous human IGF2BP3 in colon carcinoma cell lines.
Our modified PAR-CLIP strategy uses the IR-labeled 3’
adapter and circular ligation to increase the accessibility
of the method and to decrease bias in library preparation.
Importantly, by comparing the IGF2BP3-target transcripts
identified in samples treated with different RNases, we re-
vealed that RNase selection is crucial for both the identifi-
cation of certain targets and the prediction of the RBP-
binding sites. We anticipate that our modified PAR-CLIP
protocol can be utilized for characterizing IGF2BP3 targets
as well as studying other RBPs in various tissues and cancer
cells.

RESULTS

Overview of the infrared PAR-CLIP protocol

In this work, we present a modified version of the PAR-CLIP
protocol (Hafner et al. 2010; Danan et al. 2016). We opti-
mized three crucial aspects in the protocol: (i) the immuno-
precipitation (IP) of the endogenous protein (on the
example of IGF2BP3), (i) RNase treatment conditions to
reduce sequence bias, and (jii) increasing the safety and ef-
ficiency of the protocol.

Our IR-PAR-CLIP protocol mainly follows earlier estab-
lished protocols with several modifications (Fig. 1). To allow
efficient crosslinking, photoactivatable modified nucleo-
side 4sU is added to cell culture media 15 h prior to collec-
tion, to allow for incorporation into the cellular RNAs (Fig.
1A). Cells are exposed to 365 nm UV light to crosslink the
4sU-containing RNAs with interacting proteins (Fig. 1B),
collected and lysed (Fig. 1C). Clarified cell lysate is treated
with RNase for initial fragmentation of the RNAs. At this
step RNase treatment facilitates the IP of the protein of in-
terest and reduces the contamination from other RBPs in-
teracting with the same mRNA (Fig. 1D). For the IP of the
endogenous protein, here we used an anti-IGF2BP3 anti-
body coupled to protein G magnetic beads. Following
the IP, a second RNase treatment is performed while the
crosslinked protein-RNA complexes are still coupled to
the beads. This treatment further shortens the RNA foot-
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prints to map the RBP-binding sites with high resolution.
As both RNase | and RNase T1 used in this work leave a
2/,3'-cyclic phosphate, the crosslinked RNA footprints
have to be dephosphorylated to allow 3" adapter ligation
(Fig. 1E). Next, the preadenylated IR-dye-conjugated
DNA adapter is ligated to the RNA fragments (Fig. 1F; Sup-
plemental Fig. 1A). The IR-dye allows visualization of ligat-
ed fragments at attomolar amounts (Zarnegar et al. 2016)
and the random sequence at the 5" end of the adapter
helps to reduce the ligation bias (Kénig et al. 2010;
McGlincy and Ingolia 2017). The protein-RNA-adapter
complexes are then eluted from the beads and resolved
on SDS-PAGE which is visualized at a near-infrared lightim-
ager (here, LI-COR Odyssey CLx). The protein—RNA-adapt-
er complexes are size selected on a gel (Supplemental Fig.
1B), extracted from the gel fragments, and treated with pro-
teinase K to digest the crosslinked protein leaving the small
peptide remnant. The peptide-RNA-adapter complexes
are then size-selected on a denaturing RNA gel. The effi-
ciency of RNase treatment can be already estimated during
size selection (Fig. 1G; Supplemental Fig. 1C). Next, the
purified peptide—-RNA-adapter complexes are reverse tran-
scribed with the primer containing flexible hexa-ethylene-
glycol spacer. It allows efficient circular ligation and
prevents the rolling-circle amplification during final library
amplification (Ingolia 2010; McGlincy and Ingolia 2017).
The cDNA is separated from the unreacted primer and
no-insert products on a denaturing gel (Fig. 1H; Supple-
mental Fig. 1D) and ligated in a circular ligation reaction.
The cDNA library circles are then amplified and indexed
in alibrary construction PCR and separated from the excess
of the primer on a gel (Fig. 1I; Supplemental Fig. 1E). The
detailed step-by-step protocol is attached as Supplemen-
tal Material, the library schema is shown in Supplemental
Figure 1A, and the most crucial optimization steps includ-
ing the effect of RNase treatment on RBP targets identifica-
tion are described below.

Optimization of the immunoprecipitation
of the endogenous IGF2BP3

The CLIP methods rely on immunoprecipitation of the pro-
tein of interest for the isolation of specific RBP-RNA com-
plexes from cells. For higher efficiency and obtaining
cleaner IPs, tagging the protein of interest has been a com-
mon strategy. The addition of a tag to the protein of interest
can affect protein levels and function, and the selection of
the tag and its position in the protein sequence may require
optimization. The availability of IP-compatible antibodies
recognizing the protein of interest allows the characteriza-
tion of the protein in various cell types at its endogenous
levels and without manipulating its native structure. Earlier
studiesindicated thattagging IGF2BP3 mightimpactits as-
sociation with polysomes and was suggested to impact its
function (Bell etal. 2013). To be able to map the interaction
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FIGURE 1. Schematic of the infrared PAR-CLIP. (A) Mammalian cells are treated with 100 pM
4sU for 15 h to achieve maximum 4sU incorporation into RNA. (B) Exposure to 365 nm UV light
crosslinks RNA to interacting proteins. (C) Cells are lysed and (D) the lysate is treated with
RNase to make proteins more accessible for immunoprecipitation. (E) Protein of interest is im-
mobilized on the magnetic beads via immunoprecipitation. The RNA-protein complexes are
treated with RNase to obtain short RNA fragments to map the protein binding site with high
resolution. RNA fragments are dephosphorylated for the subsequent DNA-adapter ligation.
(F) 3’ Ligation of the preadenylated DNA adapter. For the visualization of the RNA—protein
complexes, the IRBOOCW dye is azide-conjugated to the 3'end of the adapter. (G) The
RNA-protein complexes are eluted from the beads, resolved on the SDS-PAGE, and visual-
ized in the infrared channel. The RNA-protein complexes are eluted from the gel and the pro-
tein is digested with the proteinase K. RNA fragments are recovered with acidic phenol and
size selected on the TBE-Urea gel. (H) RNA fragment is reverse transcribed from the primer
complementary to the adapter sequence. The resulting ssDNA is purified on the TBE-Urea
gel and circularized in a circular ligation reaction. (/) The library is amplified in PCR reaction in-
troducing lllumina barcode and adapter sequences. The library schema is shown in detail in
Supplemental Figure 1A.

volve the purification of the cross-
linked RBP-RNA complexes from
gels, the purity of the IP samples is
highly crucial. We performed the IPs
in the presence of high salt for strin-
gency. The colloidal Coomassie stain-
ing of the SDS-PAGE gel of the IP
eluates revealed that Proteintech
anti-IGF2BP3 antibody showed a sin-
gle major band corresponding to the
size of IGF2BP3 (Fig. 2A). It is advis-
able to visualize the gels with highly
sensitive protein staining approaches
in addition to western blotting to as-
sess the purity of the eluates for PAR-
CLIP experiments.

Whenisolating the endogenous pro-
tein, the specificity of the antibody has
to be tested to ensure that it does not
recognize other proteins with similar
molecularweights. One of the mostim-
portant challenges of the PAR-CLIP ex-
periments for endogenous IGF2BP3 is
the high sequence conservation be-
tween IGF2BP paralogs. Therefore,
the cross-reactivity of the polyclonal
antibody has to be considered. We
usedthe HCT116 colorectal carcinoma
cell line that has low levels of IGF2BP1,
but high IGF2BP2 expression (Mong-
roo et al. 2011; Nusinow et al. 2020;
Lu et al. 2021). To test whether the
anti-IGF2BP3  antibody recognizes
IGF2BP2, we analyzed HCT116
CRISPR-Cas? knockouts of IGF2BP2
and IGF2BP3. By using siRNA deple-
tion of IGF2BP2 in IGF2BP3 KO
HCT116 cells, we found that the Pro-
teintech anti-IGF2BP3 antibody par-
tially recognizes IGF2BP2 resulting in
~20% contamination which has to be
considered when interpreting the
data (Fig. 2C). We corroborated these
results by performing mass spectrome-
try analyses following IP of IGF2BP3 us-
ing the Proteintech antibody (Fig. 2D;
Supplemental Table 1). As IGF2BP
paralogs form RNA-bridged complex-
es, we performed the RNase treatment
prior to the IPs and applied extensive
high salt washes similar to our PAR-
CLIP experiments. The peptide intensi-

of endogenous IGF2BP3 with its targets in mammalian  ty of the next most abundant contaminant ATP4V1A protein
cells, we characterized the IP-compatible antibody from [catalytic subunit of the V1 complex of vacuolar(H+)-ATPase]
Proteintech (14642-1-AP). As the PAR-CLIP approaches in- was more than 100 times lower than that of IGF2BP3 and, as
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FIGURE 2. Optimization of immunoprecipitation of endogenous
IGF2BP3. (A,B) Eluates from the immunoprecipitation reactions of
IGF2BP3 from 25 min HCT116 cells (~2.5 mg of total protein) with
Proteintech (14642-1-AP) anti-IGF2BP3 antibody coupled to protein
G Dynabeads at indicated amounts resolved on SDS-PAGE and
stained with a Colloidal Coomassie. * IgG heavy chain. (C) Western
blot of the IGF2BP2 and IGF2BP3 CRISPR-Cas9 knockout HCT116
treated with the siRNA against IGF2BP3 and IGF2BP2, respectively,
to deplete the remaining paralog. (D) Mass spectrometry intensities
in the eluate of the immunoprecipitation of IGF2BP3 with
Proteintech (14642-1-AP) anti-IGF2BP3 antibody. (E) Western blot
of the IP described in (B). The input, unbound fraction, and eluates
were loaded at a 1:1:1 ratio.

the protein has no known RNA-binding activity, it should
not crosslink to RNA.

Isolating most of the protein from cell lysates is crucial as
the unbound portion of the protein might be presentin com-
plexes that are not as accessible to IP, and an incomplete IP
might affect the interpretation of the data. For the IP exper-
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iments, we coupled the antibody to magnetic beads
(Dynabeads, Thermo Fisher). We tested the ratio of
Dynabeads to antibody to identify conditions that capture
the highest amount of IGF2BP3 from cell lysates (Fig. 2B,
E). Using 4 pg antibody for 16 pL of Dynabeads per 1 mg
of total protein within the lysate resulted in ~75% depletion
of the protein and was selected for further experiments (Fig.
2B,E). Based on these results, we decided to use Proteintech
anti-IGF2BP3 antibody for our subsequent experiments.

The infrared labeled 3’ adapter provides a robust
and sensitive alternative to radioactive labeling

Traditionally, radioactive isotopes have been used to visu-
alize crosslinked protein-RNA complexes and RNA frag-
ments at various steps of CLIP protocols. The use of
radioactive isotopes presents challenges in the wide-
spread application of the method. They represent a health
hazard and require a high safety level laboratory space.
Moreover, radioactive isotopes decay causing a variation
of the signal across experiments. To overcome these chal-
lenges, we used an infrared dye labeling strategy for PAR-
CLIP experiments. We used IR800CW (LI-COR) as it pro-
vides high sensitivity with low fluorescence background.
A similar strategy has been successfully implemented in
other CLIP methods (Zarmnegar et al. 2016; Kaczynski
etal. 2019). In our protocol, we used the 5" preadenylated
3’ DNA adapter labeled at the 3" end with an azide-conju-
gated infrared dye. 5 adenylation of the adapter and
blocking of the 3’ end of the sequence with the azide-con-
jugated dye ensures the single direction of ligation (Fig.
3A; Supplemental Fig. 1A). The described 3" adapter con-
tains the following features: (i) lllumina adapter sequence,
(i) 5-nt unique molecular identifier (UMI) that is used to
remove the PCR duplicates during analysis, and (jii) 5-nt in-
dex sequence. Adapter-ligated RNAs containing different
index sequences can be pooled together before the re-
verse transcription reaction (Kénig et al. 2010).

The infrared detection of the IRBOOCW dye displayed
high sensitivity, as 100 attomoles of the adapter visualized
on the gel displayed sufficient signal intensity for detection
(Fig. 3B). The SDS-PAGE of crosslinked protein—RNA-
adapter complexes showed little background and dis-
played distinct bands for the two proteins we tested based
on their different molecular weights (MOV10[114 kDa] and
IGF2BP3 [64 kDa]). The crosslinked RNA-adapter frag-
ments add ~30-50 kDa to the apparent molecular weight
of the protein depending on the size of the RNA conjugate
at different RNase treatment conditions. The appearance
of RNase-sensitive high molecular weight products con-
firmed that the observed complexes result from the adapt-
er-crosslinked RNA footprints (Fig. 3C). Additionally, those
gels allowed us to estimate the efficiency of RNase cleav-
age and the yield of the isolated complexes. Altogether,
we established a modified IR-PAR-CLIP protocol that
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FIGURE 3. Infrared adapter ligation allows visualization of RNA-protein complexes with high sensitivity. (A) Schematic of the DNA adapter. The
preadenylated DNA adapter contains the UMI, sample barcode, and lllumina adapter sequence. The IRBOOCW dye is azide-conjugated to the
3’end of the adapter. (B) The infrared adapter can be detected at the TBE-Urea gel starting from 100 attomoles (~1 pg DNA). (C) SDS-PAGE
of the RNA-protein complexes after infrared adapter ligation. Immunoprecipitation of endogenous MOV10 (114 kDa) or IGF2BP3 (64 kDa) pro-
teins was done in 4sU-crosslinked lysates. The control without crosslinking shows a gel background. The crosslinked RNA-adapter fragments add
~30-50 kDa to the apparent molecular weight of the protein depending on the RNase treatment conditions.

allowed us to visualize crosslinked RNA—protein conju-
gates with high sensitivity.

RNase treatment impacts the identification of
IGF2BP3-binding sites and mRNA targets

In the PAR-CLIP method, RBP-RNA complexes are subject-
ed to RNA fragmentation by RNase treatment at two dis-
tinct steps: (i) RNase treatment of the lysate to decrease
copurification of additional RBPs in RNA-bridged RNP
complexes and (i) RNase treatment on beads to allow for
size selection. To fragment the crosslinked RNAs in CLIP ex-
periments, RNase | and RNase T1 are most commonly
used. The sequence preferences of RNases and differences
in digestion efficiency can introduce a bias into the PAR-
CLIP data and affect conclusions. While RNase | has a low
sequence preference, RNase T1 preferentially digests after
guanosines and can therefore introduce a stronger bias
(Kishore et al. 2011; Gerashchenko and Gladyshev 2017).
Interestingly, although PAR-CLIP produces short reads
that are more prone to be affected by the RNase sequence
preferences, most PAR-CLIP protocols use RNase T1 (Haf-
ner et al. 2010; Friedersdorf and Keene 2014; Danan
etal. 2016), while RNase | is more commonly used in iCLIP
and eCLIP protocols (Konig et al. 2010; Conway etal. 2016;
Van Nostrand et al. 2016; Buchbender et al. 2020)

To systematically address the effect of RNase cleavage
on the results of IGF3BP3 PAR-CLIP, we tested RNase T1
and RNase | at several concentrations. In all of the libraries,
the reads preferentially mapped to the 3'UTR regions in
agreement with known IGF2BP3-binding preferences in
cancer cells (Fig. 4A; Hafner et al. 2010; Palanichamy
et al. 2016; Huang et al. 2018) and the IGF2BP3 libraries
contained on average 2000 times more crosslinked read
clusters compared to the IgG control sample (Fig. 4B,C).
In PAR-CLIP, two RNase treatment steps are usually per-
formed: first treatment in the lysate intended to partially

digest the RNA, facilitate the IP and reduce the co-IP of
other RBPs bound to the same mRNA and the second treat-
ment after the IP to shorten the RNA footprints for better
identification of the binding motifs. For RNase |, we tested
the in-lysate concentrations of 0.05 and 0.1 U/uL with a
constant on-beads concentration of 0.025 U/uL and the
on-beads concentrations of 0.05 and 0.025 U/uL with a
constant in-lysate concentration of 0.05 U/uL. In this con-
centration range, we observed that the increase of the RN-
ase concentration both in-lysate and on-beads improved
the yield of the unique reads and the number of identified
clusters (Fig. 4B,C) while the lower RNase concentrations
only slightly increased the lengths of the aligned dedupli-
cated reads (Fig. 4D). Similarly, the combination of RNase
T1 concentrations of 1 U/uL in-lysate and on-beads resulted
in higher numbers of the aligned reads and identified clus-
ters than 0.25 U/uL (Fig. 4B-D). The efficiency of RNase
treatment depends on multiple parameters including cell
type, the nature of interactions between the protein of inter-
est and its targets, and the concentration of this protein in
the cells. Therefore, optimization of the RNase treatment
for a particular experiment may be required.

To reveal whether treatment with various RNases im-
pacts the results, we compared the PAR-CLIP coverage
for IGF2BP3 obtained with RNase | and RNase T1.
Strikingly, the coverage profiles on 3'UTRs differed for mul-
tiple targets. The representative examples of TP53, MYC,
and HMGAZ show that RNase | digestion results in broader
coverage than RNase T1 and can possibly identify different
binding sites (Fig. 5A). Indeed, the analysis of overrepre-
sented 4-nt motifs identified CAGU as the most significant
motif for each RNase | concentration tested (Fig. 5B;
Supplemental Fig. 2A). This sequence was not identified
in RNase T1-treated samples where the strongest motif
was CAUU in agreement with previously published
IGF2BP3 PAR-CLIP data obtained with RNase T1 digestion
(Fig. 5B; Supplemental Fig. 2A; Hafner et al. 2010).
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Moreover, RNase | treatment allowed us to identify ~1.5
times more IGF2BP3-bound targets compared to RNase
T1 including most of the targets identified with RNase T1
(Fig. 5C; Supplemental Fig. 2B; Supplemental Table 2).
Interestingly, highly intersecting sets of targets were iden-
tified in all RNase | concentration conditions despite hav-
ing up to a two-times difference in the number of
aligned crosslinked deduplicated reads (Fig. 4B) or the
number of identified clusters (Fig. 4C). The number of tar-
gets identified with RNase | increased with increasing
RNase | concentration. In contrast, a similar number of tar-
gets was identified with the two tested RNase T1 treat-
ment conditions (1 or 0.25 U/pL) although the number of
aligned crosslinked deduplicated reads in 1 U/pL condi-
tion was ~4 times higher than in 0.25 U/uL (Fig. 4B), as
was the number of the identified clusters (Fig. 4C). To ex-
clude the possibility that the higher number of targets ob-
tained in samples with the RNase | treatment resulted from
the different number of useful reads, we compared the re-
sults of the samples treated with RNase T1 at 1/1 U/pL with
the ones treated with RNase | 0.1/0.025 U/uL. At those
concentrations, RNase T1 produced a slightly higher num-
ber of aligned crosslinked deduplicated reads and identi-
fied clusters compared to RNase |, but the number of
identified targets was still 1.4 times higher in RNase | sam-
ple. Most of the targets that we identified only in RNase |
conditions were not found in RNase T1 due to lower cover-
age at the cluster (less than 10 counts per million [CPM])
(e.g., PARK7, SRPRB; Fig. 5D) and several examples had
less than 50% of T to C transitions at the covered positions
(e.g., FABP5; Fig. 5D). Although the number of targets
identified using two RNase T1 concentrations was similar,
more than 30% of the targets were identified only in one of
the conditions. This can be explained by the RNase T1
cleavage bias resulting in pronounced differences in the
recovered footprints for samples treated with different en-
zyme concentrations. The differences between the RNase
treatment conditions were also evident in the Pearson cor-
relation matrix of the IGF2BP3 IR-PAR-CLIP coverage
(Supplemental Fig. 2C), with RNase | conditions showing
higher correlation coefficients compared to RNase T1.
Altogether, our results revealed that RNase | treated sam-
plesyielded a higher number of IGF2BP3 RNA targets with
higher confidence.

IR-PAR-CLIP identifies novel IGF2BP3 RNA targets
in colon cancer cell lines

IGF2BP3 expression is elevated in colon cancers and was
shown to be associated with increased tumor angiogene-
sis, growth, and poor prognosis (Lochhead et al. 2012;
Shantha Kumara et al. 2015; Xu et al. 2019; Yang et al.
2020). Several mechanisms were suggested for the func-
tion of IGF2BP3 in promoting tumorigenesis in colon can-
cersincluding regulation of mRNA localization, translation,
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and stabilization of oncogenic transcripts (Rivera Vargas
et al. 2014; Deforzh et al. 2016; Ennajdaoui et al. 2016;
Li et al. 2020). Therefore, thorough identification of
IGF2BP3 targets in colon cancers is important for under-
standing its function.

In this work, we identified the mRNA targets of IGF2BP3
in the colorectal carcinoma cell line HCT116 using our op-
timized IR-PAR-CLIP method. We compared our results
obtained with both RNase | and RNase T1 (4181 targets)
with IGF2BP3 targets identified by the PAR-CLIP method
in HEK293 (Hafner et al. 2010), by other CLIP approaches
in human pluripotent stem cells (Conway et al. 2016), B-
acute lymphoblastic leukemia (B-ALL) (Palanichamy et al.
2016), hepatocellular carcinoma (HepG2) (ENCODE
[Dunham et al. 2012]), and pancreatic ductal adenocarcino-
ma (PL45 and Panc1) (Ennajdaoui et al. 2016) (6456 targets)
(Supplemental Table 2). This comparison revealed 2863
common targets identified in the analyzed cell types and

1318 novel targets only identified in HCT116 cells (Fig.
6A). The IGF2BP3 target pool might differ depending on
cell line-specific factors, the most prominent factor being
differences in transcriptome composition and the expres-
sion level of transcripts. Therefore, our results highlight
the importance of the identification of IGF2BP3 targets in
various cancers in order to reveal their role in tumorigenesis.

The GO term analysis of all the IGF2BP3 targets in
HCT116 cells showed that the IGF2BP3-bound transcripts
belong to multiple functional categories (biological pro-
cess) involved in mRNA processing and metabolism,
RNA localization and targeting to the endoplasmic reticu-
lum, response to proteotoxic stress and chromatin modifi-
cations (Fig. 6B; Supplemental Table 3). These categories
were highly similar to previously published data indicating
that IGF2BP3 interacts with a core set of RNAs indepen-
dent of the tissue or cell type. Interestingly, the 1318 tar-
gets characteristic only for HCT116 included transcripts
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playing a role in DNA-damage response and apoptotic
pathway regulation (e.g., CDK4, BAX, CASP2, BCL3,
BCL10), proteasome-mediated degradation (e.g., USP7,
CUL3, TRIM2, PSMA6, PSMA5, PSMDS8), and autophagy
(e.g., LAMTOR1, GABARAPL2) and included numerous
components of transcription initiation mediated by DNA
polymerases | and Il (e.g., POLRTA, POLR1B, POLR1C,
POLR2D, MED4, MED14, MED20, MED24, TAF4, TAF9)

1826 RNA (2023) Vol. 29, No. 11

(Fig. 6B,C) suggesting that IGF2BP3 might be involved in
the regulation of these processes in colon cancer.

DISCUSSION

Emerging data reveal the importance of posttranscription-
al mechanisms in cellular adaptation and development
(Becker et al. 2018; Rendleman et al. 2018). Multiple



Downloaded from rnajournal.cshlp.org on September 5, 2025 . Published by Cold Spring Harbor Laboratory Press

IGF2BP3-IR-PAR-CLIP

RBPs bind and regulate the fate of different mRNA targets
depending on the cellular state and developmental stage.
This has been linked to the differences in mRNA abun-
dance, RNA modifications, and posttranslational modifica-
tion of the RBPs as well as the interactions of RBPs with
other proteins (Huttelmaier et al. 2005; Hafner et al.
2013; Huang et al. 2018). Therefore, identifying mRNA tar-
gets bound to RBPs at different cellular, metabolic, or
developmental states is of crucial importance. Identifying
the RNAs that are directly bound to the RBP of interest is
challenging. Isolating ribonucleoprotein complexes from
cells requires stringent conditions, which might lead to
the loss of transient interactions between RBP and RNAs
(Riley and Steitz 2013). To identify RNAs interacting with
the RBP of interest and map the binding sites with high con-
fidence, CLIP methods are widely used (Lee and Ule 2018;
Hafner et al. 2021). Those methods rely on crosslinking of
RNAs to the RBP of interest in their native environment in
cells before their isolation from cells by IP. Originally, UV
light at 254 nm has been used for crosslinking approaches.
However, due to the low efficiency of crosslinking at this
wavelength, PAR-CLIP approaches relying on the introduc-
tion of photoactivatable nucleosides have been developed
(Hafner et al. 2010; Danan et al. 2016).

The IGF2BP family of RBPs plays an important role in
posttranscriptional regulation by controlling mRNA locali-
zation, stability, and translation (Nielsen et al. 1999; Ladd
et al. 2001; Fallini et al. 2011; Mizutani et al. 2016).
IGF2BP3 is one of the three paralogs of the IGF2BP family.
Due to its high expression in aggressive tumors and its role
in regulating the stability of mRNAs that promote cell
growth and metastasis, IGF2BP3 has been widely studied.
According to previously published data (Dunham et al.
2012; Conway et al. 2016; Palanichamy et al. 2016) and
our current study (Fig. 6A), IGF2BP3 binds to multiple
mRNAs and the RNA target pool can vary dramatically de-
pending on the cell type similar to many other RBPs (Van
Nostrand et al. 2020). In this paper, we developed and ap-
plied a modified PAR-CLIP protocol IR-PAR-CLIP for the
identification of transcripts interacting with endogenous
IGF2BP3 (Fig. 1).

In IR-PAR-CLIP, we optimized or modified four impor-
tant steps of the protocol. (i) We replaced radioactive iso-
topes with IR fluorescence tags to visualize the RNA
fragments. (i) We developed a streamlined approach to
test antibody specificity for IGF2BP paralogs and opti-
mized the IP protocol for human IGF2BP3. (jii) We imple-
mented circular ligation to the PAR-CLIP protocol to
increase efficiency and reduce sequence bias during li-
brary preparation. (iv) We tested the biases introduced
by the RNases used to fragment the RNAs during PAR-
CLIP and optimized RNase cleavage. Altogether, using
our optimized IR-PAR-CLIP method, we revealed 1318
novel RNA targets of IGF2BP3s in colon cancer cells with
high confidence.

The CLIP approachesrely on the IP of the RBP-RNA com-
plexes from cells to identify their direct target RNAs. IP of
the RBP of interest using specific antibodies against the
protein is an attractive approach that does not require the
attachment of affinity tags to the RBP of interest. Even
though the CRISPR-Cas? gene editing methods have be-
come more reliable, efficient, and accessible, ensuring ho-
mozygous insertion of the tag to both alleles of the gene of
interest requires clonal selection and careful further charac-
terization of various clones, which still poses a challenge.
Moreover, the addition of the tag may alter protein expres-
sion levels, localization, and function. Thus, performing IPs
with antibodies against the protein of interest is preferable
if such antibodies are available. In this case, the specificity
of the antibody is of crucial importance as contamination
with another RBP may impact the experimental outcome.
We found that visualizing the IP eluates via unbiased sensi-
tive protein staining methods such as colloidal Coomassie
allows careful assessment of the specificity of the antibod-
ies (Fig. 2A). Another possible challenge when performing
IPs forendogenous proteins is the affinity of the antibody of
interest for paralogs of the RBP. Many RBPs have closely re-
lated paralogs in mammalian cells including IGF2BP3. The
sequence identity among the IGF2BP paralogsis ~73%. To
test the specificity of the anti-IGF2BP3 antibody, we used
IGF2BP3 and IGF2BP2 knockout cell lines together with
siRNA depletion of the second paralog (Fig. 2C).
Moreover, we performed mass spectrometry analyses
with the eluates of the IPs using the anti-IGF2BP3 antibody.
We found that the anti-IGF2BP3 antibody partially re-
cognizes the IGF2BP2 paralog and in the MS analyses
IGF2BP2 might cover a maximum of 20% of the total reads
obtained with IGF2BP3 antibody (Fig. 2D). In the future, the
use of monoclonal antibodies raised against the diverging
sequences might help to increase the selectivity of anti-
bodies for IGF2BP3 paralogs.

In the PAR-CLIP method, the crosslinked RBP-RNA com-
plexes are subjected to size selection at distinct stages to
further purify the complexes and increase the stringency
in the protocol. Traditionally, the RBP-RNA complexes
and the isolated fragments have been visualized by radio-
active isotopes using autoradiography. Even though highly
sensitive, this method is tedious due to the need for per-
mits, the possibility of contamination, and the long expo-
sure times of radioactive labels. Moreover, due to the
decay of the radioactive isotopes the signal varies from ex-
periment to experiment. Here, we optimized the use of IR
fluorescence tags to label the RNAs at the 3’ end by the
use of IR800-dye labeled adapters. The IR-labeled 3’
adapter could be visualized at a 100 attomole range (Fig.
3B). According to our estimations, ~2 femtomole of
IGF2BP3- or MOV10-RNA-3’adapter complexes could be
isolated from 25 million HCT116 cells and visualized with
more than sufficient intensity (Fig. 3C). Our results suggest
that IR-PAR-CLIP offers a sensitive, reliable, and convenient
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alternative to radioactive isotopes to visualize RNAs at dif-
ferent steps of the PAR-CLIP protocol.

The low input amounts present a challenge in the CLIP
methods. To increase the efficiency of the library prepara-
tion, recent protocols have used reverse transcriptases
with high processivity and optimized the size selection
and the reaction clean-up steps to find effective ways to
get rid of the excess of the unreacted adapter, RT primer,
and no-insert products (Zarnegar et al. 2016; Van
Nostrand et al. 2017; Lee and Ule 2018; Buchbender
et al. 2020; Anastasakis et al. 2021). In order to increase
the efficiency in IR-PAR-CLIP, here we used highly proces-
sive reverse transcriptase Superscript IV and implemented
the on-bead ligation of a preadenylated 3" DNA adapter.
We used the adapter sequence that contains the UMls
and index sequences allowing deduplication and multi-
plexing of samples (Kénig et al. 2010). To additionally in-
crease the efficiency and to reduce the ligation bias, we
implemented a circular ligation strategy using the reverse
transcription primer with an optimized sequence contain-
ing the carbon linker which facilitates circular ligation and
prevents rolling circle amplification (Ingolia 2010; Kénig
etal. 2010; McGlincy and Ingolia 2017). Recently, omitting
the RNA size selection step and performing the size selec-
tion during the first step of the two-step PCR approach was
shown to increase the efficiency of PAR-CLIP library prep-
aration (Anastasakis et al. 2021). We did notimplement this
change to the current protocol as we used the denaturing
RNA gels to control for the efficiency of the RNase cleav-
age and separate the ligated RNA fragments from the
longer non-crosslinked RNAs and no-insert products.
Additionally, the separation of longer, potentially non-
crosslinked RNAs on a denaturing gel allowed us to omit
the transfer to the nitrocellulose membrane, as this step
was stated to decrease the efficiency of the recovery of
the crosslinked fragments (Anastasakis et al. 2021). In fu-
ture protocols, if the RNA size selection is omitted, the
use of ssDNA exonuclease in combination with 5 deade-
nylase may be beneficial to reduce the contamination
with the unreacted adapter as described in McGlincy and
Ingolia (2017). To further increase the efficiency of the pro-
tocol, the bead-based size selection methods can be opti-
mized for purifying the reverse transcription product, as
implemented in eCLIP (Van Nostrand et al. 2016) and
iCLIP2 protocols (Buchbender et al. 2020). With the de-
scribed IR-PAR-CLIP approach, we were able to amplify
the IGF2BP3 PAR-CLIP library obtained from 125 million
cells at 16 cycles. The final library contained ~10% of
aligned deduplicated reads and resulted in the identifica-
tion of 80,000 IGF2BP3-binding clusters and ~4000 mRNA
targets. We observed that different RNA fragmentation
conditions lead to variations in the number of identified
clusters within one order of magnitude and are, there-
fore, an important step in the protocol that requires
optimization.

1828 RNA (2023) Vol. 29, No. 11

Optimization of the RNase treatment in the PAR-CLIP is
crucial as too short reads will not allow unique genomic
mapping while too long reads complicate the precise map-
ping of the binding sites. Importantly, different nucleases
display preferences in their cleavage sequence, and this
can introduce biases when one is assigning the binding
sites (Kishore et al. 2011). Even though micrococcal nucle-
ase (MNase), RNase A, and RNase | have been implement-
ed in some PAR-CLIP protocols, currently RNase T1 is the
most frequently used nuclease for PAR-CLIP experiments
in the literature (Kishore et al. 2013; Danan et al. 2016; Gar-
ziaetal. 2017; Anastasakis et al. 2021). In CLIP approaches,
RNase T1 was shown to introduce a sequence bias,
because it preferentially cleaves after guanosines (Haber-
man et al. 2017). RNase |, which does not have any de-
scribed nucleotide preferences, was often used in recent
CLIP papers (Conway et al. 2016; Haberman et al. 2017;
Lee and Ule 2018). Here, we tested whether RNase | or RN-
ase T1 treatment impacts the number of identified targets
as well as the sequences identified by IR-PAR-CLIP of
IGF2BP3 (Figs. 4, 5). We optimized limited RNase digestion
for the two RNases and subjected the IGF2BP3 IR-PAR-
CLIP libraries to next-generation sequencing. We found
that in samples treated with RNase |, there were around
3800 RNA targets identified in our analyses. In contrast,
only approximately 2500 RNAs were identified when librar-
ies were prepared using RNase T1. Importantly, around
2000 of those RNAs were common between RNase | and
T1 treated samples indicating that RNase | treatment
does not fail to recover targets. Most of the targets that
did not pass the selection criteria in RNase T1-treated sam-
ples displayed a too low number of reads per cluster com-
pared to the samples subjected to RNase | treatment.
Moreover, we also observed that T to C transition sites
were not covered for some targets to pass the selection cri-
teria during the analyses. In summary, RNase | outper-
formed RNase T1 in the identification of IGF2BP3 targets
in colon cancer cells.

Intriguingly, the IGF2BP3 interaction motifs identified for
RNase | and RNase T1 treated samples showed distinct dif-
ferences in the top four most reliably predicted motifs.
Upon RNase T1 treatment, the motif with the highest score,
CAUU, was identical to that identified earlier for IGF2BP3 in
HEK293 cells following RNase T1 treatment (Hafner et al.
2010). Instead, in HCT116 cells treated with RNase |, the
top scoring motif was CAGU (Fig. 5B; Supplemental Fig.
2A). The motifs obtained with RNase T1 might be
depleted of some G-containing sequences if the RNA is di-
gested inside of the recognition motif. Therefore, for
PAR-CLIP protocols RNase treatment conditions have to
be selected carefully with the preference to be given to
the RNases that have low sequence specificity, like RNase I.

Our IR-PAR-CLIP method allowed us to identify 1318
novel mMRNAs bound to IGF2BP3sin a colorectal carcinoma
cellline (HCT116). Many of these genes are involved in the
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regulation of cell cycle, apoptosis, and proteostasis and
have cancer-associated functions, suggesting that by regu-
lating their stability or translation IGF2BP3 might contrib-
ute to cancer progression (Fig. 6A). For many RBPs, the
identity of the targets highly depends on the cell type
and condition, therefore the identification of RBP targets
in various cellular contexts using the most sensitive meth-
ods is crucial for understanding their function and mecha-
nism of action. We anticipate that our framework can be
used to identify the targets of other RBPs in a variety of
cell types or tissues.

MATERIALS AND METHODS

IR-PAR-CLIP

The crosslinking, proteinase treatment, and size selection parts of
the protocol are based on the published PAR-CLIP protocol
(Hafner et al. 2010; Danan et al. 2016), the ligation of the IR 3’
adapter is adapted from irCLIP methods (Zarmegar et al. 2016),
and the library preparation strategy from iCLIP (Kénig et al.
2010) and ribosome profiling protocols (Ingolia et al. 2009;
Ingolia 2010; McGlincy and Ingolia 2017). The detailed step-by-
step protocol is provided in the Supplemental Material.

Preadenylation of the 3’ adapter and conjugation
of the infrared dye

The 3" adapter was ordered as RNase-Free HPLC purified oligo-
nucleotide phosphorylated at the 5 end and containing
azide (NHS ester) at the 3’ end with the following sequence:
/5Phos/NNNNNATCGTAGATCGGAAGAGCACACGTCTGAA/
3AzideN/ (McGlincy and Ingolia 2017). A total of 250 pmol of
the oligo was preadenylated in a 50 plL reaction using the 5
DNA Adenylation Kit (NEB) according to the manufacturer’s in-
structions. The reaction was incubated at 65°C for 2 h. Then the
oligonucleotide was purified using Oligo Clean & Concentrator
columns (Zymo), and IRdye-800CW-DBCO (LiCor) was conju-
gated via “click” chemistry at 37°C for 2 h as described in
Zarnegar et al. (2016) and Kaczynski et al. (2019).

Cell culture

HCT116 conditionally expressing Tet-OsTIR1 were obtained from
the Masato Kanemaki lab (Natsume et al. 2016). The cells were
tested for mycoplasma contamination and mycoplasma contami-
nation was not detected. The HCT116 cells were cultured in
McCoy's 5A (modified) medium (Sigma) with 10% fetal bovine se-
rum (Gibco), 2 mM glutamine (Sigma), 1% Pen/Step (Sigma). 4sU
(Sigma) was added to the cell culture media 15 h prior to collec-
tion at 100 uM. For IR-PAR-CLIP, five 15 cm (diameter) dishes of
cells per condition were plated with 3.5 million HCT116 cells
per dish so that they reach 60% confluency at the time of collec-
tion, resulting in approximately 125 million cells per condition.
Cells were put on ice and washed with 10 mL of ice-cold PBS
(Sigma). PBS was completely aspirated and 1 mL of PBS was add-
ed to prevent cells from drying. Crosslinking was performed with

the UV light at 365 nm with 0.15 J/cm?. Upon crosslinking, cells
were collected via scraping, then were pelleted, frozen in liquid
nitrogen, and stored at —80°C.

Cell lysis, in-lysate RNase treatment, and
immunoprecipitation

Cell pellets from 125 million cells per condition were lysed in 1250
pL of ice-cold lysis buffer (25 mM HEPES pH 7.3, 150 mM NaCl,
0.5% NP-40, 0.5 mM EDTA, 10% glycerol, 0.1% SDS, 0.2%
sodium deoxycholate, 1x protease inhibitors cocktail, 0.1 mM
DTT), by incubation on ice for 15 min with intermittent vortexing
and passing three times through the 27G needle. The lysate was
clarified by centrifugation for 20 min at 20,000g at +4°C. A total of
1100 pL of the supernatant was taken for the in-lysate RNase
digestion on a rotator for 15 min at room temperature. The
RNase | (Ambion) was used at 0.1 or 0.05 U/uL and RNase T1
(Thermo Scientific) at 1 or 0.25 U/uL. For IP, 50 pg of
Proteintech anti-IGF2BP3 antibody (14642-1-AP, lot 00090203)
or Proteintech IgG control (30000-0-AP) was coupled to the 200
pL of protein G Dynabeads (Invitrogen) in 1 mL of lysis buffer
for 20 min, rotating at room temperature, washed three times
with T mL of the lysis buffer, resuspended in the original bead vol-
ume (200 pL) and added to 1 mL of the RNase treated lysate. The
IP was incubated on a rotator at +4°C for 4 h, washed twice, and
resuspended in 1 mL of the lysis buffer. To test the sensitivity of
protein-crosslinked-RNA-3" adapter fragments to RNase, one
dish of HCT116 per condition was used as described above and
all reaction volumes were scaled down proportionally. MOV10
IP- was performed using Proteintech anti-MOV10 antibody
(10370-1-AP, 10t00001954).

On-beads RNase treatment, dephosphorylation, 3’
adapter ligation, and SDS-PAGE of protein-RNA
complexes

For the on-beads, RNase treatment RNase | (Ambion) was added
at 0.05 or 0.025 U/pL and RNase T1 (Thermo Scientific) at 1 or
0.25 U/pL. The combinations of in-lysate and on-beads RNase
concentrations are indicated in the Results section. For RNase
treatment, the samples were incubated on the rotator for 15
min at room temperature and cooled on ice for 5 min. Then the
beads were washed three times with 1 mL of ice-cold high salt
wash buffer (25 mM HEPES pH 7.3, 400 mM NaCl, 0.5% NP-40,
0.5 mM EDTA, 10% glycerol, 1x protease inhibitors cocktail,
0.1mM DTT), with 3 min incubations on ice after each wash
step. For dephosphorylation of the crosslinked RNA fragments,
the beads were washed once with 1 mL of PNK wash buffer (20
mM Tris-HCI pH 6.5, 10 mM MgCl,, 0.2% Tween20, 0.1 mM
DTT), resuspended in 200 pL of dephosphorylation mix (1x
PNK buffer pH 6.5 [70 mM Tris-HCI pH 6.5, 10 mM MgCly, 1
mM DTT], 100 U T4 polynucleotide kinase [NEB], 20 U
SUPERase-In [Invitrogen]) and incubated at 37°C for 30 min with
shaking at 1100 rpm. Afterward, the beads were kept on ice
and washed once with 1 mL of PNK wash buffer, incubated in 1
mL of high salt wash buffer for 5 min on ice, and washed once
more with 1 mL of PNK wash buffer. For 3" adapter ligation, the
beads were resuspended in 200 pL of the ligation reaction mix
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(20% PEGB8000, 1x T4 RNA ligase reaction buffer [NEB], 1000 U
T4 RNA ligase 2 truncated KQ [NEB], 50 pmol 5" preadenylated
IR-dye-conjugated DNA adapter, and 20 U SUPERase-In) and in-
cubated at 25°C for 3 h with shaking at 1100 rpm in the dark.
Next, the beads were transferred on ice and washed once with
1 mL of PNK wash buffer, incubated in 1 mL of high salt wash buff-
er for 5 min on ice, resuspended in 1 mL of PNK wash buffer, and
transferred to the new low-bind RNase-free 1.5 mL tube. The PNK
wash buffer was removed, and the crosslinked protein—-RNA com-
plexes were eluted in 40 plL of 1x SDS sample buffer without DTT
at +70°C for 10 min. DTT at 20 mM concentration was added to
the collected eluates, and the samples were heated at +70°C
for 10 min and stored at —80°C. Next, the crosslinked protein—
RNA complexes were resolved on a 10-well 4%-12% NuPAGE
Novex Bis-Tris gel (Invitrogen) in 1x MOPS-SDS running buffer
(Invitrogen) at 200 V for 65 min. The gel was visualized at 800
nm using LI-COR Odyssey ClLx near-infrared imager, and RBP-
RNA complexes were size selected using the imager’s grid. The
bands corresponding to IGF2BP3-RNA complexes were excised
from the gel and transferred to a low-bind RNase-free tube.

Proteinase K digestion, 3’ adapter-ligated RNA
extraction, and size selection

For the samples with the RNase treatment conditions in-lysate
and on-beads: RNase | 0.05 U/pL, RNase T1 1 U/pL proteinase
K digestion was performed as described in Acosta-Alvear et al.
(2018). The gel piece was transferred to a nuclease-free water pre-
equilibrated Pur-A-Lyzer Midi Dialysis Tube (MWCO 3.5 kDa,
Sigma), with 400 pL 1x MOPS-SDS running buffer (Invitrogen),
and electroelution was performed at 100 V for 2 h. The polarity
of the electric current was reversed for 120 sec, the sample was
transferred to the new 2 mL low-bind RNase-free tube with an
equal volume of 2x Proteinase K buffer (100 mM HEPES pH
7.3, 100 mM NaCl, 20 mM EDTA, 2% SDS) and proteinase K
(Invitrogen) at a final concentration of 1.2 mg/mL, and incubated
for 30 min at +55°C. For the samples with RNase treatment con-
ditions: RNase | 0.05 U/pL in-lysate and 0.025 U/uL on-beads,
RNase | 0.01 U/pL in-lysate and 0.025 U/pL on-beads, and
RNase T1 0.25 U/pL in-lysate and on-beads gel extraction and
protein digestion were performed as described in Anastasakis
et al. (2021). Gel pieces were transferred to a 1.5 mL low-bind
RNase-free tube, frozen at —80°C, thawed at +55°C and crashed
with a single-use RNase-free pellet pestle. Gel slurry was boiled in
2x proteinase K buffer with 50 mM DTT at +95°C for 2 min and
was subsequently incubated three times with fresh addition of
proteinase Kat 2.4 mg/mL, 1.5 mg/mL, and 2.4 mg/mLin 2x pro-
teinase K buffer at +50°C for 30 min with shaking at 1100 rpm.
Extracted 3’ adapter-ligated RNA fragments were separated
from the gel by centrifugation at 10,000g for 10 min through a
Spin-X centrifuge filter (Costar). For all samples, RNA was extract-
ed with 1 mL of acidic phenol-chloroform-isoamyl alcohol
(25:24:1, pH 4.0), isopropanol precipitated, resuspended 1x
TBE-Urea dye (Invitrogen), denatured by heating at +75°C for 2
min, and resolved on a 10-well 15% TBE-Urea gel (Invitrogen) in
1x TBE running buffer (Invitrogen) at 180 V for 70 min. The gel
was visualized at 800 nm using LI-COR Odyssey CLx near-infrared
imager and the 3’ adapter-ligated RNA fragments were size se-
lected using the imager’s grid.
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Reverse transcription, circular ligation, library
construction PCR, and sequencing

Gel pieces were transferred to a 1.5 mL low-bind RNase-free tube,
frozen at —80°C, thawed at +55°C, and crashed with a single-use
RNase-free pellet pestle. 3’ adapter-ligated RNA fragments were
extracted from the gel during overnight incubation rotating in 300
pL of RNA elution buffer at +4°C (10 mM Tris-HCl pH 7.0, 0.3 M
NaOAc pH 5.5, 2 mM EDTA, 20 U SUPERase-In). Extracted com-
plexes were separated from the gel fragments by centrifugation at
10,0009 for 10 min through a Spin-X centrifuge filter, ethanol pre-
cipitated and resuspended in 11.5 pL of nuclease-free water.
For reverse transcription, 1 pL of 1 pM reverse transcription prim-
er (/5Phos/RNAGATCGGAAGAGCGTCGTGTAGGGAAAGAG/
iSp18/GTGACTGGAGTTCAGACGTGTGCTC) was added to the
sample. The sample was incubated at +70°C for 10 min and trans-
ferred on ice. Then the components of the reverse transcription
mix were added to the sample making a final volume of 20 pL
(1x Superscript IV buffer, dNTPs 0.2 mM each, 5 mM DTT, 10 U
SUPERase‘In, 200 U Superscript IV [Invitrogen]); the reaction
was performed at +55°C for 20 min and inactivated at +80°C
for 5 min. A total of 2.2 uL of 1 M NaOH was added, and RNA
was hydrolyzed in 30 min incubation at 98°C. The reaction was
neutralized by the addition of 2.2 uL of 1 M HCI. The reverse tran-
scription reaction was purified on Oligo Clean & Concentrator col-
umns (Zymo) according to the manufacturer's instructions and
eluted in 6 pL of nuclease-free water. cDNA was mixed with 6
pL of 2x TBE-Urea dye, denatured by heating at +75°C for 2
min, and resolved on a 10-well 10% TBE-Urea gel (Invitrogen) in
1x TBE running buffer at 180 V for 70 min. The gel was stained
with SYBR Gold (Invitrogen) and visualized, and the reverse tran-
scription product was separated from the unreacted primer and
no-insert products. Gel extraction was performed similarly to
the 3’ adapter-ligated RNA fragments using DNA elution buffer
(10 mM Tris-HCl pH 8.0, 0.3 M NaOAc pH 5.5). After ethanol pre-
cipitation, the pellet was resuspended in 10 pL of circular ligation
reaction mix (1x CircLigase Il buffer, 2.5 mM MnCl,, 50 U
CircLigase Il [Lucigen]). Circular ligation was performed at
+60°C for 2 h, and the enzyme was inactivated through heating
at +80°C for 10 min. To determine the number of cycles required
for the PCR ampilification for the library construction, a series of
small-scale PCR reactions was performed with NEB Phusion poly-
merase and index primers (NEB, E6609S). The reaction mix of
65 pL (1x High Fidelity buffer, dNTPs 0.2 mM each, 500 nM
NEB Universal primer, 500 nM NEB Index primer, 2.8 pL circular-
ization reaction, 1.3 U Phusion polymerase) was aliquoted to six
PCR tubes (10 pL) and run according to the following program:
98°C, 30 sec; 20 cycles of 98°C, 10 sec; 65°C, 10 sec; 72°C, 10
sec. The tubes were removed at the end of extension at cycles
10, 12, 14, 16, 18, and 20 and the products were resolved on
10-well 6% TBE gel (Invitrogen) in 1x TBE running buffer at 180 V
for 40 min and stained with SYBR Gold. For the library construc-
tion PCR, the cycle number was selected where the bright prod-
uct band appeared. Typically, the number of cycles was 16-18 for
IGF2BP3 IP and 22-23 for IgG control. The reaction composition
and conditions were the same as for the PCR designed to deter-
mine the cycles; additionally, the final extension was performed
for 5 min at 72°C. Libraries were ethanol precipitated, resolved
on a 10-well 6% TBE gel similarly to the cycle selection PCR,
and separated from the no-insert library and unreacted primers.
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Gel extraction was performed similarly to the extraction after the
reverse transcription reaction, but the gel pieces were not heated
higher than +30°C. After ethanol precipitation, pellets were re-
suspended in 10 pL of nuclease-free water. Library size dis-
tribution and quantity were determined using the Agilent
Bioanalyzer 2100 with the High Sensitivity DNA Kit (Agilent)
and via gPCR with the NEBNext Library Quant Kit for Illumina
(NEB). Libraries were sequenced on a NovaSeq 6000 S1 at
SR100 mode (lllumina) at the Vienna BioCenter NGS facility pro-
ducing 55 million reads per sample on average.

Computational analysis

For the demultiplexed data sets, UMIs were extracted and adapter
sequences were timmed using UMI-toolsv1.1.1 (Smith etal. 2017).
The reads were size and quality timmed using Trimmomatic v0.30
(Bolger et al. 2014) to have a length between 18 and 45 nt. The
reads then were mapped to the GENCODE human genome assem-
bly GRCh38.p13 with bowtie v0.12.7 (Langmead et al. 2009), allow-
ing up to three mismatches and deduplicated using UMI-tools
v1.1.1. IGF2BP3-binding clusters were called with PARalyzer v1.5
(Corcoran et al. 2011) (ini file is available in Supplemental
Material). Genes that have at least one cluster containing more
than 10 CPM and more than 50% of T to C conversions per read
were selected as IGF2BP3 targets. The enrichment of 4-nt motifs
in IGF2BP3-binding clusters was analyzed with HOMER v4.11
(Heinz et al. 2010), findMotifsGenome.pl command using exome
as a background. The Pearson correlation between the IGF2BP3
IR-PAR-CLIP conditions was calculated for the 50-nt coverage win-
dows using the multiBamSummary and plotCorrelation tools from
deepTools (Ramirez et al. 2016). Sequencing data processing was
conducted using the HPC of the Center for Integrative
Bioinformatics Vienna (CIBIV), Austria. The published lists of
IGF2BP3 targets were obtained from Conway et al. (2016),
Palanichamy et al. (2016), and Ennajdaoui et al. (2016). The
ENCODE eCLIP IGF2BP3 target list was downloaded from the
POSTAR3 (Zhao et al. 2022) (source data: ENCODE project
[ENCSR9930LA], Dunham et al. 2012). For data from Conway
et al. (2016), the gene was selected as IGF2BP3 target if CDS or
3'UTR peak coverage was four times higher than in SMlinput in
IGF2BP3 eCLIP, and not more than two times higherin the IgG con-
trol. The IGF2BP3 PAR-CLIP data (GSM545209, SRR048962)
(Hafner et al. 2010) were analyzed in parallel with the data from
the current study with the same parameters used for bowtie align-
ments, peak calling, and target identification. GO term analysis
was performed with clusterProfiler v3.18.1 (Yu et al. 2012).

Optimization of IGF2BP3 immunoprecipitation

To test the IGF2BP3 immunoprecipitation conditions, one 15 cm
(diameter) dish of 60% confluent HCT116 (~25 million cells) per
condition was washed in ice-cold PBS, scraped, pelleted, and re-
suspended in 250 pL of ice-cold lysis buffer. Cells were lysed by
incubation with the lysis buffer on ice for 15 min with intermittent
vortexing and passing the cell suspension three times through the
27G needle. The lysate was clarified by centrifugation for 20 min
at 20,000 and treated with 0.2 U/pL RNase | (Ambion) rotating at
room temperature for 15 min. For IP, from one 15 c¢cm (diameter)
dish 5 pg of Proteintech (14642-1-AP, lot 00090203) antibody

was coupled to Dynabeads, as described before in 1 ug:4 plL an-
tibody:beads ratio. The lysates were rotated at +4°C for 4 h for the
IP. The flowthrough was removed using a magnetic rack, and the
IP-ed complexes were washed five times in one volume (250 pL) of
ice-cold high salt wash buffer with 3-min incubations on ice. For
the urea wash, urea was added to the buffer during the first
wash to a final concentration of 1 M. Protein was eluted in 25 plL
of sample buffer as described in the section “On-beads RNase
treatment, dephosphorylation, 3’ adapter ligation, and SDS-
PAGE of protein-RNA complexes” above. The eluate was re-
solved on SDS-PAGE in tris-glycine SDS buffer and analyzed
with colloidal Coomassie staining (Dyballa and Metzger 2009)
or western blotting with anti-IGF2BP3 (Proteintech, 14642-1-AP)
and anti-GAPDH (Proteintech, 10494-1-AP) antibodies.

Establishment of IGF2BP2 and IGF2BP3 knockout
cell lines and siRNA depletion

For knockout cell line generation, gRNA sequences (IGF2BP2:
5'GAGCTGCCGGAGGTCGTCGG 3'; IGF2BP3: 5’ACGCGTAGC
CAGTCTTCACC 3') were cloned into the pSpCas? (BB)-2A-GFP
(PX458) (plasmid #48138; Addgene) (Ran et al. 2013). Cells
were transiently transfected using jetOPTIMUS reagent (Tamar,
101000051), and GFP-positive single-cell clones were FACS sorted
at BD FACSAria lllu at Max Perutz Labs BioOptics FACS
Facility. For siRNA knockdown, cells were transfected with ON-
TARGETplus Human IGF2BP2 (Dharmacon, L-017705-00-0005)
or IGF2BP3 (Dharmacon, L-003976-00-0005) SMARTpool
siRNAs using DharmaFECT 2 (Dharmacon, T-2002-01). ON-
TARGETplus nontargeting siRNA #1 (Dharmacon, D-001810-01-
05) was used as a control.

Mass spectrometry of IGF2BP3 immunoprecipitation

For mass spectrometry of IGF2BP3 immunoprecipitation, three 15
cm (diameter) dishes of 60% confluent HCT116 per condition
were washed in ice-cold PBS, scraped, pelleted, and resuspended
in 750 pL of ice-cold lysis buffer. The IP was performed as described
in the section "Optimization of IGF2BP3 immunoprecipitation”
above using 30 pg of Proteintech anti-IGF2BP3 antibody (14642-
1-AP, lot 00090203) per sample. RNA was digested using 1 U/pL
RNase T1 (Thermo Scientific). Protein was eluted in 50 L of sample
buffer, resolved on a 10-well 4%-12% NuPAGE Novex Bis-Tris gel
(Invitrogen) in 1x MOPS-SDS running buffer (Invitrogen), and
stained with colloidal Coomassie (Dyballa and Metzger 2009).
The band corresponding to IGF2BP3 was cut from the gel, submit-
ted for tandem mass spectrometry, and analyzed with MaxQuant
1.6.17.0 at the Max Perutz Labs Mass Spectrometry Facility.

DATA DEPOSITION

All raw and processed sequencing data generated in this study
have been deposited in the Gene Expression Omnibus database,
https:/www.ncbi.nlm.nih.gov/geo/ (accession no. GSE229653).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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Supplementary figures

Supplemental Figure 1. Gel-based size selection steps of the infrared PAR-CLIP protocol.
A. Schema of the IR-PAR-CLIP library. The crosslinked RNA fragment is ligated to the infra-red
dye-conjugated 3’ adapter containing a 5 nt unique molecular identifier (UMI) and a sample
barcode (BC). The complementary strand is transcribed using the reverse transcription (RT)
primer complementary to the adapter sequence and containing an 18-atom hexa-ethyleneglycol
spacer (Sp18). The library is amplified in a PCR reaction with the indexed primers. The use of the
Unique Dual Index barcodes is recommended (BC 1, BC 2). B. SDS-PAGE of the RNA-IGF2BP3
complexes after infrared adapter ligation. Different RNase conditions are tested and
immunoprecipitation of IGF2BP3 is compared to the IgG control. Note that higher in-lysate
concentration of RNase results in a higher output of eluted complexes. C. TBE-Urea gel of the
recovered RNA-adapter fragments crosslinked to the protein remnant left after proteinase K
treatment. *RNA-protein complexes insufficiently digested with proteinase K (as we did not
observe these bands when the proteinase K-treated peptide-RNA-adapter complexes were
purified with electroelution before the RNA gel), ** unligated adapter. D. TBE-Urea gel of the
reverse transcription reaction product. Although the reverse transcription product is hardly visible
on SYBR-Gold stained gel, this step is important to separate the product from * the unreacted
primer. E. TBE gel of the library construction PCR product. The libraries obtained with anti-
IGF2BP3 antibody were amplified with 18 PCR cycles, while the IgG control library was amplified
with 23 cycles. * no-insert product, ** unreacted primers. Brackets show the region excised from
the gel.

Supplemental Figure 2. Effect of RNase concentration on IR-PAR-CLIP coverage, motif,
and target prediction results. A. 4-nucleotide IGF2BP3-binding motifs identified by HOMER in
IR-PAR-CLIP of HCT116. B. Overlap of IGF2BP3 targets identified in this study with different
RNase | and RNase T1 treatment conditions. C. Pearson correlation matrix of the IGF2BP3 IR-
PAR-CLIP coverage for the tested RNase | and RNase T1 treatment conditions.



2.2 Dual regulation of the unfolded protein response by IGF2BP3 during

ER stress

2.2.1 Preamble

This study addresses the main research question of my PhD thesis. In this paper, |
investigated the role of IGF2BP3 in post-transcriptional regulation during ER stress.
Using IR-PAR-CLIP, | demonstrated that under ER stress conditions, IGF2BP3 binds
transcripts encoding key UPR effectors. To determine how IGF2BP3 influences these
targets, | analyzed the effect of IGF2BP3 depletion on the transcriptome under ER
stress and distinguished between its impact on transcription and mRNA stability. The
results revealed a dual regulatory mechanism: IGF2BP3 indirectly promotes
transcriptional activation of the UPR, while at the same time destabilizes many of its
bound transcripts to reduce translational burden. These two outcomes act in balance
to support the cellular stress response. Finally, | investigated the molecular mechanism
behind IGF2BP3-mediated destabilization and found that ER stress enhances
association of IGF2BP3 with the mRNA decapping complex and the ER stress sensor

IRE1, consistent with its role in promoting mRNA decay.

This manuscript was sent for revision in Genes & Development on September 2",
2025.

Ly

E The earlier version of the manuscript is published in bioRxiv on March
31st, 2025:

doi: https://doi.org/10.1101/2025.03.29.646117

2.2.2 Contribution statement

| was involved in conceptualization and experimental design and performed all
experimental work and data analyses, except for the experiments listed below. The
data in Supp. Fig. 1A are reanalyzed data from Acosta-Alvear and Karagoz et al., 2018
12 The co-immunoprecipitation of GFP-IGF2BP3 experiment shown in Supp. Fig. 1B
and the mapping of the IGF2BP3-EDC3 interaction site shown in Fig. 5 |-K were done
by Elif Karagdéz. The proteomics data was generated by the Max Perutz Labs

Proteomics Facility. | was involved in the writing and editing of the manuscript.
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Abstract

Misfolded protein accumulation in the endoplasmic reticulum (ER) perturbs cellular homeostasis,
causing pathological ER stress. While a transcriptional response is paramount for the Unfolded
Protein Response (UPR), which counters ER protein-folding overload, multiple UPR-linked
MRNAs are post-transcriptionally regulated. However, the mechanisms mediating this regulation
remain unclear. Here, we reveal specific interactions between the conserved RNA-binding
protein IGF2BP3 and transcripts encoding UPR effectors. During ER stress, IGF2BP3
destabilizes many of its target transcripts, including UPR effectors. Mechanistically, ER stress
enhances IGF2BP3’s association with the mRNA decapping complex and the ER stress sensor
RNase IRE1, correlating with a shift toward mRNA destabilization. Unexpectedly, prolonged
depletion of IGF2BP3 inhibits UPR via decreased transcription of UPR target genes. Together,
our findings suggest that IGF2BP3 contributes to proteostasis during ER stress through dual
mechanisms: directly promoting mRNA degradation to reduce translation and folding burden
and indirectly supporting transcriptional activation of the UPR.
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Introduction

Protein-folding homeostasis is paramount for robust cell function. Underlining the importance of
this homeostasis, various stress-response pathways surveil and react to protein-folding
perturbations. In the endoplasmic reticulum (ER), a critical site for the folding of secreted and
transmembrane proteins, protein-folding homeostasis is maintained by a conserved signaling
cascade known as the “Unfolded Protein Response” (UPR). In metazoans, the UPR is driven by
three parallel ER-tethered sensor/transducers: IRE1, PERK, and ATF6. Each sensor monitors
the accumulation of misfolded proteins in the ER and takes corrective actions to restore
homeostasis.

The UPR increases protein folding and degradation capacity in the ER through transcriptional
upregulation of chaperones, foldases, ER-associated degradation (ERAD), and ER-phagy
components "', However, if homeostasis is not achieved in a timely manner, the UPR initiates
cell death programs that eliminate defective cells for the benefit of the organism '> '3, Together
with the magnitude and duration of the ER stress, the interplay between the UPR branches sets
molecular timers that govern the decision to either repair the damaged cell or eliminate it as a
potential threat. These factors heavily depend on cell identity as well as metabolic and cellular
state 213,

Whlie the UPR-driven transcriptional response is essential for maintaining ER homeostasis,
cells also utilize a variety of post-transcriptional mechanisms to adapt to ER stress 7. The
early response to ER stress converges on the shutdown of global translation by the ER-tethered
kinase PERK, which reduces global protein synthesis [Harding, 1999 #420;Harding, 2000
#418;Walter P., 2011 #1;Holcik, 2005 #1923 ]. During translational shutdown, some
translationally silenced mRNAs are protected from turnover, whereas others are degraded '¢%.
Under such conditions, the UPR sensor IRE1 cleaves ER-localized mRNAs via regulated |IRE1-
dependent decay of messenger RNAs (RIDD), proposed to decrease protein folding load in the
ER #"22_ Apart from its role in tuning protein synthesis into the ER, RIDD protects cells from
apoptosis via opposing the transcriptional upregulation of the death receptor 5 (DR5) mRNA
expression induced by the PERK-ATF4 branch. Therefore, while it is clear that
posttranscriptional mechanisms contribute to life-and-death decisions during ER stress, the
mechanistic details of how this is achieved have been poorly understood.

RNA-binding proteins (RBPs) mediate post-transcriptional mechanisms that facilitate adaptation
to developmental and metabolic changes or cellular perturbations #* 2. Using
immunoprecipitation coupled to mass spectrometry analyses (IP-MS/MS) of the UPR sensor
IRE1, we previously revealed that it is associated with a highly conserved RBP, IGF2BP3, in a
stress-dependent manner %°. IGF2BPs are a conserved family of RBPs that regulate mRNA fate
by controlling target mRNA stability, localization, and translation (reviewed in ?°). IGF2BPs were
proposed to protect mMRNAs from degradation by competing with microRNA binding %%, More
recently, IGF2BP family members have been shown to function as readers of m6A and m7G
MRNA modifications. While all IGF2BPs guard m6A-modified mRNAs from decay, IGF2BP1 and
IGF2BP3 facilitate the degradation of mMRNAs harboring m7G modifications 2> *. Among the
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three IGF2BP paralogs in mammalian cells, IGF2BP1 and IGF2BP3 are expressed at high
levels during early development 33, regulate mRNAs involved in cell growth and migration 23 3+
% therefore are necessary for healthy embryo development. Notably, expression of all IGF2BP
paralogs is upregulated in various cancers, and this strongly correlates with poor patient
outcomes, enhanced tumor growth, drug resistance, and metastasis 3% 3% 4°,

Several studies show that during proteotoxic stress induced by heat shock or arsenite treatment,
IGF2BPs promote mRNA stability by preventing mRNA degradation. Moreover, they facilitate
target mRNA translation once the stress is relieved 2° ' 42, Given these data, IGF2BPs may
mediate post-transcriptional regulation in response to organelle-specific stress. However,
whether IGF2BP3 responds to ER stress and contributes to restoring ER homeostasis remains
unclear.

In this study, we assessed the role of IGF2BP3 in regulating UPR-associated transcripts. Our
data show that the stress-dependent association of IGF2BP3 with IRE1 is conserved across cell
lines, revealing that IGF2BP3 binds to prominent UPR-effector transcripts. Using genome-wide
transcriptome and mRNA stability analyses, we demonstrate that IGF2BP3 regulates the UPR
at both the post-transcriptional and transcriptional levels, thereby forming a unique gene
regulatory network that modulates the UPR.

Results
IGF2BP3 associates with IRE1 during ER stress

To decipher post-transcriptional mechanisms regulating mRNA fate during ER stress, we
focused on the primary post-transcriptional regulator, the ER-tethered RNase IRE1, which binds
to and cleaves the ER-bound mRNAs during ER stress. In previous work, we mapped the IRE1
interactome by IP-MS/MS in HEK293T and multiple myeloma cells and identified select RBPs
associated with IRE1 %. We hypothesized that the RBPs interacting with IRE1 during ER stress
regulate the stability of UPR-relevant mRNAs associated with IRE1. Among those RBPs,
IGF2BP3 stood out as it was also recovered in IRE1 IP-MS/MS under denaturing conditions
after RNA-protein cross-linking, which suggested a robust association with IRE1 and RNA-
containing complexes (Supp. Fig. 1A).

To test whether ER stress-induced increase in IGF2BP3 association with IRE1 extended across
different cell types, we performed IPs followed by Western Blot analyses in mouse embryonic
fibroblasts expressing GFP-tagged IRE1. To address whether IGF2BP3 and IRE1 are bridged
by RNAs we performed these IPs under native conditions and tested whether RNase will disrupt
the interaction. IGF3BP3’s interaction with IRE1 increased 2-fold after 4 h of ER stress
compared to unstressed controls and was sensitive to RNase treatment (Fig. 1A, B). Consistent
with this result, we also recovered IRE1 using reciprocal IGF2BP3 pull-downs in HEK293T cells
in an ER stress-dependent manner (Supp. Fig. 1B).
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From these results, we concluded that IRE1 and IGF2BP3 form complexes during ER stress. It
is plausible that IGF2BP3 interacts with the ER-targeted mRNAs and this way is partially
localized to the ER membrane during stress. The fact that these complexes were identified in
multiple cell types makes it likely that they are universal cellular complexes with potential
importance for general cellular biology.

IGF2BP3 interacts with the UPR target mRNAs

The mRNAs interacting with IGF2BP3 under steady-state conditions have been well established
38.43. 44 put it is unclear whether proteotoxic stress modulates IGF2BP3 interactions with its
target mRNAs. To this end, we defined IGF2BP3-interacting mRNAs during ER stress in
HCT116 cells using Infra-Red Photoactivatable Ribonucleoside-enhanced Crosslinking and
Immunoprecipitation (IR-PAR-CLIP) **. Due to extensive RNase cleavage and presence of T to
C (T-C) transitions that mark the crosslink position this approach allows nucleotide-resolution
detection of RBP-interaction sites in target RNAs **. IGF2BP3 IR-PAR-CLIP was performed
under homeostatic conditions, during early response (1 h), and at peak response (4 h) time
points after UPR induction by tunicamycin (TM). As UPR target genes are transcriptionally
upregulated under these conditions, we performed total transcriptome sequencing in parallel to
account for changes in transcript levels.

On average IGF2BP3 IR-PAR-CLIP produced 45-times more unique deduplicated reads
comparing to the 1gG controls with ~50% of the reads containing T-C transitions (Supp. Fig. 1C).
To determine IGF2BP3-bound transcripts we performed T-C aware peak calling using
PARalyzer *°. Transcripts that had at least one cluster of IGF2BP3-croslinked reads containing
more than 25 gene counts per million (CPM) and more than 50% of T-C conversions per read
were considered IGF2BP3-bound. After correction for transcript levels (IR-PAR-CLIP CPM >
transcriptome CPM) IR-PAR-CLIP identified 2313 IGF3BP3-bound transcripts under
homeostatic conditions (Supp. Fig. 1D, Supp. Table 1). A short ER stress induction (1 hour) did
not significantly alter neither the levels of the hallmark UPR-target transcripts nor IGF2BP3
binding; however, a 4-hour treatment led to strong UPR induction (Fig. 1C). Under these
conditions, IGF2BP3 interacted with a transcript set largely overlapping that observed under
control conditions, with 157 additional transcripts that only interacted during ER stress (Supp.
Fig. 1D). These transcripts were enriched in those involved in ER stress response and
proteasomal degradation (Supp. Fig. 1E). We further defined a list of 2470 IGF2BP3-bound
transcripts present in either control or ER stress (4 h) conditions (Supp. Table 1). Gene
ontology analyses of those mMRNAs revealed that regulation of transcription, protein degradation,
differentiation, intracellular communication, and response to ER stress were the top-enriched
biological processes (Supp. Fig. 1F).

In agreement with the published data, our IGF2BP3 IR-PAR-CLIP analyses showed that under
homeostatic conditions, IGF2BP3 binds to most of its target mRNAs through their 3° UTRs
(Supp. Fig. 1G) > **. While IGF2BP3’s binding preference for 3' UTRs was not affected by ER
stress, the IGF2BP3-binding motifs showed distinct differences (Supp. Fig. 1H). The top five 5
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nt-long motifs enriched in IGF2BP3-bound IR-PAR-CLIP reads included those with CA-rich
sequences common among IGF2BP3 binding motifs * 4. Three motifs (UCCAG, AGCCU, and
UGCCA) were common for both conditions. In contrast, upon stress, novel ACUGU and ACCUG
motifs were highly enriched in comparison to a canonical CAUU-containing motif **. These
results indicated that IGF2BP3 associates with novel sequences during ER stress.

Next, we tested whether ER stress modulates IGF2BP3 interactions with its target transcripts.
Upon ER stress induction, the number of IGF2BP3-bound reads derived from UPR-induced
genes increased. These UPR targets included genes encoding for the master transcription
factors XBP1, ATF4, CHOP (DDIT3), and major chaperones BiP (HSPA5) and DNAJB9 (Fig.
1D). At the same time, IGF2BP3 showed reduced binding to some of its canonical targets, such
as HMGA2 mRNA 28 (Fig. 1D). To assess the binding of IGF2BP3 to the UPR-target genes we
defined 228 genes that were upregulated at least 2-fold upon ER stress induction as “UPR-
induced” transcripts. To account for changes in the mRNA levels, we next compared ER stress-
induced changes in transcript levels with the changes in IGF2BP3-bound transcripts (Fig. 1E)
and calculated an “IGF2BP3 binding” score by normalizing the IR-PAR-CLIP reads to the
transcript levels (Fig. 1F, Supp. Fig. 11). These analyses revealed that IGF2BP3 binds UPR-
induced targets to a similar extent under both homeostatic and ER stress conditions, suggesting
that the observed increase in IGF2BP3-bound reads for most genes during ER stress results
from increased transcription of UPR target genes. However, while IGF2BP3-bound reads
increased linearly for multiple UPR targets with increased expression, mMRNAs such as HSPAS
showed preferential binding of IGF2BP3 during ER stress (Fig. 1C, E, G, Supp. Fig. 1l).
Moreover, we identified novel IGF2BP3 targets, such as DDIT3, which were only expressed
during ER stress (Fig. 1C, G).

Supporting our IP-MS/MS data, IGF2BP3 was bound to one-third of the transcripts interacting
with IRE1 during ER stress (Supp. Fig. 1J). The IGF2BP3-binding sites did not overlap with
IRE1 RIDD cleavage sites on most of the common IRE1 and IGF2BP3-bound mRNAs. Those
analyses suggested that IGF2BP3 binding does not compete with IRE1 for the same sites
(Supp. Fig. 1K). To sum up, we found that IGF2BP3 interacts with transcripts encoding UPR
target genes during ER stress, identifying IGF2BP3 as a potential post-transcriptional regulator
of the UPR.

IGF2BP3 depletion dampens UPR signaling

Based on our findings above, we hypothesized that IGF2BP3 might post-transcriptionally
regulate UPR-induced mRNAs. We, therefore, set out to identify which transcripts might be
functionally regulated by IGF2BP3. To this end, IGF2BP3 was depleted in colon carcinoma
HCT116 cells by CRISPR/Cas9-mediated knockout (Supp. Fig. 2A), after which transcriptome
analyses were performed under homeostatic and ER-stress conditions (Supp. Table 2).
IGF2BP3 knockout resulted in moderate changes in the total transcriptome (Fig. 2A).
Specifically, it led to the downregulation of genes involved in regulation of transcription, cell
proliferation and migration, development, and response to growth factors, consistent with
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previous reports 4434748 (Supp. Fig. 2B). To address the effect of IGF2BP3 depletion on the
cellular response to ER stress, we defined 288 UPR target transcripts as those upregulated by
more than two-fold upon ER stress including those bound by IGF2BP3 (58 transcripts) (Fig. 2B)
and followed their levels upon IGF2BP3 depletion. Transcriptome analysis showed that the
levels of the UPR target transcripts were lower in IGF2BP3 knockouts compared to the parental
cells during ER stress (Fig. 2B, C). While IGF2BP3 depletion had only a moderate impact on
individual UPR effector transcripts (Fig. 2B), changes were evident when analyzed for the
whole group (Fig. 2 C). In contrast, the levels of other IGF2BP3-bound transcripts were less
affected by IGF2BP3 CRISPR/Cas9-mediated knockout (Fig. 2A, C). Thus, IGF2BP3
specifically impacts UPR target transcripts during ER stress (Fig. 2B, C).

To account for the adaptation of cells to long-term depletion of IGF2BP3 and to bypass the
clonal selection, we used siRNA-based depletion as an orthogonal approach to validate our
findings (Supp. Table 2). Using an siRNA pool against IGF2BP3, we obtained 75 percent
depletion in 48 hours in HCT116 cells (Supp. Fig. 2C, D). The siRNA knockdown experiments
confirmed the data obtained by the CRISPR/Cas9-based IGF2BP3 knockouts, indicating that
depletion of IGF2BP3 dampens UPR signaling (Fig. 2D). Reverse transcription quantitative
PCR (RT-gPCR) analyses of IGF2BP3-interacting transcripts confirmed these results even at
milder, closer to physiological ER stress conditions, showing that IGF2BP3 knockout leads to a
decrease in the levels of major UPR targets downstream of PERK (ATF4, DDIT4), IRE1 (XBP1
spliced), and ATF6 (HSPA5) (Fig. 2E). Intriguingly, our analyses showed that during ER stress,
depletion of IGF2BP3 not only reduced the levels of IGF2BP3-bound UPR targets but also
affected those that are not its direct interactors (Fig. 2B, C, D). This suggested that IGF2BP3
depletion leads to the downregulation of the entire pathway, possibly due to secondary indirect
effects. Altogether, our data showed that IGF2BP3 depletion tunes down UPR.

IGF2BP3 shapes the UPR through transcriptional feedback loops

As mentioned above, our genome-wide approaches revealed that in addition to IGF2BP3-bound
transcripts, the levels of UPR targets that are not directly bound to IGF2BP3 also decreased
upon IGF2BP3 depletion, suggesting a secondary indirect effect of IGF2BP3 depletion (Fig. 2B,
C, D). As IGF2BP3 controls the stability of several mMRNAs involved in transcriptional regulation,
we hypothesized that transcriptional reprogramming might result in the indirect effects observed
upon IGF2BP3 depletion.

To uncover the primary mechanism of IGF2BP3-mediated regulation during ER stress, we
aimed to uncouple transcriptional reprogramming from post-transcriptional regulation. To
unravel whether transcriptional reprogramming contributes to the changes in the transcript
levels upon IGF2BP3 depletion, we used thiol (SH)-linked alkylation for the metabolic
sequencing of RNA (SLAMseq) method (Fig. 3A). In SLAMseq, nascent transcripts are
metabolically labelled, allowing assessment of de novo RNA synthesis *°. We performed two
hours of pulse labeling in HCT116 cells with s*U, followed by total RNA extraction, alkylation,
and mRNA 3'-end library preparation under homeostatic conditions and after subjecting cells to
5 hours of ER stress (with s*U added for the last two hours) (Supp. Table 3). First, we followed
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the changes in the transcript levels transcribed during the 2 hours of s*U pulse (de novo
transcriptome, T-C reads). SLAMseq analyses showed that siRNA-mediated depletion of
IGF2BP3 decreased transcription of the UPR target genes (Fig. 3B) indicating that IGF2BP3
indirectly contributes to transcriptional reprogramming (Fig. 3C), potentially due to
downregulation of a transcriptional regulator upon IGF2BP3 depletion. Indeed, several mRNAs
encoding for transcription factors were downregulated upon IGF2BP3 depletion (Supp. Fig. 3A).

To systematically address the contribution of post-transcriptional regulation to the levels of the
UPR target transcripts, we calculated the changes in mRNA stability by comparing the changes
in the average T-C conversion rates per gene upon IGF2BP3 depletion (Fig. 3D). T-C
conversion rate values reflect the relative abundance of pre-existing and de novo synthesized
mMRNA per given gene, and their decrease suggests stabilization. Those analyses showed that
IGF2BP3 depletion increased the stability of IGF2BP3-bound transcripts including those
encoding for the UPR target genes, particularly during ER stress. These data indicated that
IGF2BP3 depletion controls UPR transcript levels at the post-transcriptional and transcriptional
levels.

Supporting the notion that IGF2BP3 destabilizes its target mRNAs during stress, when
transcription was inhibited by actinomycin D (ActD) treatment, IGF2BP3 depletion increased the
levels of XBP1 and DDIT3 (CHOP) mRNAs during ER stress (Fig. 3E, F). Notably, the
destabilization effect was specific to ER stress and was not observed during homeostatic
conditions. These data suggested that IGF2BP3 regulates the UPR in two ways: 1. It binds to
and destabilizes its target mMRNAs during ER stress. 2. It indirectly upregulates the transcription
of the UPR target genes. This transcriptional feedback loop allows differential regulation of UPR
target transcripts by IGF2BP3 during ER stress. The transcriptional response is more potent,
and this way, IGF2BP3 depletion dampens the response. This model explains how IGF2BP3
depletion leads to decreased levels of the UPR target transcripts, while its depletion increases
the levels of its post-transcriptional targets. It is attractive to speculate that the IGF2BP3-driven
dual regulatory mechanism allows cells to decrease protein folding burden while ensuring they
elicit potent UPR during ER stress.

IGF2BP3 facilitates mRNA degradation during ER stress

Our transcriptomics and SLAMseq analyses showed that siRNA-mediated IGF2BP3 depletion
resulted in both stabilization and destabilization of |IGF2BP3-bound transcripts under
homeostatic conditions. Most top-regulated transcripts encoded proteins involved in cell
proliferation and motility (e.g., HMGA2, CARM1, TRIB1, NACC2) **%3. Notably, several of these
target MRNAs encoded transcription factors (ZNF385A), regulators of gene expression (HMGA2,
CARM1, NACC?2), or RNA metabolism (AGO2, ZFP36L1), underlining that IGF2BP3-mediated
post-transcriptional regulation impinges on potent gene regulatory networks to remodel the
transcriptome.

The SLAM-seq analyses also revealed that, in contrast to the homeostatic conditions, IGF2BP3-
binding destabilized maijority of its target MRNAs during ER stress (Fig. 3D). The observed
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increase in IGF2BP3-mediated destabilization upon ER stress was specific for IGF2BP3-bound
transcripts (Fig. 4A). In line with these analyses, IGF2BP3 destabilized a higher number of
transcripts during ER stress compared to homeostatic conditions (Fig. 4B, C). Together, these
findings suggest that ER stress shifts IGF2BP3 function toward promoting the destabilization of
its target transcripts.

Our data confirmed that IGF2BP3 regulates HMGA?2 (stabilized by IGF2BP3) %8 and ZFP36L 1
(destabilized by IGF2BP3) #’, as reported in earlier studies (Fig. 4B, D, E). HMGA?2 encodes a
nonhistone chromatin factor that controls gene expression by altering chromatin architecture .
In line with the published work, depletion of IGF2BP3 resulted in lower levels of HMGA2 mRNA
under homeostatic conditions, supporting the notion that IGF2BP3 binding stabilizes HMGA2
mRNA (Fig. 4B, C, D). The SLAMseq analyses confirmed that IGF2BP3 binding stabilizes
HMGAZ2 under those conditions, as IGF2BP3 depletion did not result in decrease of HMGA2
transcription (Supp. Fig. 4A). Surprisingly, HMGA2 mRNA levels significantly decreased during
ER stress (Fig. 4D). Using RT-gPCR analyses, we confirmed that IGF2BP3 did not stabilize
HMGA2 mRNA as efficiently during ER stress as under homeostatic conditions (Fig. 4E). These
results were corroborated by actinomycin D chase experiments, which showed that IGF2BP3
depletion decreased the half-life of HMGA2 mRNA under homeostatic conditions while not
impacting it during ER stress (Fig. 4F). Notably, our IR-PAR-CLIP analyses showed that
IGF2BP3 binding to HMGA2 mRNA weakens during ER stress, which might explain the reduced
protection of this mMRNA (Supp. Fig. 11).

Consistent with our data suggesting that IGF2BP3 switches to a degradative function during ER
stress, we observed more pronounced destabilization of a subset of transcripts that IGF2BP3
also destabilizes under homeostatic conditions (Fig. 4B, C, Supp. Fig. 4A). Both the
transcriptomics (Fig. 4B, C, D, Supp. Fig. 4A) and RT-gPCR data (Fig. 4E) showed that
IGF2BP3 depletion increased the levels of a well-described target, ZFP36L17 mRNA under
homeostatic conditions supporting earlier work *’ that proposed IGF2BP3 facilitates ZFP36L 1
mRNA degradation. This effect was more pronounced during ER stress (Fig. 4C, D, E), with
ZFP36L1 mRNA showing an increased half-life upon IGF2BP3 depletion under stress conditions
in actinomycin D chase experiments (Fig. 4F). These analyses indicated that ER stress
modulates IGF2BP3 function, shifting the functional consequences of IGF2BP3 binding towards
mRNA degradation. Altogether, we discovered that ER stress modulates IGF2BP3-target mRNA
interactions and impacts how IGF2BP3 regulates its canonical targets.

ER stress promotes the association of IGF2BP3 with the mRNA decapping complex

The association of IGF2BP3 with the mRNA degradation machinery was previously proposed to
regulate a subset of its target mMRNAs #4335 Therefore, we employed proteomics to investigate
whether changes in the IGF2BP3 interactome explain the increase in IGF2BP3-mediated
degradation during ER stress. To this end, we immunoprecipitated IGF2BP3 from HCT116 cells.
The proteomics analyses showed that IGF2BP3 co-IP recovered proteins involved in almost all
distinct steps of MRNA metabolism including transcription (RNA Pol Il subunits, transcription
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factors), mRNA splicing (spliceosome components, SR proteins), export (THO complex subunits,
MAGOH, RBM8A) and translation (ribosomal proteins) (Supp. Fig. 5A, Suppl. Table 4),
supporting the model that IGF2BPs are loaded onto nascent transcripts in the nucleus and
shuttle to the cytoplasm °¢. IGF2BP3 also interacted with signal recognition particle (SRP)
components, showing that IGF2BP3 binds to mRNAs during active translation en route to the
ER, which aligns with our data. Apart from those factors, our analyses identified an association
of IGF2BP3 with the RNA degradation machinery (RNA deadenylation and decapping complex,
exosome, XRN1) under both homeostatic conditions and during ER stress (Fig. 5A, Supp. Fig.
5A, Suppl. Table 4). These data supported the notion that IGF2BP3 accompanies its mRNA
targets from synthesis to degradation.

To decrease the complexity in our experiments, we aimed to eliminate long-distance RNA-
bridged interactors and treated the samples with RNases. RNase treatment reduced the
abundance of many interactors, suggesting that they associate with IGF2BP3 through RNA-
bridged interactions. However, most of IGF2BP3 interactors were still detected in the co-IP likely
because a large portion of IGF2BP3s is embedded within mRNP complexes that are
inaccessible to RNases (Supp. Fig. 5B). The highly RNase-sensitive interactors were enriched
for proteins involved in mRNA splicing, maturation and export (Supp. Fig. 5C). RBPs and
components of the mRNA degradation machinery showed variable RNase sensitivity. For
instance, YBX1, HuR (ELAVL1), G3BP1/2, PABPC1, AGO2, and LSM complex were highly
RNase sensitive. In contrast, RBPs FXR1/2, RNases IRE1 and XRN1, and the components of
the decapping machinery (EDC3, EDC4, DCP1A, DCP2) were comparatively resistant,
indicating that they are part of more compact assemblies with IGF2BP3 (Supp. Fig. 5B, Suppl.
Table 4).

While ER stress caused only modest changes in IGF2BP3 binding to most interacting proteins,
its association with a subset of proteins, including RNase IRE1, increased (Fig. 5B), supporting
our initial findings (Fig. 1A, Supp. Fig. 1A, B). Notably, during ER stress, IGF2BP3 bound more
strongly to all components of the mRNA decapping machinery (EDC3, EDC4, DCP1A, DCP2)
(Fig. 5B, C, Supp. Fig. 5D), which is in line with the increase of IGF2BP3 pro-degradatory
function during ER stress. We validated this finding by performing co-IP of split-GFP—tagged
IGF2BP3 from HEK293T cells. EDC4 was recovered in the IGF2BP3 IP, and its interaction
increased upon ER stress, supporting the endogenous co-IP-MS results (Fig. 5D, E). We
further corroborated our findings by performing a reciprocal co-IP of another decapping complex
component, EDC3, tagged with split-mNeonGreen (mNG), which recovered IGF2BP3 and
confirmed its increased association with the decapping complex upon ER stress (Fig. 5F, G).
These data suggested that increased interaction of IGF2BP3 with the mRNA decapping
machinery might enable more efficient degradation of IGF2BP3 target mRNAs during ER stress.

To identify proteins mediating the specific interaction of IGF2BP3 with the mRNA decapping
complex, we performed an AlphaFold2-Multimer in silico screen of pairwise protein-protein
interactions between IGF2BP3 and confident interactors identified by proteomics analyses °"°.
In AlphaFold, a high interface-predicted template modeling score (ipTM score > 0.6) indicates
interfaces with high confidence interfaces. As our dataset contained many RBPs with disordered
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segments, we used the average PEAK score. The average PEAK score quantifies the predicted
error in the relative position of two residues, and is more sensitive in identifying regions of
high confidence for proteins with smaller interaction surfaces and interactions involving
disordered regions °*°. The AlphaFold2-Multimer screen identified 14 highly confident
IGF2BP3 protein interactors with the average PEAK score > 0.75. EDC3 was the second top
interactor of IGF2BP3 with an average PEAK score of 0.87 (Fig. 5H). To validate those
findings, we performed AlphaFold3 ° prediction with subdomains of IGF2BP3 and EDCS3.
IGF2BP3 comprises two N-terminal RNA-recognition motif (RRM) domains and four K
Homology (KH) domains connected with two disordered linkers “¢. EDC3 comprises an N-
terminal SM domain connected to the YjeF domain by a long disordered segment ' (Fig. 5I,
J). The AlphaFold3 prediction of the complexes formed between IGF2BP3 and EDC3
subdomains revealed that the RRM2 domain of IGF2BP3 interacted with the YjeF domain of
EDC3 with high confidence (ipTM = 0.72) (Fig. 5l, J, K). Importantly, our high-throughput
AlphaFold2-Multimer predictions identified the same interaction surface between IGF2BP3 and
EDC3 using the full-length proteins, increasing our confidence. In contrast, AlphaFold3 did not
predict a confident interaction between other subdomains of both proteins (Fig. 5l).

To experimentally validate the binding interface predicted by the structural models, we
engineered a quadruple IGF2BP3 mutant (I88A, P90A, H91A, W94A) to impair its binding to
EDC3 and called this IGF2BP3-4A mutant (Fig. 5K). We co-expressed GFP-tagged wild-type
EDC3 with FLAG-tagged wild-type IGF2BP3 or IGF2BP3-4A in HCT116 IGF2BP3 KO cells
and performed pulldown experiments to assess the interaction. Our data revealed that the
IGF2BP3-4A mutant is largely impaired in its binding to EDC3 (Fig. 5L, M), indicating that the
interaction surface identified by the Alphafold predictions is essential for mediating the binding
of IGF2BP3 to EDC3. Altogether, we identified a novel interaction between IGF2BP3 and the
mRNA decapping complex.

IGF2BP3’s KH domains are responsible for RNA recognition, whereas its RRM domains bind
RNA with relatively low affinity and specificity *® ®2. In other RNA-binding proteins, the RRM
domains also participate in protein—protein interactions %; we now show that RRM2 mediates
IGF2BP3’s binding to EDC3 and does not overlap with RNA-binding by the RRM1 domain ©2
(Fig. 5K). Similarly, EDC3 dimerization is mediated by its YjeF domain, and the IGF2BP3
binding does not interfere with its self-association . To summarize, our findings converge on
the model that the increased association of IGF2BP3 with the mRNA decapping complex
shifts its function towards promoting target transcript degradation during ER stress.

Discussion

Among its many essential functions, the ER is the site for the folding and maturation of secreted
and transmembrane proteins, which form approximately one-third of the proteome. Cells need
to rapidly adapt to changes in ER protein folding demands, as the separation of protein
synthesis and folding in two distinct compartments poses a challenge. To overcome this, cells
use diverse post-transcriptional and translational mechanisms to adjust the protein folding load
in the ER. Here, we discovered that IGF2BP3-driven post-transcriptional mechanisms facilitate
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mRNA degradation, as well as indirectly tune transcription to generate gene regulatory networks
that control UPR signaling while relieving protein-folding load on the ER.

Based on our published proteomics data on the interaction of the ER stress sensor RNase IRE1
with IGF2BP3, here we explored the potential role of IGF2BP3 in post-transcriptional regulation
of mRNA fate during ER stress. Our IR-PAR-CLIP analyses supported a model where IGF2BP3
predominantly binds to UPR target transcripts during ER stress, including those encoding the
three master UPR transcription factors, XBP1, ATF4, and CHOP. Using complementary
approaches to probe for post-transcriptional and transcriptional (RNA-Seq and SLAMseq)
changes upon IGF2BP3 depletion, we discovered a dual regulatory role mediated by IGF2BP3-
driven post-transcriptional control that maintains cellular homeostasis during ER stress. While
IGF2BP3 destabilizes most of its target mRNAs under ER stress conditions, it stabilizes a
subset of its target mMRNAs, including key transcriptional regulators. Notably, the SLAMseq
analyses revealed that an IGF2BP3-driven transcriptional feedback loop indirectly leads to the
upregulation of many UPR genes. This IGF2BP3-driven dual regulation allows cells to
downregulate the expression of most of the IGF3BP3 target transcripts while upregulating UPR
targets essential for adaptation to ER stress. This helps cells to decrease cellular folding burden
while enabling them to efficiently express UPR target mRNAs. While the transcription factor that
drives the IGF2BP3-driven feedback mechanism is unknown, multiple transcription factors are
downregulated upon IGF2BP3 depletion, making them potential candidates. Major UPR
transcription factors, including XBP1s and ATFG6N, are bZIP transcription factors that form
heterodimers that combinatorially regulate the UPR . It is also plausible that IGF2BP3-
regulated bZIP transcription factors, such as FOSL2 or the ATF6 paralogue CREB3L2, might
contribute to the transcriptional upregulation of UPR.

In addition to IGF2BP3-mediated regulation of UPR effector RNAs, our data revealed that ER
stress leads to a functional switch in IGF2BP3, increasing its destabilizing function. IGF2BP3
stabilizes its target mRNAs during heat shock stress %, suggesting that IGF2BP3 can drive
opposing outcomes for its target transcripts depending on the cellular input. This dynamic and
plastic response aligns with the cellular need to adjust transcript levels rapidly during proteotoxic
stress. In line with these observations, we discovered that ER stress modulates IGF2BP3
interaction with its canonical targets. IGF2BP3 stabilizes HMGA2 mRNA by protecting it from
miRNA-driven degradation 2. During ER stress, IGF2BP3 binding to HMGA2 mRNA decreased,
resulting in less efficient stabilization of HMGAZ2 transcript, and notably, this correlated with
lower levels of HMGA2. HMGAZ2 regulates many biological processes involved in embryonic
development, stem cell maintenance, and tumorigenesis ** °® ", The resulting lower levels of
HMGA2 during ER stress might interfere with early developmental processes, indicating a
broader impact of stress-dependent regulation by IGF2BP3.

Our IP-MS/MS analyses of IGF2BP3 revealed that IGF2BP3 strongly associates with all the
components of the mRNA decapping complex, an interaction that increases around 50% during
ER stress. Moreover, a high-throughput AlphaFold2-multimer screen identified a novel
interaction surface between EDC3 and IGF2BP3 with high confidence, and an IGF2BP3 mutant
engineered to disrupt this interaction was impaired in its binding to EDC3, supporting these
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findings. We speculate that the increased association of IGF2BP3 with the mRNA decapping
complex and RNase IRE1 enhances the degradation of its targets during ER stress. Future
work will provide insights into the mechanisms that mediate the preferred association of the
mMRNA decapping complex with IGF2BP3 during ER stress.

IGF2BP3 is an essential regulator of early development, and its overexpression in various
tumors correlates with poor prognosis and cancer aggressiveness % % %8 Similarly,
physiological UPR contributes to development and differentiation, while cancer cells hijack this
process to promote their growth . We hypothesize that the dual-layered regulation we have
uncovered allows cells to shift between opposing IGF2BP3 regulatory effects on UPR targets
implying a cell state-specific regulation. While this regulatory plasticity may contribute to
exquisite regulation during development, the balance may be tipped in cancer and impact UPR-
driven cell fate decisions, presenting a novel avenue for therapeutic targeting. To sum up, we
discovered a novel IGF2BP3-mediated dual regulatory mechanism that ensures an adaptive
response to ER stress.
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Materials and methods

Mammalian cell culture

Mouse Embryonic Fibroblasts (MEF) expressing doxycycline-inducible GFP-IRE1 ° were
established in previous work "*. HCT116 WT cells were a kind gift from the Manuela Baccarini
Lab (Max Perutz Labs). HCT116 cells conditionally expressing doxycycline-inducible (tetON)
OsTIR1 were obtained from the Masato Kanemaki lab . RKO cells expressing doxycycline-
inducible Cas9 were a kind gift from Johannes Zuber (IMP, Vienna, Austria) >. HEK293T cells
expressing splitGFP-IGF2BP3 were a kind gift of Manuel Leonetti established using published
protocols 7. HEK293T cells expressing split mNeonGreen-EDC3 were a kind gift of Manuel
Leonetti (Chen-Zuckerberg Biohub, USA 7).

HCT116 cells were cultured in McCoy’s 5A (modified) medium (Sigma, M9309) supplemented
with 10% fetal bovine serum (Gibco, 10437028), 2 mM L-Glutamine (Sigma, G7513), 1%
Pen/Step (Sigma, P0781). MEF and HEK293T cells were cultured in high-glucose DMEM media
(Sigma, D5796) supplemented as above. RKO cells were cultured in RPMI-1640 media (Sigma,
R8758) supplemented with 10% fetal bovine serum (Gibco, 10437028), 2 mM L-Glutamine
(Sigma, G7513), 1% Pen/Step (Sigma, P0781), 1x non-essential amino acids (Thermo Scientific,
11140050), and 2 mM sodium pyruvate (Gibco, 11360070). All cell lines were cultured in a
humidified incubator at 37°C and 5% CO2 and regularly tested for Mycoplasma infection with
the EZ-PCR™ Mycoplasma Detection Kit (Biological Industries).

Western blotting

80% confluent cells were lysed with RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% Sodium
deoxycholate, 0.1% SDS, and 25 mM TRIS pH 7.4) with 1x EDTA-free protease inhibitor cocktail
(Roche). Lysates were clarified using a table-top centrifuge at maximum speed (20,000 g) for 20
min at 4°C. Western blot samples were denatured at 95 °C for 5 min in 1x SDS sample buffer
(50 mM Tris-HCI pH 6.8, 2% SDS, 0.1% Bromophenol blue, 10% glycerol, 20mM DTT).
Following denaturing, the samples were loaded onto a 10%, 12% or 15% sodium dodecyl
sulfate (SDS) gel. Proteins were transferred onto a 0.2 ym nitrocellulose membrane (Amersham)
using BioRad Trans-Blot Turbo Transfer System or with wet transfer in transfer buffer (25 mM
TRIS, 190 mM glycine, 20% ethanol) for 110 min at 120 V. Membranes were stained with
Ponceau S and blocked in 5% milk for 1 hour. The primary antibody (Supp. Table 5) was diluted
in 2.5% milk and incubated overnight at 4 °C. The membrane was washed 5 times with TBST
(20 mM TRIS, 150 mM NaCl, 0.1% Tween 20), and the membranes were incubated for 1 h with
the secondary antibody (Supp. Table 5) diluted in 2.5% milk. After the incubation the
membranes were washed 5 times with TBST. Membranes were developed with enhanced
chemiluminescent (ECL) horse radish peroxidase substrate (WESTAR ETA C ULTRA 2.0,
Cyanagen), imaged using BioRad ChemiDoc, and analyzed using ImagelLab software (6.1.0).

Co-Immunoprecipitation of GFP-IRE1

Two 815 cm dishes of 80% confluent MEF GFP-IRE1 cells were used per condition. To induce
ER stress, cells were treated with 5 pyg/mL tunicamycin (TM) for 4 hours (if other time is not
indicated), DMSO in 1:1000 dilution was used a control. Cells were washed with ice-cold PBS
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and collected by scraping and pelleting at 500 g at 4°C for 5 min. Cells were lysed in 250 pL of
lysis buffer (25 mM HEPES pH 7.3, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 10% Glycerol, 1x
EDTA-free protease inhibitor cocktail, 0.4 U/uL RNasin RNase inhibitor) per condition by
incubation on ice 10 min with intermittent vortexing. The lysate was clarified with two steps of
centrifugation at 4°C 1,000 g for 5 min and 13,000 g for 15 min. The immunoprecipitation (IP)
was performed with GFP-trap magnetic beads (ChromoTek). 40 uL of bead slurry was used for
two @15 cm dishes. The lysate was incubated with the GFP-trap beads for 2 hours at 4°C and
the beads were washed 3 times with 1 mL of ice-cold lysis buffer. For RNase digestion 0.1 U/uL
of RNase | (Ambion) and 1 U/uL of RNase T1 (EN0541) were added to the second wash. For
the control (undigested) samples 1 U/uL of RNasin RNase inhibitor was added. Samples were
incubated at room temperature for 10 min on a rotator. Proteins were eluted in 25 pyL of 1x SDS
sample buffer at +95 °C for 5 min, loaded on SDS-PAGE and analyzed by western blotting as
described above with anti-IGF2BP3, anti-GFP and anti-GAPDH antibodies (Supp. Table 5).

For the GFP-IGF2BP3 co-IP from HEK293T followed by IRE1 western blotting same conditions
were used as for MEF cells. One @15 cm dish was used per condition; to induce ER stress, the
cells were treated with 5 yg/mL TM for the indicated timelines or for 4 hours.

IR-PAR-CLIP of IGF2BP3

IGF2BP3 IR-PAR-CLIP library preparation and data processing

The detailed protocol for the infrared (IR) PAR-CLIP of IGF2BP3 is described in (Anisimova,
Karagdz, 2023). 125 million (5x @15 cm dishes) HCT116 inducible tetON OsTIR1 cells were
used per condition. 100 uM 4sU (Sigma) was added to the cell culture media 15 h prior to
collection. ER stress was induced with 5 yg/mL TM for 4 hours prior to collection. DMSO in
1:1000 dilution was used a control. IGF2BP3 was immunoprecipitated with anti-IGF2BP3
Proteintech antibody (14642-1-AP, lot 00088732). anti-lgG Proteintech antibody (30000-0-AP)
was used as a control. RNase | (Ambion) was used for the in-lysate RNase digestion at 0.1
U/uL and for the on-bead digestion in 1 mL of the lysis buffer at 0.025 U/uL. IR-PAR-CLIP
libraries were sequenced on a NovaSeq 6000 S1 on SR100 (lllumina) at the Vienna BioCenter
NGS facility with 55 million reads per sample on average. UMIs were extracted and adapter
sequences were trimmed using UMI-tools v1.1.1 (Smith et al. 2017). The reads were size- and
quality-trimmed using Trimmomatic v0.30 (Bolger et al. 2014) to have a length between 18 and
45 nt. The reads were then mapped to human genome hg38 using GENCODE annotation
(release 36) with bowtie v0.12.7 (Langmead et al. 2009), allowing up to three mismatches and
deduplicated using UMI-tools v1.1.1. Gene counts were obtained using the FeatureCounts
function of the Subread package v2.0.17°. Gene counts for protein coding genes were RLE
normalized to calculate the counts per million values (CPM), filtered to only include genes with
CPM higher than 5 in at least one third of the libraries, and the differential expression analysis
was performed with edgeR gimQLFTest (Generalized Linear Model Quasi-Likelihood F-test) 7.
GO term analysis was performed with Enrichr webserver "® 7°. Redundancy in GO terms was
reduced using GOSemSim % and rrvgo 8'. Full GO term enrichment lists are shown in
supplementary materials.

IR-PAR-CLIP matching transcriptome library preparation and data processing
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An aliquot of the lysate was taken before the in-lysate RNase digest for total RNA isolation and
sequencing. Total RNA was isolated using peqGOLD TriFast (Peglab, VWR) and transcriptome
libraries were prepared with QuantSeq 3° mRNA-Seq Library Prep Kit (Lexogen). Libraries were
sequenced on a NextSeq2000 P2 at SR100 mode (lllumina) at the Vienna BioCenter NGS
facility with 30 million reads per sample on average. The quality-, adapter-, and polyA-trimmed
reads were aligned to human genome hg38 using GENCODE annotation (release 36) with
STAR v2.7.5c. As the reads originate from cross-linked PAR-CLIP samples and have T to C
transitions, mismatches were allowed. Gene counts for protein coding genes were RLE
normalized to calculate the counts per million values (CPM), filtered to only include genes with a
CPM higher than 1 in at least half of the libraries. Differential expression analysis was
performed with edgeR gimQLFTest 5.

IR-PAR-CLIP computational analysis

To estimate relative binding of IGF2BP3, IR-PAR-CLIP CPMs were divided to the matching total
transcriptome QuantSeq CPMs. A pseudocount of 1 CPM was added to all samples and only
genes with mean CPM for QuantSeq samples greater than 5 CPM were taken for the analysis.
To identify IGF2BP3 target genes, IGF2BP3-binding clusters were called with PARalyzer v1.5 *°
(ini file is available in Supp. Table 5). Genes that had at least one cluster containing more than
25 CPM and more than 50% of T to C conversions per read in two replicates (number 2 and 3)
per condition were selected as IGF2BP3 targets. Samples from replicate 1 were excluded from
target identification due to lower final read number and therefore lower number of identified
clusters and targets. The target lists were filtered to only include targets with PAR-CLIP CPMs
higher than total transcriptome QuantSeq CPMs. PAR-CLIP genomic tracks were visualized
using svist4get v1.2.20 8. The enrichment of 5-nt motifs in IGF2BP3 PAR-CLIP reads was
analyzed with HOMER v4.11 # findMotifs.pl command using shuffled background. Sequencing
data processing was done using the HPC of the Center for Integrative Bioinformatics Vienna
(CIBIV) and Life Science Compute Cluster (LiSC) of the University of Vienna, Austria.

Establishment of IGF2BP3 knockout cell lines and siRNA knockdown

For IGF2BP3 knockout cell line generation, gRNA sequences (clones E4 and AS3:
5TGGCACCGACTGATAGAGCT 3'; clone D12: 5’ACGCGTAGCCAGTCTTCACC 3') were
cloned into the pSpCas9 (BB)-2A-GFP (PX458) (plasmid #48138; Addgene) %°. HCT116 tetON
OsTIR1 cells were transiently transfected using jetOPTIMUS reagent (Tamar, 101000051), and
GFP-positive single-cell clones were FACS sorted at BD FACSAria lllu at Max Perutz Labs
BioOptics FACS Facility. HCT116 cells do not express IGF2BP1 2. For siRNA knockdown,
HCT116 cells (WT or tetON OsTIR1) or RKO iCas9 were transfected with IGF2BP3 (Dharmacon,
L-003976-00-0005) SMARTpool siRNAs using DharmaFECT 2 (Dharmacon, T-2002-01) at 75
nM for 48 hours. ON-TARGETplus nontargeting siRNA pool (Dharmacon, D-001810-10-05) was
used as a control.

Total transcriptome sequencing (RNA-Seq) of IGF2BP3 KO HCT116 cells

HCT116 tetON OsTIR1 IGF2BP3 KO clones E4, A3, and D12 (in duplicates) and parental cells
(four replicates) were treated with 5 yg/mL TM for 4 hours (1:1000 DMSO was used as a
control). Total RNA was isolated using peqGOLD TriFast (Peqlab, VWR), treated with RNase-
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free DNase | (NEB), and re-purified with peqGOLD TriFast (Peglab, VWR). RNA precipitation
was done using the isopropanol method. Total RNA sequencing libraries were prepared with
NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB, E7490L) and NEBNext Ultra Il
Directional RNA Library Prep Kit (NEB, E7765L) by Vienna BioCenter NGS facility sequenced
on a NovaSeq S4 on PE100 (lllumina) with 55 million reads per sample on average. The quality-
and adapter-trimmed reads were aligned to human genome hg38 using GENCODE annotation
(release 36) with STAR v2.7.5c allowing up to two mismatches per read. Gene counts for
protein coding genes were RLE normalized to calculate the counts per million values (CPM),
filtered to only include genes with CPM higher than 5 in at least half of the libraries, and
differential expression analysis was performed with edgeR gimQLFTest &,

RNA-Seq of HCT116 cells upon siRNA-mediated depletion of IGF2BP3

HCT116 WT cells were depleted of IGF2BP3 using siRNA pools as described in “Establishment
of IGF2BP3 knockout cell lines and siRNA knockdown” section. ER stress was induced with 5
pg/mL TM for 4 hours prior to collection. One ~80% confluent well of a 6-well plate per condition
(three biological replicates per condition) was washed with ice-cold PBS (Sigma) supplemented
with 100 mg/mL cycloheximide, lysed on a plate on ice with 350 pL of ice-cold lysis buffer
(20 mM HEPES pH 7.3, 150 mM KCI, 5 mM MgCI2, 1% Triton X-100, 100 mg/mL cycloheximide,
1 mM DTT, 1x EDTA-free protease inhibitor cocktail), scraped, and transferred to 1.5 mL
RNase-free tube. Cell lysates were passed three times through the 27G needle, incubated on
ice for 10 min with intermittent vortexing, and clarified on a table-top centrifuge at maximum
speed (20,000 g) for 20 min at 4°C. Total RNA was extracted from 15 pL of the lysate using
KingFisher Flex Purification System (Thermo) with the High-Performance RNA Isolation kit
(Molecular Tools Shop, Vienna BioCenter). RNA-Seq libraries were prepared with NEBNext
Poly(A) mRNA Magnetic Isolation Module (NEB, E7490L) and NEBNext Ultra Il Directional RNA
Library Prep Kit (NEB, E7765L) and sequenced on a NovaSeq SP on SR100 (lllumina) with 30
million reads per sample on average. The quality- and adapter-trimmed reads were aligned to
human genome hg38 using GENCODE annotation (release 36) with STAR v2.7.5¢ allowing up
to two mismatches per read. Gene counts for protein coding genes were filtered to include
genes with coding sequence length-normalized CPM values higher than 5 in at least one third of
the libraries. Differential expression analysis was performed with edgeR gimQLFTest &.

Establishment of doxycycline-inducible IGF2BP3 knockout RKO cell lines

RKO-Dox-Cas9 (iCas9) cell lines for doxycycline-inducible knockout IGF2BP3 were established
using lentiviral transduction with lentiviral particles (produced as described in & containing Dual-
sgRNA hU6-mU6 vectors described in " expressing two sgRNAs against IGF2BP3 (5'
TGGCACCGACTGATAGAGCT 3' and 5" GAAGATACTTTCTAGGTCCG 3') or against non-
coding locus AAVS1 5 CGCTGTGCCCCGATGCACAC 3 and 5'
GGCGCGTCGCTCGCTCGCTC 3') from human and mouse U6 promoters and eBFP2 from a
PGK promoter. The eBFP2-positive cells were FACS sorted at BD FACSMelody™ Cell Sorter at
Max Perutz Labs BioOptics FACS Facility.

Comparison of the RKO transcriptome upon doxycycline-inducible Cas9- and siRNA-
mediated depletion of IGF2BP3IGF2BP3 depletion was induced in RKO iCas9 cells with 250
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ng/mL doxycycline for 72 hours. siRNA-mediated depletion was performed in RKO iCas9 as
described in the “Establishment of IGF2BP3 knockout cell lines and siRNA knockdown” section.
RKO transcriptome was obtained using SLAMseq protocol *°. 4-thiouridine (s*U) was added to
cell culture media at 250 yM 2 hours prior collection. Total RNA was extracted using the
KingFisher Flex Purification System (Thermo) with the High-Performance RNA Isolation kit
(Molecular Tools Shop, Vienna BioCenter). During the isolation RNA was treated with RNase-
free DNase | (NEB). Samples were prepared according to the standard SLAMseq protocol
described in *°. Briefly, total RNA was alkylated with 10 mM iodoacetamide in alkylation buffer
(50 mM sodium phosphate buffer pH 8.0, 50% DMSO) at 50°C for 15 min and purified using the
KingFisher Flex Purification System. Sequencing libraries were prepared with NEBNext Poly(A)
mMRNA Magnetic Isolation Module (NEB, E7490L) and NEBNext Ultra Il Directional RNA Library
Prep Kit (NEB, E7765L) and sequenced on a NovaSeq SP on SR100 (lllumina) at the Vienna
BioCenter NGS facility with 30 million reads per sample on average. The quality- and adapter-
trimmed reads were aligned to human genome hg38 using GENCODE annotation (release 36)
with STAR v2.7.5¢ allowing up to five mismatches per read. Total gene counts for protein coding
genes were analyzed and genes were filtered to include those with coding sequence length-
normalized CPM > 5 in at least half of the libraries. Differential expression analysis was
performed with edgeR glmQLFTest ®2. The data were processed using the HPC of the Center for
Integrative Bioinformatics Vienna (CIBIV).

Identification of siRNA pool off-targets from siRNA knockdown experiments

To exclude possible siRNA off-target genes we compared changes in gene expression upon
doxycycline-inducible knockout and siRNA-mediated depletion of IGF2BP3 in RKO iCas9 cells.
Genes were considered off-targets if changes in their levels were more than 20% upon siRNA-
mediated depletion, but less than 10% upon doxycycline-inducible knockout. Significance was
not considered for this analysis due to overall small amplitude of changes. The identified off-
targets are listed in Supp. Table 2. These genes were excluded from analyses of experiments
where IGF2BP3 was depleted with siRNA pools.

SLAMseq of HCT116 upon siRNA-mediated depletion of IGF2BP3

HCT116 WT cells were depleted of IGF2BP3 using siRNA pools as described in “Establishment
of IGF2BP3 knockout cell lines and siRNA knockdown” section. ER stress was induced in using
a 5 hour-long treatment with 5 ug/mL TM (1:1000 DMSO was used as a control). 4-thiouridine
(s*U) was added to cell culture media at 250 yM 2 hours prior collection. Total RNA was
extracted using the KingFisher Flex Purification System (Thermo) with the High-Performance
RNA Isolation kit (Molecular Tools Shop, Vienna BioCenter). During the isolation RNA was
treated with RNase-free DNase | (NEB). SLAMseq samples were prepared according to the
standard SLAMseq protocol described in “°. Briefly, total RNA was alkylated with 10 mM
iodoacetamide in alkylation buffer (50 mM sodium phosphate buffer pH 8.0, 50% DMSOQO) at
50°C for 15 min and purified using the KingFisher Flex Purification System. Sequencing libraries
were prepared with NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB, E7490L) and
NEBNext Ultra Il Directional RNA Library Prep Kit (NEB, E7765L) and sequenced on a
NovaSeq SP on SR100 (lllumina) at the Vienna BioCenter NGS facility with 30 million reads per
sample on average. The SLAMseq fastq files were trimmed and aligned to human genome hg38
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using the nf-core/slamseq analysis pipeline v1.0.0 ® & with default parameters. Genes were

filtered to only include those with both total and T-C CPM > 5 for at least half of the samples.
The differential expression analysis was performed with edgeR glmQLFTest ®). Sample
siControl ER stress replicate 3 was a clear outlier on a PCA plot and was excluded from
analysis. The data were processed using the Life Science Compute Cluster (LiSC) of the
University of Vienna.

RNA isolation and RT-gPCR

Total RNA was isolated using the KingFisher Flex Purification System (Thermo) with the High-
Performance RNA Isolation kit (Molecular Tools Shop, Vienna BioCenter). During the isolation
RNA was treated with DNase | (M0303S, NEB). cDNA was prepared with LunaScript RT
SuperMix (NEB) and amplified in a qPCR reaction with 2x Hot Start gPCR master mix
(Molecular Tools Shop, Vienna BioCenter) using BioRad CFX 384 Touch machine. The gPCR
primers are listed in Supp. Table 5. mMRNA levels were calculated relative to RPL6 levels.

Co-Immunoprecipitation of endogenous IGF2BP3 followed by mass spectrometry

One 215 cm dish of 80% confluent HCT116 WT cells was used per condition. To induce ER
stress, cells were treated with 5 pg/mL tunicamycin (TM) for 4 hours, and DMSO at 1:1000
dilution was used as a control. Cells were washed with ice-cold PBS and collected by scraping
and pelleting at 500 g at 4°C for 5 min. Cells were lysed in 250 pL of lysis buffer (25 mM HEPES
pH 7.3, 150 mM NaCl, 0.5% NP-40, 0.5 mM EDTA, 10% Glycerol, 1x EDTA-free protease
inhibitor cocktail, 1x PhosSTOP) per condition by incubation on ice 15 min with intermittent
vortexing. The lysate was clarified by centrifugation at 20,000 g for 20 min at 4°C. 10 ug of
Proteintech anti-IGF2BP3 antibody (14642-1-AP, lot 00088732) or Proteintech IgG control
(30000-0-AP) was coupled to the 40 uL of protein G Dynabeads (Invitrogen) in 1 mL of lysis
buffer for 20 min, rotating at room temperature, washed three times with 1 mL of the lysis buffer,
resuspended in the original bead volume (40 pL) and added to 200 uL of the clarified lysate.
Beads were washed five times with 1 mL of wash buffer (25 mM HEPES pH 7.3, 150 mM NacCl,
0.5 mM EDTA, 10% Glycerol). Each wash was incubated on ice for 3 min. For RNase digestion
0.1 U/uL of RNase | (Ambion) and 1 U/uL of RNase T1 (EN0541) were added to the second
wash. Samples were incubated at room temperature for 10 min on a rotator. The control
(undigested) samples were kept on ice. The proteins were eluted from the beads with 20 uL 100
mM glycine pH 2.0 three times and the pooled supernatant was adjusted to alkaline using about
20 pL 1M Tris pH 8.0. Disulfide bonds were reduced with 3.2 yL of 250 mM dithiothreitol (DTT)
for 30 min at room temperature before adding 3.2 yL of 500 mM iodoacetamide and incubating
for 30 min at room temperature in the dark. Remaining iodoacetamide was quenched with 1.6
ML of 250 mM DTT for 10 min. Proteins were digested with 300 ng trypsin (Trypsin Gold,
Promega) in 3 yL 50 mM ammonium bicarbonate at 37°C overnight. The digest was stopped by
the addition of 10% trifluoroacetic acid (TFA) to a final concentration of 0.5%. The peptides were
desalted using C18 Stagetips *.

Liquid chromatography-mass spectrometry analysis
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Peptides were separated on a Vanquish Neo nano-flow chromatography system (Thermo-
Fisher), using a trap-elute method for sample loading (Acclaim PepMap C18, 2 cm x 0.1 mm, 5
pm, Thermo-Fisher), and a C18 analytical column (Acclaim PepMap C18, 50 cm % 0.075 mm, 2
pm, Thermo-Fisher), applying a segmented linear gradient from 2% to 35% and finally 80%
solvent B (80 % acetonitrile, 0.1 % formic acid; solvent A 0.1 % formic acid) at a flow rate of 230
nL/min over 120min. Eluting peptides were analyzed on an Exploris 480 Orbitrap mass
spectrometer (Thermo-Fisher Scientific) coupled to the column with a FAIMS pro ion-source
(Thermo-Fisher Scientific) using coated emitter tips (PepSep, MSWil) with the following settings:
The mass spectrometer was operated in DDA mode with two FAIMS compensation voltages
(CV) set to -45 or -60 and 1.5 s cycle time per CV. The survey scans were obtained in a mass
range of 350-1500 m/z, at a resolution of 60k at 200 m/z, and a normalized AGC target at 100%.
The most intense ions were selected with an isolation width of 1.4 m/z, fragmented in the HCD
cell at 30% collision energy, and the spectra recorded for max. 50 ms at a normalized AGC
target of 100% and a resolution of 15k. Peptides with a charge of +2 to +6 were included for
fragmentation, the peptide match feature was set to preferred, the exclude isotope feature was
enabled, and selected precursors were dynamically excluded from repeated sampling for 45
seconds.

Proteomics data analysis

The RAW MS data were analyzed with FragPipe (20.0), using MSFragger (4.1) °'. lonQuant
(1.10.27) °2 and Philosopher (5.0.0) * . The default FragPipe workflow for label free
quantification (LFQ-MBR) was used, except “Normalize intensity across runs” was turned off.
Cleavage specificity was set to Trypsin/P, with two missed cleavages allowed. The protein FDR
was set to 1%. A mass of 57.02146 (carbamidomethyl) was used as fixed cysteine modification;
methionine oxidation and protein N-terminal acetylation were specified as variable modifications.
MS2 spectra were searched against the human 1 protein per gene reference proteome from
Uniprot (Proteome ID: UP000005640, release 2024 _01), concatenated with a database of 382
common laboratory contaminants (release 2023.03, https://github.com/maxperutziabs-
ms/perutz-ms-contaminants).

Computational analysis was performed using Python and the in-house developed Python library
MsReport (version 0.0.24, %). LFQ protein intensities reported by FragPipe were log2-
transformed and normalized across samples using the ModeNormalizer from MsReport. The
missing normalized LFQ intensity values were imputed by drawing random values from a
normal distribution after filtering out contaminants, proteins with less than 2 peptides and less
than 2 quantified values in at least one group. Differences between groups were statistically
evaluated using the LIMMA 3.52.1 % at 5% FDR (Benjamini-Hochberg). The in-house Python
library XisxReport (0.1.0) was used to create a formatted Excel file summarizing the results of
protein quantification. Proteins were filtered to only include those that have at least 6 identified
peptides and 24 spectral count events, both summed across all samples. Proteins were
considered IGF2BP3 interactors if their normalized LFQ values were enriched more than 4
times over IgG control, P value adj. < 0.05 at least in one treatment condition. GO term analysis
was performed with Enrichr webserver 8. Redundancy in GO terms was reduced using
GOSemSim " 8 and rrvgo ®. Full GO term enrichment lists are shown in supplementary
materials.
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Co-Immunoprecipitation of GFP-IGF2BP3 and mNeonGreen-EDC3

One @15 cm dish of 80% confluent HEK293T split GFP-IGF2BP3 or split mNeonGreen-EDC3
cells was used per condition. Parental HEK293T split GFP cells were used as a background
control. To induce ER stress, cells were treated with 5 pg/mL tunicamycin (TM) for 4 hours (if
other time is not indicated), DMSO in 1:1000 dilution was used a control. Cells were washed
with ice-cold PBS and collected by scraping and pelleting at 500 g at 4°C for 5 min. Cells were
lysed in 250 pL of lysis buffer (25 mM TrisHCI pH 7.4, 100 mM KCI, 0.5% NP-40, 10% Glycerol,
1x EDTA-free protease inhibitor cocktail, 1 U/uL Murine RNase inhibitor (NEB)) per condition by
incubation on ice for 10 min. The lysate was clarified by centrifugation at 4°C 20,000 g for 20
min. The GFP-IGF2BP3 IP was performed using 40uL of GFP-trap magnetic beads
(ChromoTek) per condition. 20 uL of mNeonGree-trap magnetic beads (ChromoTek) per
condition were used for mNeonGreen-EDC3. The lysate was incubated with the beads beads
for 1 hour at 4°C with addition of 2 U/uL of RNase | (Ambion) and the beads were washed 5
times with 0.2 mL of ice-cold lysis buffer. Proteins were eluted in 25 uL of 1x SDS sample buffer
at +95 °C for 5 min, loaded on SDS-PAGE and analyzed by western blotting as described above
with anti-IGF2BP3, anti-EDC4, and anti-EDC3 antibodies (Supp. Table 5).

In silico screening of IGF2BP3 protein-protein interactions

Protein-protein interaction screening of IGF2BP3 was performed using the AlphaFold2 Multimer
7% via the HT-ColabFold pipeline * . To this end pairwise interactions were analyzed for full
length IGF2BP3 (000425, IF2B3_HUMAN) versus IGF2BP3 interactors identified using co-IP-
MS. In total 1213 predictions were made. PEAKscore was used to evaluate the prediction of the
interaction. It represents the inverse, scaled (0-1) minimum Precision Alignment Error (PAE)
between analyzed chains. HT-ColabFold screening was done using the HPC of the Center for
Integrative Bioinformatics Vienna (CIBIV) and Life Science Compute Cluster (LiSC) of the
University of Vienna, Austria.

The interactions between the separate domains of IGF2BP3 and EDC3 were analyzed using
AlphaFold 3 . The domain separation was defined using the following boundaries: IGF2BP3
(000425, IF2B3_HUMAN) RRM1/2 — aa 1-195, linker1-KH1/2 — aa 160-350, KH1/2-linker2 — aa
196-405, linker2-KH3/4 - aa 343-579; EDC3 (Q96F86, EDC3_HUMAN) SM — aa 1-68, YjeF - aa
283-487.

Co-Immunoprecipitation of GFP-EDC3 and 3xFLAG-IGF2BP3 WT and 4A mutant

One well of 6-well plate was used per condition. ~70% confluent HCT116 tetON OsTIR1
IGF2BP3 KO cells clone A3 were transfected with transient expression plasmids expressing free
eGFP (pEGFP-C1) or eGFP-EDC3 (pT7-EGFP-C1-HsEDC3) and 3xFLAG-hsIGF2BP3 WT or
4A mutant (this study). pT7-EGFP-C1-HsEDC3 was a gift from Elisa Izaurralde (Addgene
plasmid # 25032). Cells were transfected with a total of 1 ug of DNA with jetOptimus reagent
(Polyplus) according to the manufacturer’s instructions. Cells were washed with ice-cold PBS
and lysed in 200 pL of lysis buffer (25 mM TrisHCI pH 7.4, 100 mM KCI, 0.5% NP-40, 10%
Glycerol, 1x EDTA-free protease inhibitor cocktail, 1 U/uL Murine RNase inhibitor (NEB)) per
condition by incubation on ice for 10 min. The lysate was clarified by centrifugation at 4°C
20,000 g for 20 min. The lysate was incubated with the 20 yL GFP-trap beads for 1 hour at 4°C
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with addition of 2 U/uL of RNase | (Ambion) and the beads were washed 5 times with 0.2 mL of
ice-cold lysis buffer. Proteins were eluted in 25 pL of 1x SDS sample buffer at +95 °C for 5 min,
loaded on SDS-PAGE and analyzed by western blotting as described above with anti-GFP and
anti-FLAG antibodies (Supp. Table 5).

Data deposition

Next-generation sequencing data have been deposited in GEO with the following identifiers:
GSE289214 — RNA-Seq of HCT116 cells upon IGF2BP3 CRISPR/Cas9 knockout in control and
ER stress conditions

GSE289023 — IR-PAR-CLIP of IGF2BP3 in HCT116 cells in control and ER stress conditions
GSE289024 — transcriptome (QuantSeq) of HCT116 cells in control and ER stress conditions
matching IR-PAR-CLIP samples

GSE289424 — transcriptome (RNA-Seq) of HCT116 cells upon IGF2BP3 siRNA knockdown
knockout in control and ER stress conditions

GSE289482 - SLAMseq of HCT116 cells upon IGF2BP3 knockdown in control and
endoplasmic reticulum (ER) stress conditions

GSE289480 — SLAMseq of doxycycline-inducible knockout and siRNA-mediated depletion of
IGF2BP3 in RKO iCas9 cells.

Mass spectrometry proteomics data have been deposited at the ProteomeXchange Consortium
via the PRIDE partner repository " with the dataset identifier PXD060548.

Figure Legends

Figure 1. IGF2BP3 interacts with the UPR target mRNAs.

A. Western blot of IGF2BP3 showing its association with IRE1 after immunoprecipitation of
GFP-IRE1 from mouse embryonic fibroblasts treated with ER stress-inducing drug tunicamycin
at 5 pg/mL for 4 hours with or without RNase in the washes B. Quantification of A. C. Barplots
showing normalized read count numbers (CPM) for IGF2BP3-bound reads (IR-PAR-CLIP) and
total transcript levels (QuantSeq) of selected UPR target genes upon ER stress induction with
TM at 5 pg/mL for 1 and 4 hours. Values are the mean + s.d of n=3 biological replicates. P
values were calculated by two-sided Student’s t-test. D. Volcano plot showing changes in
IGF2BP3 IR-PAR-CLIP CPM upon ER stress treatment. P values were calculated by edgeR
gimQLFTest. E. Scatter plot comparing changes in IGF2BP3 IR-PAR-CLIP read counts with the
total transcriptome changes (QuantSeq) upon ER stress treatment. F. Boxplot showing changes
in IGF2BP3 binding (IR-PAR-CLIP CPM / QuantSeq CPM) to all genes and UPR upregulated
genes (upregulated more than two-fold in ER stress than in control, P value adj. < 0.05, total
RNA-Seq) upon ER stress and control conditions. P values were calculated by two-sided
Wilcoxon test. G. Representative IGF2BP3 IR-PAR-CLIP coverage examples. Where not
indicated otherwise, ER stress was induced with tunicamycin at 5 ug/mL for 4 hours. *P < 0.05;
**P < 0.01; **P<0.001; ****P < 0.0001.

Supplementary Figure 1.
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A. Histogram showing the distribution of fold changes in normalized peptide intensity values of
IRE1 interaction partners upon ER stress (crosslinking mass spectrometry data from Acosta-
Alvear, Karag6z et al., 2018 2°). Proteins identified in IgG or non-crosslinking controls were
excluded from the analysis (n = 126). B. Western blot of IRE1 showing its association with
IGF2BP3 after immunoprecipitation of GFP-IGF2BP3 from HEK293T cells treated with ER
stress-inducing drug tunicamycin (TM) at 5 yg/mL for 4 hours. C. Barplots showing numbers of
total and T-C containing unique deduplicated IR-PAR-CLIP read counts per library before
normalization. D. Venn diagram showing the intersection of IGF2BP3 IR-PAR-CLIP targets in
DMSO control and ER stress conditions (4-hour treatment with 5 pg/mL tunicamycin). E. GO
term analysis of 157 IGF2BP3-bound transcripts identified in only in ER stress conditions F. GO
term analysis of 2470 IGF2BP3-bound transcripts identified in either control or ER stress
conditions. G. Feature length-normalized aggregated IGF2BP3 IR-PAR-CLIP coverage of
genomic features. H. 5nt-long consensus motifs enriched in IGF2BP3 IR-PAR-CLIP reads over
scrambled control in control and ER stress conditions (4 hr). Motif enrichment analysis was
performed using HOMER software. I. Volcano plot showing changes in IGF2BP3 binding (IR-
PAR-CLIP CPM / QuantSeq CPM) upon ER stress and control conditions. n=3 biological
replicates. P values were calculated by edgeR glmQLFTest. J. Venn diagram showing the
intersection between IGF2BP3 and IRE1 PAR-CLIP targets % in control and ER stress
conditions. K. IGF2BP3 IR-PAR-CLIP coverage of IRE1 targets XBP1 and CD59.

Figure 2. IGF2BP3 depletion dampens the unfolded protein response.

A. Volcano plot of transcriptome (RNA-seq) changes upon IGF2BP3 KO in control (left panel)
and ER stress conditions (right panel). P values were calculated by edgeR gimQLFTest. B.
Volcano plot of transcriptome (RNA-seq) changes upon ER stress treatment showing the
selection of IGF2BP3-bound UPR targets (left panel), and volcano plot upon IGF2BP3 KO in ER
stress conditions with highlighted UPR targets (upregulated more than two-fold in ER stress
than in control, P value adj. < 0.05, total RNA-Seq) and IGF2BP3-bound UPR targets (right
panel). P values were calculated by edgeR glmQLFTest. C. Boxplot showing changes in
transcript levels upon IGF2BP3 KO for IGF2BP3-bound transcripts, UPR targets, and IGF2BP3-
bound UPR targets. P values were calculated by two-sided Wilcoxon test. D. Boxplot showing
changes in transcript levels upon siRNA-mediated IGF2BP3 for IGF2BP3-bound transcripts,
UPR targets, and IGF2BP3-bound UPR targets. P values were calculated by two-sided
Wilcoxon test. E. RT-qgPCR analyses of IGF2BP3 KO and parental cells treated with 100 ng/mL
for 7 hours. n=4 biological replicates. P values were calculated by two-sided Student’s t-test. *P
<0.05; **P < 0.01; *™*P < 0.001; ***P < 0.0001.

Supplementary Figure 2.

A. Western blot of parental and IGF2BP3 KO HCT116 cell lines (clones A3, D12 and E4). *
marks IGF2BP2 isoforms recognized by polyclonal anti-IGF2BP3 antibody. B. GO term analysis
of genes downregulated in IGF2BP3 KO comparing to parental cells during ER stress. edgeR
gimQLFTest P value adj. < 0.05. C. Western blot showing depletion of IGF2BP3 after 48-hour
treatment with siRNA against IGF2BP3 compared to control siRNA. D. Quantification of C.

Figure 3. IGF2BP3 shapes the UPR through transcriptional feedback loops.
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A. Design of thiol (SH)-linked alkylation for the metabolic sequencing of RNA (SLAMseq)
experiment. IGF2BP3 is depleted for 48 hours using siRNA. For the last 5 hours before
collection cells were treated with tunicamycin at 5 pg/mL or with DMSO as a control. In the last
2 hours 100 pM 4-thiouridine (s*U) was added to the cells to label the newly synthesized mRNA.
B. Boxplot showing changes in de novo transcripts levels of UPR targets (transcribed during 2-
hour s*U pulse) T-C (SLAMseq T-C CPM) upon siRNA-mediated depletion of IGF2BP3. P
values were calculated by two-sided Wilcoxon test. C. Barplots showing SLAMseq de novo (T-C)
CPM values for selected UPR target genes (XBP1, DDIT4, and DDIT3). Values are the mean %
s.d of n=4 biological replicates. P values were calculated by two-sided Student’s t-test. D.
Boxplot showing changes in estimated transcript stability upon siRNA-mediated IGF2BP3
depletion for IGF2BP3-bound transcripts and IGF2BP3-bound UPR targets. The changes in
transcript stability were assessed by analyzing the differences in average T-C conversion rates
per gene following IGF2BP3 depletion. T-C conversion rate values indicate the relative
abundance of both pre-existing and newly synthesized mRNA for a given gene, with a decrease
in these values suggesting increased stabilization. P values were calculated by two-sided
Wilcoxon test. E. RT-gPCR analyses of degradation rates for UPR target XBP1 (spliced) upon
siRNA-mediated depletion of IGF2BP3. HCT116 cells were treated with tunicamycin at 250
ng/mL for 4 hours and the transcription was blocked with 5 pg/mL ActD for indicated time points.
Values are the mean * s.e. of n=4 biological replicates. P values were calculated by paired two-
sided Student’s t-test. F. Barplots showing results of RT-gPCR analyses of XBP1 (spliced) total
MRNA level (relative to RPL6) in unstressed cells and cells treated with tunicamycin at 250
ng/mL for 4 hours. Arrows indicate the 1-hour ActD treatment time point selected for boxplot
representation in E. P values were calculated by two-sided Student’s t-test. *P < 0.05; **P <
0.01; ***P < 0.001; ****P < 0.0001.

Supplementary Figure 3.

A. Table showing log>(IGF2BP3 depletion / control) values for transcriptional regulators
(G0O:0140110) that were downregulated more than 10% or 5% upon IGF2BP3 CRISPR/Cas9-
or siRNA-mediated depletion, respectively, under ER stress conditions.

Figure 4. IGF2BP3 facilitates the degradation of its target mMRNAs during ER stress.

A. Boxplot showing changes in total transcript levels (RNA-seq) upon siRNA-mediated depletion
of IGF2BP3 for all genes and IGF2BP3-bound transcripts in control and ER stress conditions. B.
Volcano plots of total transcriptome changes (RNA-seq) upon siRNA-mediated IGF2BP3
depletion with regulated genes highlighted (ARNA-seq > 20% and P value adj. < 0.05). * marks
the genes encoding transcriptional regulators. C. Barplots showing total RNA-seq CPM values
normalized to siControl conditions for selected genes regulated by IGF2BP3. Values are the
mean = s.d of n=3 biological replicates. P values were calculated by paired two-sided Student’s
t-test. D. Barplots showing total RNA-seq CPM values for HMGA2 and ZFP36L 1. Values are the
mean = s.d of n=3 biological replicates. P values were calculated by paired two-sided Student’s
t-test. E. Barplots showing results of RT-gPCR analyses of HMGA2 and ZFP36L1 (mRNA
levels relative to RPL6) in unstressed cells and cells treated with tunicamycin at 5 ug/mL for 6
hours upon siRNA-mediated depletion of IGF2BP3. Values are the mean + s.d. of n=3 biological
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replicates. P values were calculated by two-sided Student’s t-test. F. RT-qPCR analyses of
degradation rates for HMGA2 and ZFP36L1 upon siRNA-mediated depletion of IGF2BP3.
HCT116 cells were treated with tunicamycin at 5 pg/mL for 3 hours and the transcription was
blocked with ActD for indicated time points. Values are the mean + s.e. of n=3 biological
replicates. P values were calculated by paired two-sided Student’s t-test. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001.

Supplementary Figure 4.

A. Barplots showing SLAMseq de novo (T-C CPM) transcript levels for selected transcripts
regulated by IGF2BP3. Values are the mean + s.d of n=4 biological replicates. P values were
calculated by two-sided Student’s t-test.

Figure 5. ER stress promotes the association of IGF2BP3 with mRNA decapping complex.
A. Volcano plot of co-IP-MS analysis of endogenous IGF2BP3 upon ER stress (tunicamycin, 5
pg/mL, 4 h) using IGF2BP3 antibody versus IgG control. IGF2BP3 interaction partners (4 times
enriched over IgG control, P value adj. < 0.05) are shown in dark gray. B. Volcano plot
comparing IGF2BP3 interactome in control and ER stress conditions. C. Normalized LFQ values
for selected examples of IGF2BP3 interacting proteins that increase interaction with IGF2BP3
upon ER stress. Values are the mean + s.d. of n=3 biological replicates. D. Western blot
showing association of EDC4 with IGF2BP3 after immunoprecipitation of GFP-IGF2BP3 from
HEK293T cells treated with ER stress-inducing drug tunicamycin (TM) at 5 ug/mL for 4 hours. *
plausible IGF2BP isoforms recognized by the polyclonal IGF2BP3 antibody. Values are the
mean = s.d. of n=3 biological replicates. P values were calculated by two-sided Student’s t-test.
*P < 0.05. E. Quantification of D. F. Western blot showing association of IGF2BP3 with EDC3
after immunoprecipitation of mNeonGreen-EDC3 from HEK293T cells treated with ER stress-
inducing drug tunicamycin (TM) at 5 ug/mL for 4 hours. * split-mNeonGreen-EDC3 degradation
product. G. Quantification of F. H. Violin plot of AlphaFold2-Multimer °"%° PEAK scores
predicting putative protein-protein interactions between full-length IGF2BP3 and IGF2BP3
interaction partners identified using co-IP-MS. I. Matrix showing AlphaFold3 ipTM scores
between separate domains of IGF2BP3 and EDC3. J. Domain architecture of IGF2BP3 and
EDC3. K. Predicted structural model (AlphaFold3) ®of IGF2BP3 RRM1/2 domains (cyan)
interacting with EDC3 YjeF domain (violet) through RRM2. RNA interacting with RRM1 is shown
in yellow to highlight the RNA interaction interface 2. IGF2BP3 residues 188, P90, H91, W94
are shown in red. L. Western blot showing association of IGF2BP3 with EDC3 after
immunoprecipitation of GFP-EDC3 from HCT116 IGF2BP3 KO cells expressing 3xFLAG-
IGF2BP3 WT or 4A (I88A, P90A, H91A, W94A) mutant. M. Quantification of L.

Supplementary Figure 5.

A. GO term enrichment analysis of IGF2BP3 interaction partners (4 times enriched over IgG
control at least in one treatment condition, P value adj. < 0.05). B. Volcano plots comparing
IGF2BP3 interactome with and without RNase treatment. C. GO term enrichment analysis of
IGF2BP3-interacting proteins that decreased their association with IGF2BP3 upon RNase
treatment (P value adj. < 0.05). D. GO term enrichment analysis of IGF2BP3-interacting
proteins that increased their association with IGF2BP3 upon ER stress for more than 20%.

24



1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067

1068

Figure 6. Model of IGF2BP3 function and regulation in ER stress conditions.

Depending on the transcript identity, IGF2BP3 binding to its target mMRNAs can either promote
their degradation or increase stability. Under homeostatic conditions, there is an equal balance
between stabilization and degradation by IGF2BP3. ER stress increases the pro-degradation
function of IGF2BP3 and degradation of its target transcripts, including the UPR effector mMRNAs,
likely through increased interaction of IGF2BP3 with mRNA decapping complexes and ER
stress sensor RNase IRE1. Upon ER stress, IGF2BP3 indirectly elicits potent UPR by regulating
an unidentified transcription factor. This dual-layered regulation allows IGF2BP3 to specifically
upregulate UPR targets while broadly driving degradation of other transcripts to decrease ER
folding load until stress is relieved.
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Figure 1

Figure 1. IGF2BP3 interacts with the UPR target mRNAs.

A. Western blot of IGF2BP3 showing its association with IRE1 after immunoprecipitation of GFP-IRE1 from mouse
embryonic fibroblasts treated with ER stress-inducing drug tunicamycin at 5 pyg/mL for 4 hours with or without RNase
treatment B. Quantification of Figure 1A. C. Barplots showing normalized read count numbers (CPM) for IGF2BP3-bound
reads (IR-PAR-CLIP) and total transcript levels (QuantSeq) of selected UPR target genes upon ER stress induction with
tunicamycin at 5 pg/mL for 1 and 4 hours. Values are the mean % s.d of n=3 biological replicates. P values were calculated
by two-sided Student’s t-test. D. Volcano plot showing changes in IGF2BP3 IR-PAR-CLIP CPM upon ER stress treatment.
P values were calculated by edgeR gimQLFTest. E. Scatter plot comparing changes in IGF2BP3 IR-PAR-CLIP read counts
with the total transcriptome changes (QuantSeq) upon ER stress treatment. F. Boxplot showing changes in IGF2BP3 binding

1



(IR-PAR-CLIP CPM / QuantSeq CPM) to all genes and UPR upregulated genes (upregulated more than two-fold in ER
stress than in control, P value adj. < 0.05, total RNA-Seq) upon ER stress and control conditions. P values were calculated
by two-sided Wilcoxon test. G. Representative IGF2BP3 IR-PAR-CLIP coverage examples. Where not indicated otherwise,
ER stress was induced with tunicamycin at 5 pg/mL for 4 hours. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.



Supp. Figure. 1

w
2
5815 IGF28P3
% § 10 = ETcta\
£ 5 Do T-C
28 §22 Control ER stress
L 0 = =P
E 3 4 0 4 S 3 %1
log,(ER stress / control), intensity IRE1 co-IP © ©
23 il
e ) e —
B Input gep \czlliéspa 5 L s s 17
_ 7;3#‘1#2#3#1#2#3 #1 #2 #3
ERstress - + - + £ 88
8 % & Control ERstress ER stress
GFP-IGF2BP3 % 5 1h 4h
1gG IGF2BP3
IRE1
Response to Endoplasmic Reticulum Stress Adjusted
Proteasomal Protein Catabolic Process ;’aohé; Control
o 2 4 USCAG - puso-ammse
Odds ratio
HSPY0BT
CAUM 5. . igroree 5T
Regulation of Transcription by RNA Polymerase || Elgl . (:(:' l CcDg
Ubiquitin-Dependent Protein Catabolic Process EEE Aﬂ:ﬁeed AA“U P = 1x1079%62 iRl
Regulation of Apoptotic Process P UUCCA oo ELK4
Positive Regulation of Cellular Process [l P=1x10 COXTC
Intracellular Protein Transport  [{lE] 0.04 UJAXC P {x{g-2251 T 4 CPOX.
) ) A = B
Regulation of Cell Population Proliferation [8T 0 ] 0.03 3 lcuract KDELR1
Regulation of Cell Differentiation ;
Negative Regulation of Intracellular Signal Transduction 0.02 ER stress o |HMGAZ2 MOH?
Endomembrane System Organization 0.01 8"_
- o HSPAS
Response to Endoplasmic Reticulum Stress 02 ggQA P= 1xo-32E2 v ,|zFPasL1
G Odds ratio ACU U D= 151 0-9687 DNAJBY XBP1
oDIT4
£20 [ ] Control éCgU P= 1x1078297 boiT3
ER stress 1h
g 15 I ER stress 4h A__CQU P= %1077 0{CHACT HERPUD1
©
210 5.0 -25 0.0 25 50
B s o UU-QCA P = 1x10753% logo(ER stress / Control), IGF2BP3 binding
= A
5 o | i OO D00
SUTR CDS 3'UTR Intron Intergenic
J Control K
IRE1 cleavage site CD59
l ENST00000651785.1
IGF2BP3 5 D o
7152 2261 2313 £ ) ontro
(o)
B - ER stress
&U i ......A.H.‘.. P PREPEEFREN PR ¥ T B -
ER stress IRE1 cleavage sites XBP1
X ENST00000611155.4
IGF2BP3
197 113 2013 2126 Control

Read number

576
ER stress I I
2 - —

Supplementary Figure 1.

A. Histogram showing the distribution of fold changes in normalized peptide intensity values of IRE1 interaction partners
upon ER stress (crosslinking mass spectrometry data from Acosta-Alvear, Karagdz et al., 2018 ). Proteins identified in IgG
or non-crosslinking controls were excluded from the analysis (n = 126). B. Western blot of IRE1 showing its association with
IGF2BP3 after immunoprecipitation of GFP-IGF2BP3 from HEK293T cells treated with ER stress-inducing drug tunicamycin
(TM) at 5 pg/mL for 4 hours. C. Barplots showing numbers of total and T-C containing unique deduplicated IR-PAR-CLIP
read counts per library before normalization. D. Venn diagram showing the intersection of IGF2BP3 IR-PAR-CLIP targets in
DMSO control and ER stress conditions (4-hour treatment with 5 pg/mL tunicamycin). E. GO term analysis of 157 IGF2BP3-
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bound transcripts identified in only in ER stress conditions F. GO term analysis of 2470 IGF2BP3-bound transcripts identified
in either control or ER stress conditions. G. Feature length-normalized aggregated IGF2BP3 IR-PAR-CLIP coverage of
genomic features. H. 5nt-long consensus motifs enriched in IGF2BP3 IR-PAR-CLIP reads over scrambled control in control
and ER stress conditions (4 hr). Motif enrichment analysis was performed using HOMER software. I. Volcano plot showing
changes in IGF2BP3 binding (IR-PAR-CLIP CPM / QuantSeq CPM) upon ER stress and control conditions. n=3 biological
replicates. P values were calculated by edgeR gimQLFTest. J. Venn diagram showing the intersection between IGF2BP3
and IRE1 PAR-CLIP targets " in control and ER stress conditions. K. IGF2BP3 IR-PAR-CLIP coverage of IRE1 targets XBP1
and CD59.
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Figure 2. IGF2BP3 depletion dampens the unfolded protein response.

A. Volcano plot of the changes in the transcriptome (RNA-seq) upon IGF2BP3 KO in control (left panel) and ER stress
conditions (right panel). P values were calculated by edgeR gimQLFTest. B. Volcano plot of the changes in the transcriptome
(RNA-seq) upon ER stress treatment showing the selection of IGF2BP3-bound UPR targets (left panel), and volcano plot
of the changes in the transcriptome upon IGF2BP3 KO in ER stress conditions with highlighted UPR targets (light pink) and
IGF2BP3-bound UPR targets ( dark pink) (right panel). P values were calculated by edgeR gimQLFTest. C. Boxplot showing
changes in transcript levels upon IGF2BP3 KO for IGF2BP3-bound transcripts, UPR targets, and IGF2BP3-bound UPR
targets. P values were calculated by a two-sided Wilcoxon test. D. Boxplot showing changes in transcript levels upon siRNA-
mediated IGF2BP3 for IGF2BP3-bound transcripts, UPR targets, and IGF2BP3-bound UPR targets. P values were
calculated by two-sided Wilcoxon test. E. RT-gPCR analyses of IGF2BP3 KO and parental cells treated with 100 ng/mL for
7 hours. n=4 biological replicates. P values were calculated by a two-sided Student’s t-test. *P < 0.05; **P < 0.01; ***P <

0.001; ****P < 0.0001.
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Supplementary Figure 2.

A. Western blot of parental and IGF2BP3 KO HCT116 cell lines (clones A3, D12 and E4). * marks IGF2BP2 isoforms
recognized by polyclonal anti-IGF2BP3 antibody. B. GO term analysis of genes downregulated in IGF2BP3 KO compared
to parental cells during ER stress. edgeR gimQLFTest P value adj. < 0.05. C. Western blot showing depletion of IGF2BP3
after 48-hour treatment with siRNA against IGF2BP3 compared to control siRNA. D. Quantification of Supp.Fig. 2C.
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Figure 3. IGF2BP3 shapes the UPR through transcriptional feedback loops.

A. Design of thiol (SH)-linked alkylation for the metabolic sequencing of RNA (SLAMseq) experiment. IGF2BP3 is depleted
for 48 hours using siRNA. For the last 5 hours before collection, cells were treated with tunicamycin at 5 ug/mL or with
DMSO as a control. In the last 2 hours, 100 uM 4-thiouridine (s*U) was added to the cells to label the newly synthesized
mRNA. B. Boxplot showing changes in de novo transcripts levels of UPR targets (transcribed during 2-hour s*U pulse) T-C
(SLAMseq T-C CPM) upon siRNA-mediated depletion of IGF2BP3. P values were calculated by a two-sided Wilcoxon test.
C. Barplots showing SLAMseq de novo (T-C) CPM values for selected UPR target genes (XBP1, DDIT4, and DDIT3). Values
are the mean = s.d of n=4 biological replicates. P values were calculated by a two-sided Student’s t-test. D. Boxplot showing
changes in estimated transcript stability upon siRNA-mediated IGF2BP3 depletion for the IGF2BP3-bound transcripts and
the IGF2BP3-bound UPR targets. The changes in transcript stability were assessed by analyzing the differences in average
T-C conversion rates per gene following IGF2BP3 depletion. T-C conversion rate values indicate the relative abundance of
both pre-existing and newly synthesized mRNA for a given gene, with a decrease in these values suggesting increased
stabilization. P values were calculated by a two-sided Wilcoxon test. E. RT-gPCR analyses of degradation rates of XBP1
(spliced) MRNA upon siRNA-mediated depletion of IGF2BP3. HCT116 cells were treated with tunicamycin at 250 ng/mL for
4 hours, and the transcription was blocked with 5 uyg/mL ActD at the indicated time points. Values are the mean % s.e. of
n=4 biological replicates. P values were calculated by a paired two-sided Student’s t-test. F. Barplots showing results of RT-
gPCR analyses of XBP1 (spliced) total mRNA level (relative to RPL6) in unstressed cells and cells treated with tunicamycin
at 250 ng/mL for 4 hours. Arrows indicate the 1-hour ActD treatment time point selected for boxplot representation in E. P
values were calculated by two-sided Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Supplementary Figure 3. A. Table showing log2(IGF2BP3 depletion / control) values for transcriptional regulators
(G0O:0140110) that were downregulated more than 10% or 5% upon IGF2BP3 CRISPR/Cas9- or siRNA-mediated depletion,
respectively, under ER stress conditions.
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Figure 4. IGF2BP3 facilitates the degradation of its target mRNAs during ER stress. A. Boxplot showing changes in
total transcript levels (RNA-seq) upon siRNA-mediated depletion of IGF2BP3 for all genes and IGF2BP3-bound transcripts
in control and ER stress conditions. B. Volcano plots of total transcriptome changes (RNA-seq) upon siRNA-mediated
IGF2BP3 depletion with regulated genes highlighted (ARNA-seq > 20% and P value adj. < 0.05). * marks the genes
encoding transcriptional regulators. C. Barplots showing total RNA-seq CPM values normalized to siControl conditions for
selected genes regulated by IGF2BP3. Values are the mean * s.d of n=3 biological replicates. P values were calculated by
paired two-sided Student’s t-test. D. Barplots showing total RNA-seq CPM values for HMGAZ2 and ZFP36L 1. Values are the
mean + s.d of n=3 biological replicates. P values were calculated by paired two-sided Student’s t-test. E. Barplots showing
results of RT-gPCR analyses of HMGAZ2 and ZFP36L1 (mRNA levels relative to RPL6) in unstressed cells and cells treated
with tunicamycin at 5 ug/mL for 6 hours upon siRNA-mediated depletion of IGF2BP3. Values are the mean % s.d. of n=3



biological replicates. P values were calculated by two-sided Student’s t-test. F. RT-gPCR analyses of degradation rates for
HMGAZ2 and ZFP36L 1 upon siRNA-mediated depletion of IGF2BP3. HCT116 cells were treated with tunicamycin at 5 ug/mL
for 3 hours and the transcription was blocked with ActD for indicated time points. Values are the mean + s.e. of n=3 biological
replicates. P values were calculated by paired two-sided Student’s t-test. *P < 0.05; **P < 0.01; ***P<0.001; ****P < 0.0001.
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Supplementary Figure 4.
A. Barplots showing SLAMseq de novo (T-C CPM) transcript levels for selected transcripts regulated by IGF2BP3. Values
are the mean * s.d of n=4 biological replicates. P values were calculated by two-sided Student’s t-test.
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Figure 5. ER stress promotes the association of IGF2BP3 with mRNA decapping complex.

A. Volcano plot of co-IP-MS analysis of endogenous IGF2BP3 upon ER stress (tunicamycin, 5 ug/mL, 4 h) using IGF2BP3
antibody versus IgG control. IGF2BP3 interaction partners (4 times enriched over IgG control, P value adj. < 0.05) are
shown in dark gray. B. Volcano plot comparing IGF2BP3 interactome in control and ER stress conditions. C. Normalized
LFQ values for selected examples of IGF2BP3 interacting proteins that increase interaction with IGF2BP3 upon ER stress.
Values are the mean + s.d. of n=3 biological replicates. D. Western blot showing association of EDC4 with IGF2BP3 after
immunoprecipitation of GFP-IGF2BP3 from HEK293T cells treated with ER stress-inducing drug tunicamycin (TM) at 5
pg/mL for 4 hours. * plausible IGF2BP isoforms recognized by the polyclonal IGF2BP3 antibody. Values are the mean + s.d.
of n=3 biological replicates. P values were calculated by a two-sided Student’s t-test. *P < 0.05. E. Quantification of the
intensity of the IGF2BP3 and EDC4 bands in Figure 5D. F. Western blot showing association of IGF2BP3 with EDC3 via
immunoprecipitation of mNeonGreen-EDC3 from HEK293T cells under control conditions and upon treatment with ER
stress-inducing drug tunicamycin at 5 ug/mL for 4 hours. * split-mNeonGreen-EDC3 degradation product. G. Quantification
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of the intensity of IGF2BP3 and EDC3 bands in the Western Blots in Figure 5F. H. Violin plot of AlphaFold2-Multimer 24,
PEAK scores predicting putative protein-protein interactions between full-length IGF2BP3 and IGF2BP3 interaction partners
identified using co-IP-MS. I. Matrix showing AlphaFold3 ipTM scores between separate domains of IGF2BP3 and EDC3. J.
Domain architecture of IGF2BP3 and EDC3. K. Predicted structural model (AlphaFold3) 5 of IGF2BP3 RRM1/2 domains
(cyan) interacting with EDC3 YjeF domain (violet) through RRM2. RNA interacting with RRM1 is shown in yellow to highlight
the RNA interaction interface ®. IGF2BP3 residues 188, P90, H91, and W94 are shown as red spheres. L. Western blot
showing association of IGF2BP3 with EDC3 after immunoprecipitation of GFP-EDC3 from HCT116 IGF2BP3 KO cells
expressing 3xFLAG-IGF2BP3 WT or 4A (188A, P90A, H91A, W94A) mutant. M. Quantification of co-IP efficiency

calculated as the ratio of the band intensity of IGF2BP3 to EDC3 in Western Blots shown in Figure 5L.
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Supplementary Figure 5.

A. GO term enrichment analysis of IGF2BP3 interaction partners (4 times enriched over IgG control at least in one treatment
condition, P value adj. < 0.05). B. Volcano plots comparing IGF2BP3 interactome with and without RNase treatment. C. GO
term enrichment analysis of IGF2BP3-interacting proteins that decreased their association with IGF2BP3 upon RNase
treatment (P value adj. < 0.05). D. GO term enrichment analysis of IGF2BP3-interacting proteins that increased their

B

association with IGF2BP3 upon ER stress by more than 20%.
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Figure 6. Model of IGF2BP3 function and regulation in ER stress conditions.

Depending on the transcript identity, IGF2BP3 binding to its target MRNAs can either promote their degradation or increase
stability. Under homeostatic conditions, there is an equal balance between stabilization and degradation by IGF2BP3. ER
stress increases the pro-degradation function of IGF2BP3 and degradation of its target transcripts, including the UPR
effector mMRNAs, likely through increased interaction of IGF2BP3 with mRNA decapping complexes and ER stress sensor
RNase IRE1. Upon ER stress, IGF2BP3 indirectly elicits potent UPR by regulating an unidentified transcription factor. This
dual-layered regulation allows IGF2BP3 to specifically upregulate UPR targets while broadly driving degradation of other
transcripts to decrease ER folding load until stress is relieved.
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2.3 IGF2BP1 phosphorylation in the disordered linkers regulates

ribonucleoprotein condensate formation and RNA metabolism
2.3.1 Preamble

In this work, we investigated how IGF2BP1 is regulated under stress conditions. Using
proteomics, we identified stress-dependent phosphorylation sites in IGF2BP1. To
examine their role, we generated phosphomimetic mutants in two disordered linkers
(S181E and Y396E) and analyzed their effect on IGF2BP1 condensate formation.
Although the condensation of the mutants differed from that of the wild-type, their RNA-
binding affinity in vitro remained unchanged. Structural analyses revealed that linker 1
binds RNA through its RGG/RG motif, and the S181E mutation weakens this
interaction. In contrast, linker 2 associates with IGF2BP1’s folded domains, and this
interaction is disrupted by the Y396E mutation. Mutations at these phosphorylation
sites further changed the size and dynamics of IGF2BP1-containing stress granules in
vivo and affected both IGF2BP1’s RNA target binding and its impact on the
transcriptome during stress. The obtained results show that phosphorylation at the
disordered linkers changes protein-protein and protein-RNA interaction properties of

IGF2BP1 and contributes to IGF2BP-mediated regulation during stress.
This manuscript was published in Nature Communications on October 20, 2024.

2.3.2 Contribution statement

| was involved in conceptualization, contributed to the mass spectrometry experiments,
and establishment of cell lines expressing fluorescently tagged IGF2BP1 and its
mutants. | performed transcriptomics and RNA immunoprecipitation sequencing (RIP-

seq) library preparation and analyzed the data.

89



nature communications

S

https://doi.org/10.1038/s41467-024-53400-4

IGF2BP1 phosphorylation in the disordered
linkers regulates ribonucleoprotein
condensate formation and RNA metabolism

Article

Received: 20 November 2023 Harald Hornegger"%3, Aleksandra S. Anisimova?3, Adnan Muratovic®’,
Benjamin Bourgeois*®, Elena Spinetti ® ®7, Isabell Niedermoser ® ',

Roberto Covino’-, Tobias Madl®“® & G. Elif Karagoz® "2

Accepted: 11 October 2024

Published online: 20 October 2024

® Check for updates The insulin-like growth factor 2 mRNA binding protein 1 (IGF2BP1) is a con-

served RNA-binding protein that regulates RNA stability, localization and
translation. IGF2BP1 is part of various ribonucleoprotein (RNP) condensates.
However, the mechanism that regulates its assembly into condensates remains
unknown. By using proteomics, we demonstrate that phosphorylation of
IGF2BP1 at S181 in a disordered linker is regulated in a stress-dependent
manner. Phosphomimetic mutations in two disordered linkers, S181E and
Y396E, modulate RNP condensate formation by IGF2BP1 without impacting its
binding affinity for RNA. Intriguingly, the S181E mutant, which lies in linker 1,
impairs IGF2BP1 condensate formation in vitro and in cells, whereas a Y396E
mutant in the second linker increases condensate size and dynamics. Struc-
tural approaches show that the first linker binds RNAs nonspecifically through
its RGG/RG motif, an interaction weakened in the S181E mutant. Notably, linker
2 interacts with IGF2BP1’s folded domains and these interactions are partially
impaired in the Y396E mutant. Importantly, the phosphomimetic mutants
impact IGF2BPI’s interaction with RNAs and remodel the transcriptome in
cells. Our data reveal how phosphorylation modulates low-affinity interaction
networks in disordered linkers to regulate RNP condensate formation and RNA
metabolism.

RNA-binding proteins (RBPs) play important roles in post- withembryonic functions, [gf2bpl knockout mice show developmental

transcriptional control of RNA®. IGF2BPs are a conserved family of
RBPs that regulate RNA localization, translation and stability” ™. There
are three IGF2BP paralogs (IGF2BP1-3) in mammals. Discovered in
chicken embryos, IGF2BP1 was the founding member of the IGF2BP
family?". IGF2BP1 is highly conserved in sequence and function across
species (Supplemenetary Fig. 1A). It is highly expressed during mid to
late embryogenesis and its expression decreases in adult tissues. In line

abnormalities™. However, IGF2BP1 expression is not restricted to early
development, and it is detected later in differentiated gonads and the
kidneys. Consistent with post-developmental functions, loss of
IGF2BP1 in intestinal epithelial cells impairs intestinal homeostasis in
adults™"®. IGF2BP1 is highly expressed in various tumors and its over-
expression correlates with tumor aggressiveness®”. Importantly,
IGF2BP1 depletion impairs tumor growth, indicating that inhibition
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may have therapeutic potential in cancer cells™®". This link to disease
underlines the importance of obtaining a mechanistic understanding
of how IGF2BP1 exerts its function.

IGF2BP1 is a canonical multi-domain RBP, which contains six RNA-
binding domains: two RNA recognition motif (RRM) domains and four
hnRNP K homology (KH) domains that are linked by two intrinsically
disordered regions (Fig. 1A). The KH domains are arranged into
pseudodimers (KH1-2, and KH3-4). RNA recognition by IGF2BP1 is
mediated by the KH domains, which interact with single-stranded
RNAs through 4 nucleotide long recognition motifs?. In contrast, the
RRM domains provide little specificity and promiscuously recognize
dinucleotide sequences, as shown for the IGF2BP3 paralog?**. These
multivalent interactions increase the specificity and affinity of IGF2BPs
for substrate RNAs?*?"%,

Genome-wide cross-linking and immunoprecipitation (CLIP) stu-
dies identified a large number of IGF2BP1 targets, suggesting roles in
cell growth, migration, synaptic plasticity in healthy tissues, as well as
tumor growth and metastasis in cancer cells*”**?. These data also
revealed that IGF2BP1 binds to the coding regions, 5-untranslated
regions (UTRs), and 3-UTRs of target RNAs, with the highest number
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Fig. 1| IGF2BP1 is phosphorylated at distinct sites in a stress-dependent
manner. A Schematic depiction of IGF2BP1 domain architecture. IGF2BP1 consists
of 6 RNA binding domains: two RRM domains and four KH domains, which are
arranged as pseudo-dimers connected via two linkers. The well-studied phos-
phorylation sites (S181, Y396, S402), the respective kinases and the effect of the
phosphorylation are also depicted. B Schematic overview of the workflow for mass
spectrometry experiments to determine the stress-regulated phosphorylation

of binding sites residing in 3’-UTRs**?. Since the binding sites for
IGF2BP1 and microRNAs overlap, it was proposed that IGF2BP1 can
stabilize RNAs by competing with the microRNA binding sites'.
IGF2BP1 also binds to and stabilizes N® methyl adenosine-modified
RNAs during heat shock stress®. Although IGF2BP1 has been proposed
to stabilize RNAs, binding to a subset of its target RNAs correlates with
destabilization®®. However, what regulates these distinct functional
outputs remains largely unknown

IGF2BP1 assembles into various ribonucleoprotein granules (RNP)
to regulate RNA fate. In neurons, IGF2BP1 is part of transport granules,
which transport select mRNAs from soma to neurites to regulate site-
specific protein synthesis’. During cellular stress, IGF2BP1 is seques-
tered into stress granules that have been proposed to protect mRNAs
from degradation until translation resumes. Intriguingly, IGF2BP1 also
localizes to P-bodies, which are sites of RNA recapping and
degradation®. Yet, the regulation of IGF2BP1 assembly into RNP gran-
ules with opposite functions is not well understood.

One well-defined mechanism that regulates IGF2BP1 function is
through its phosphorylation. In the best-studied example, phosphor-
ylation of IGF2BP1 controls its binding to the f3-actin-encoding ACTB
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sites in IGF2BP1. C Representation of IGF2BP1 phosphorylation sites identified by
MS analyzes. D Relative abundance of the indicated IGF2BP1 phosphorylation sites
in cells exposed to various forms of proteotoxic stress compared to the control
conditions. Tunicamycin (TM) and thapsigargin (TG) induces ER stress, whereas
sodium arsenite (AS) leads to oxidative stress. The time-points on the bottom
indicate length of exposure to the stress-inducing drug.
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mRNA, providing a regulatory switch to allow for spatial control of
ACTB mRNA translation’. IGF2BP1 binds to the 3-UTR of the ACTB
mRNA and prevents its translation. Phosphorylation of IGF2BP1 at
Y396 by the Src kinase, which is localized to the leading edge of the cell
or axons, releases IGF2BP1 from ACTB mRNAs, allowing their transla-
tion at those sites’. In contrast, the phosphorylation of IGF2BP1 at S181
was suggested to enhance its binding to the 5-UTR of IGF2 mRNA,
thereby increasing /GF2 mRNA translation®*2. Importantly, S181
phosphorylation regulates stabilization of IGF2BP1 target RNAs and
impacts dendritic branching in hippocampal neurons underlining its
functional importance®?*. Yet, although IGF2BP1 phosphorylation at
distinct sites has been suggested to impact RNA binding, the
mechanistic details of IGF2BP1 regulation by phosphorylation remains
only partially understood. Moreover, whether IGF2BP1 is regulated by
other phosphorylation events has yet to be examined.

Here, we map stress-regulated phosphorylation sites in IGF2BP1
by targeted mass spectrometry analyzes to uncover mechanisms that
control IGF2BP1 outputs. Using in vitro reconstitution, biochemistry,
and structural methods, we dissect how IGF2BP1 phosphorylation in its
disordered linker regions regulates function. We show that phos-
phorylation of the disordered linkers regulates the propensity of
IGF2BP1 to form RNP granules in vitro and in cells by modulating low
affinity interaction networks. Our data reveal how disordered regions
provide highly tunable regulation of RNP condensate formation
through a single phosphorylation event.

Results

IGF2BP1 is phosphorylated during proteotoxic stress

IGF2BP1 stabilizes a subset of RNAs during proteotoxic stress and we
therefore tested whether IGF2BP1 is regulated through phosphoryla-
tion under those conditions®*. To this end, we mapped phosphor-
ylation sites in IGF2BP1 by mass spectrometry (MS) in mammalian cells
under control conditions and under conditions where the cells were
exposed to proteotoxic stress (Fig. 1B). To compare IGF2BP1 phos-
phorylation sites under various forms of proteotoxic stress, we
exposed the cells to oxidative stress using sodium arsenite (1 or
2 hours) or endoplasmic reticulum (ER) stress using tunicamycin
(4 hours) or thapsigargin (1.5 and 4 hours).

To increase specificity and stringency in our analyzes, we enriched
for IGF2BP1 by immunoprecipitation from HEK293 cells engineered by
CRISPR/Cas9 gene editing to express GFP-tagged IGF2BP1 using split-
GFP technology®. We obtained a sequence coverage with identified
peptides covering 78.7% of the IGF2BP1 amino acid sequence. Peptides
covering the disordered linker 2, spanning from amino acids 347 to 423,
were not detected in the MS analyzes. This likely resulted from the low
complexity nature of this region, which may be inaccessible to tryptic
digestion to generate MS-compatible peptides. To overcome this pro-
blem, we used different peptidases. The linker 2 region possesses sev-
eral prolines and treatment with ProAlanase, a peptidase which cleaves
after prolines, yielded 87.9% coverage of the whole IGF2BP1 sequence,
including the linker 2 in vitro and in cells (Supplementary Data 1).

The subsequent MS analyzes identified several IGF2BP1-derived
phosphopeptides whose levels increased or decreased in a stress-
dependent manner (Fig. 1C-D, Supplementary Fig. 1B). The identified
phosphopeptides mapped to the RRM1 domain (aa S73), disordered
linker 1 (aa S181), KH1 (aa T249), KH2 and KH3 domains (aa S436, S438,
T446) (Fig. 1C, Supplementary Fig. 1B). The ratio of signal intensities of
phosphorylated to unmodified peptides was relatively low (<1% of
total protein) for most of the identified phosphopeptides (573, T249,
S436, S438, T446). The most prominent phosphorylation site we
identified mapped to S181 (aa 176-QPRQGSPVAAGA-187 and >64% of
total peptide signals), the intensity of which increased by around two-
fold during oxidative stress induced by arsenite treatment. In contrast,
the signal of the phosphorylated peptide at S181 decreased two-fold
when cells were treated with ER stress-inducing drugs, indicating that

this phosphorylation event depends on stress type. In line with the
published results’, we detected phosphorylation of the recombinant
IGF2BP1 at Y396 by the Src kinase in vitro. However, we did not identify
any phosphorylated peptides mapping to the linker 2 under control
conditions or under arsenite and thapsigargin-induced stress in cells
(>95% of detected peptides were not phosphorylated; please see
materials and methods) (Supplementary Fig. 1C, D).

Multiple amino acid sequence alignments revealed that S181 is
highly conserved from fish to mammals, suggesting its functional
importance (Supplementary Fig. 1A). This site has previously been
proposed to be phosphorylated in all three IGF2BP paralogs by
mTORC2’*2 Notably, apart from mTORC2, kinase motif prediction
algorithms derived from experimental data indicated that S181 might
be phosphorylated by members of the CMGC kinase family (i.e. SRPK2
and DYRK3), suggesting that other kinases might be involved in this
regulation®. Altogether, we found that IGF2BP1 is phosphorylated at
multiple sites in a stress-dependent manner.

Phosphomimetic mutants do not impact IGF2BP1 interaction
with RNA
Since S181 was the most prominent stress-regulated phosphorylation
site identified by our MS approaches, we went on to dissect how it
regulates IGF2BP1 function. Interestingly, phosphorylation of S181 in
linker 1 is proposed to increase its binding to RNAs, while phosphor-
ylation of Y396 in disordered linker 2 was proposed to decrease it
(Fig. 1A)"***2, However, how the phosphorylation of IGF2BP1 at these
two well-described residues regulates its function remained only par-
tially understood. To test whether phosphorylation in the disordered
regions impacts IGF2BP1 interaction with RNAs, we measured the
binding affinity of model RNAs to wild-type IGF2BP1 and its phos-
phomimetic mutants (IGF2BP1 SI81E and Y396E). For these experi-
ments, we selected two IGF2BP1 target mRNAs based on the published
CLIP data sets: i. the unfolded protein response transcription factor
XBP1, ii. the translation initiation factor £/F2A. The CLIP data showed
that IGF2BP1 crosslinks to a distinct region in the 3-UTR of the XBP1
(Supplementary Fig. 2A, B, Supplementary Table 1) and that EIF2A
mRNA is enriched in several predicted IGF2BP1-binding motifs®
(Supplementary Table 1). In addition, as a comparison, we designed
model RNAs derived from the functionally well-described IGF2BP1
target RNAs such as MYC*® and ACTB’ (Supplementary Table 1).
IGF2BP binds to its RNA targets by six RNA-binding domains with
conserved folds. The individual RNA-binding domains mediate low-
affinity interactions with RNA with low specificity, and the combina-
torial recognition of RNAs by multiple domains ensures specificity and
results in high affinity?*. This interaction involves the recognition of a
cluster of distinct and regularly spaced RNA elements covering a - 100
nucleotide-long target RNA region®. We in vitro transcribed approxi-
mately 200 nt-long regions from the MYC, XBPI and EIF2A RNAs
(Supplementary Table 1) and tested their binding to IGF2BP1 using
Electrophoretic Mobility Shift Assays (EMSA). The affinities are repre-
sented as the apparent dissociation constants (Ky., representing the
sum of interactions of IGF2BP1’s individual domains with different RNA
sequences, causing a shift from unbound to IGF2BP1-bound RNA
(please see the materials and methods). IGF2BP1 interacted with RNAs
derived from the 3’-UTR of XBPI and EIF2A with similar affinities (for
XBPI1, Ky,=41.0nM and for EIF2A K;/;=48.2nM) and bound to the
MYC-derived RNA with a slightly higher affinity (K, wild-type:
14.4 nM) (Fig. 2A, Supplementary Fig. 2C-H, Supplementary Table 2).
Next, we tested whether introducing phosphomimetic mutations
to IGF2BP1 at the linkers would impact RNA binding. IGF2BP1 phos-
phomimetic mutants S181E and Y396E bound to the XBPI-derived 201
nt RNA with a similar affinity as the wild-type IGF2BP1 (Fig. 2B, C,
Supplementary. Fig. 2C, Supplementary Table 2) (K;.,, SI81E =17.1nM,
Ky Y396E=229nM). Similarly, the phosphomimetic mutants
showed only small differences in their affinity for longer MYC and EIF2A
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Fig. 2 | The phosphomimetic mutants alter the size of IGF2BP1 RNP con-
densates without impacting RNA binding. Electrophoretic Mobility Shift Assay
(EMSA) of XBP1 201 nt RNA with IGF2BP1 wild-type (A), S181E (B) or Y396E (C) at
concentrations from O to 800 nM. (D) Fluorescence anisotropy experiments of
wild-type IGF2BP1 (black), S181E (red) and Y396E (blue) and 5-fluorescein-labeled
XBP1 36 nt RNA. Represented as mean, error bars indicating standard deviation
(n=3 technical replicates). The curves represent the fit of the Hill equation (see
Materials and Methods). X-axis in log-scale. (E) RNP granule formation of wild-type
IGF2BP1 with XBP1 36 nt RNA at different concentrations after 90 min. The protein
(left) and RNA (bottom) valency is depicted by the number of folded domains and
the number of predicted binding motifs. (F) RNP granule formation assay of
IGF2BP1 KH3-4 pseudodimers under the same conditions as Fig. 2E. Valencies
depicted as in Fig. 2E. (G) RNP granule formation assay of 5uM IGF2BP1 KH1-4

with 5uM XBP1 36 nt RNA after 90 min incubation in comparison to RNP
granules formed by 5 uM full length IGF2BP1 with 5uM XBP1 36 nt RNA at similar
conditions (150 mM NaCl). Scale bar is 10 um. Valencies are depicted for the protein
(bottom) and RNA (left). (H) RNP granule formation of IGF2BP1 SI81E and (I)
IGF2BP1 Y396E with XBP1 36 nt RNA after 90 min of incubation. Scale bar is 10 um.
Valencies depicted as in Fig. 2E. (J) Violin plot of the area per condensate after
90 min with 5uM IGF2BP1 full-length wild-type (black), S181E (red) and Y396E
(blue) with 5uM XBP1 36 nt RNA. Two-tailed Mann-Whitney test was used to
compare wild-type with S181E (p < 0.0001) and Y396E (p < 0.0001). (K) Phase
diagram for RNP granule formation by IGF2BP1 wild-type, (L) IGF2BP1 S181E

and (M) IGF2BP1 Y396E with XBP1 36 nt RNA at different protein and RNA con-
centrations after 90 min of incubation. Granule size and abundance is represented
by the circle sizes.
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-derived model RNAs (EIF2A, K, wild-type: 48.2nM, Ky, SISIE:
35.4nM, Ky, Y396E: 40.2nM and MYC, K, wild-type: 14.4 nM, Ky,
S181E: 17.8 nM, Ky, Y396E: 16.7 nM) (Supplementary Fig. 2D-J, Sup-
plementary Table 2).

As a complementary quantitative approach, we set up fluores-
cence anisotropy assays to measure the affinity of IGF2BP1 for shorter
RNAs. By truncating the 3-UTR of the XBPI mRNA, we identified a 36
nt-long RNA composed of two predicted IGF2BP1 recognition motifs
(Supplementary Fig. 2B, Supplementary Table 1). Fluorescence aniso-
tropy assays showed that wild-type IGF2BP1 bound to the 5-fluor-
escein-tagged 36 nt-long XBPI-derived RNA with an order of
magnitude lower affinity than the 201 nt-long version (Fig. 2D, Sup-
plementary Table 2, K1,,, wild-type: 311.7 nM). We speculate that the
lower affinity is due to a reduced number of binding sites in the RNA,
resulting in decreased avidity by the RNA-binding domains. IGF2BP1
phosphomimetic mutants SI81E and Y396E bound to XBPI-derived 36
nt-long RNA at a comparable affinity (Fig. 2D, Supplementary Table 2,
K15, S181E: 310.1nM, Ky, Y396E: 423.3 nM) to the wild-type IGF2BPI1.
Altogether these data indicated that the phosphomimetic mutants do
not significantly impact IGF2BP1s interaction with model RNAs. These
findings are consistent with previous data showing that canonical
folded RNA-binding domains in IGF2BPs drive their interaction with
target RNAs? 23941,

IGF2BP1 forms RNA-mediated RNP granules in vitro

IGF2BP1 function has been associated with its assembly into RNP
granules*™**, Therefore, we investigated whether its phosphorylation
impacts formation of IGF2BP1 RNP condensates. To test this possibi-
lity, we aimed to reconstitute RNP condensates formed by IGF2BP1 and
RNAs. Many RNP granules form through phase transitions driven by
multivalent interactions between RBPs and RNAs**. To allow the
formation of a multivalent interaction network between IGF2BP1 and
RNAs, we used the XBPI-derived 36 nt-long RNA, which contains two
predicted IGF2BP1-binding motifs (Supplementary Fig. 2B, Supple-
mentary Table 1). We incubated IGF2BP1 with this RNA at different
concentrations and stoichiometry and monitored whether they
formed RNP condensates visible as droplets by bright-field micro-
scopy (Fig. 2E).

Under physiological pH and salt conditions, 2.5uM IGF2BP1 and
1uM XBPI 36 nt RNA readily formed RNP condensates (Fig. 2E, Sup-
plementary Fig. 3A, B). Likewise, IGF2BP1 formed condensates at the
same protein and RNA concentrations with other model RNAs with
similar sequence lengths and number of predicted binding motifs
derived from ACTB, MYC, and EIF2A (Supplementary Fig. 3C, Supple-
mentary Table 1). The sequence properties of the RNA had an impact
on the morphology of the IGF2BP1-RNP condensates consistent with
the published work*. The RNAs with a higher propensity to form
secondary structures, such as ACTB (free energy of -8.50 kcal/mol,
Vienna RNAfold WebServer*®), formed irregular networks. In contrast,
EIF2A RNA that was not predicted to form secondary structures formed
condensates with droplet-like morphology (Supplementary Fig. 3C,
D, Supplementary Table 1)*.

Increasing concentration of the IGF2BP1 and RNA resulted in the
formation of larger condensates, whereas excess RNA abrogated
condensate formation (Fig. 2E, Supplementary Fig. 3B) as shown for
other condensates. Charge repulsion due to excess RNA was proposed
to contribute to condensate dissolution by RNAs™. It is also plausible
that the excess RNA occupies individual RNA-binding domains and
breaks the multivalent interaction network. While most RNAs we tes-
ted did not lead to condensate formation at stoichiometric con-
centrations with IGF2BP1, the XBPI-derived RNA did. We hypothesize
that XBPI-derived RNA might have additional non-canonical binding
sites that drive phase separation even at stoichiometric concentra-
tions. Altogether, we show that IGF2BP1-RNA interactions can mediate
phase separation in vitro.

IGF2BP1's KH34 domains drive condensate formation

The KH domains drive RNA recognition in IGF2BPs, and the differences
in their binding specificity contribute to substrate recognition by
IGF2BPs?**!, As RNA binding drives the condensate formation by
IGF2BP1, we next mapped which RNA-binding domains in IGF2BP1
contribute to RNP condensate formation. We first measured the affi-
nity of IGF2BP1’s individual domains for model RNAs. We found that
KH3-4 dimers bound to a model ACTB-derived RNA (ACTB 28 nt)*’ and
the XBPI-derived 36 nt-long RNA (Supplementary Table 1) at around
1.5uM affinity (Supplementary Fig. 3E, F, Supplementary Table 2).
Instead, KH1-2 bound to the same RNAs with an affinity of >15uM.
Likewise, the RRM1-2 dimer displayed very low apparent binding affi-
nities for both of those RNAs (<100 uM) (Supplementary Fig. 3E, F).
These data are consistent with the earlier work indicating that KH3-4
domains in IGF2BPs bind to RNA with the highest affinity*. Introducing
GEEG mutations, which impede the RNA interaction of the respective
KH domain®*?, into the RNA-binding motif in the KH3 domain in KH3-4
decreased binding affinity to XBPI-derived 36 nt-long RNA by 10-fold
(Supplementary Fig. 3G, Supplementary Table 2, K1,,=16.0 uM). In
contrast, the KH3-4 mutant in which the binding site in KH4 is mutated,
bound to RNA with a similar affinity as the wild-type KH3-4 dimers (Ky,
»=2.1uM) (Supplementary Fig. 3G). These data suggest that KH3 pro-
vides the major RNA binding site since in the KH3-4 construct.

A KH1-4 construct lacking the linker 1 bound to the ACTB
and XBPI-derived short RNAs with similar affinity as the full-
length IGF2BP1 (Supplementary Fig. 3E, F, Supplementary
Table 2, ACTB: K;/> =75.2 nM, full-length IGF2BP1: K;, = 68.6 nM; XBPI:
Ki/2=204.0 nM, full-length IGF2BP1: K;,, = 311.7 nM;). These data sug-
gest that the binding of KH1-2 and KH3-4 domains to RNAs with two
binding sites leads to an avidity effect. This can be due to the increased
effective concentration for the subsequent binding events after the
first KH dimer binds the RNA. Moreover, the incomplete dissociation
because of proximal binding sites might increase the apparent
affinity®> (Supplementary Fig. 3H). To characterize this further, we
mutated the KH3 and KH4 RNA-binding motifs to GEEG in the full-
length IGF2BP1. Both the EMSA assays and fluorescent anisotropy
experiments showed that full-length IGF2BP1 KH3-4 GEEG double
mutant bound to RNA with similar affinity as the wild-type IGF2BP1
(Supplementary Fig. 31), Supplementary Table 2, K1, mutant: XBPI-
derived 36 nt-long RNA: 185.8 nM; XBPI-derived 201 nt-long RNA:
64.7 nM). This indicates that multivalent interactions formed by the
simultaneous binding of RRM1-2 and KH1-2 dimers to RNA results in an
avidity effect that significantly enhances the affinity compared to the
individual dimers. Interestingly, the EMSA assays performed with the
XBP1-derived 201 nt-long RNA showed that compared to wild-type
IGF2BP1, the IGF2BP1 KH3-4 GEEG double mutant displayed differ-
ences in the high molecular weight assemblies formed at higher pro-
tein concentrations (>250nM, Supplementary Fig. 3J). From these
data, we concluded that the impaired RNA-binding of KH3-4 pseudo-
dimers results in a different mode of RNA recognition by the mutant.

In line with the fluorescence anisotropy experiments, which
showed the role of the KH3-4 in RNA recognition by the IGF2BP1, the
KH3-4 domains alone formed condensates in the presence of RNA
(Fig. 2F). Importantly, impairing RNA binding to either KH3 or KH4
domains through GEEG mutations abolished condensate formation
(Supplementary Fig. 4A). We propose that this is by impairing their
ability to form multivalent interactions required for condensate for-
mation. These data revealed that KH3-4 domains are sufficient to build
the multivalency that drives IGF2BP1 RNP condensate formation.
Consistent with these results, bright-field microscopy analysis showed
that the full-length IGF2BP1 KH3-4 GEEG mutant did not form con-
densates under the same conditions (Supplementary Fig. 4B). These
data indicated that even though this mutant binds to RNA with high
affinity (Supplementary Fig. 31, J, Supplementary Table 2, K:185.8 nM),
the low RNA-binding affinities of the individual KH1-2 and RRMI1-2
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domains (Supplementary Fig. 3E, F, Supplementary Table 2) do not
allow the formation of networks that are necessary for condensate
formation under the same conditions. Supporting this, KH1-2 domains
alone did not form condensates under conditions where KH3-4 formed
droplets (Supplementary Fig. 4C). Notably, a model RNA with a sin-
gle IGF2BP1-binding motif did not mediate condensate formation
when incubated with KH1-4, validating that multiple binding sites in
both the RNA and protein are required for condensate formation
(Supplementary Fig. 4D). Remarkably, KH1-4 formed mesh-like net-
works upon incubation with the XBPI-derived 36 nt-long RNA under
conditions where full-length IGF2BP1 formed droplets (Fig. 2G). These
findings indicated that IGF2BP1-RNA granules form via phase separa-
tion coupled to percolation®. These data also suggested that pro-
miscuous RNA interactions by the RRMI1-2 domains increases the
dynamics in IGF2BP1-RNA interactions and possibly the valency in the
network. In the presence of 250 mM NaCl, KH1-4 formed condensates
similar to full-length IGF2BP1 (Supplementary Fig. 4E). We speculate
that presence of a high concentration of salt weakens the interaction of
KH1-4 with RNA, increasing their binding dynamics. In summary, our
data revealed that binding of the KH3-4 pseudodimers to RNA drives
IGF2BP1 condensate formation. We speculate that once the con-
densates are formed, due to the high protein and RNA concentration in
the condensed phase, the RRM1-2 and KH1-2 pseudodimers can form
additional contacts with RNA.

Phosphomimetic mutations modulate IGF2BP1 dynamics in RNP
granules

After establishing that IGF2BP1 assembled into condensates together
with RNA, we next tested whether phosphomimetic mutants SI81E and
Y396E would display differences in the formation of RNP condensates
compared to wild-type IGF2BP1. To this end, we used fluorescence
microscopy to quantify the size and area of the condensates formed by
wild-type IGF2BP1 and its phosphomimetic mutants at 90 min after
induction of condensate formation by the addition of RNA. Quantifi-
cation of the IGF2BP1-RNA condensates (Supplementary Fig. 3A, see
materials and methods) revealed that the average size of condensates
and the total area of condensates formed by the S181E mutant were
smaller compared to the wild-type IGF2BP1, indicating that the
IGF2BP1 S181E mutant is impaired in condensate formation (Fig. 2H, J,
Supplementary Fig. 4F-I, Supplementary Table 3, median area per
condensate: wild-type: 7.0 um, S181E: 5.7 um, mean total area: wild-
type: 7753 um?, SI81E: 4691 um?, at 5uM protein and RNA concentra-
tion). While IGF2BP1 S181E is largely impaired in condensate formation
at 2.5 uM when incubated with stoichiometric amounts of XBPI-derived
36 nt-long RNA (Fig. 2H), the presence of 5% mCherry-labeled con-
struct leads to the formation of small condensates (Supplementary
Fig. 4F-). We observed that the mCherry-tag enhances the phase
separation propensity of IGF2BP1. This effect was prominent when
2.5uM IGF2BP1 full-length SI81E was incubated with 2.5uM XBPI-
derived 36 nt-long RNA (Supplementary Fig. 4G), likely because the
saturating concentration of this protein is very close to 2.5 uM. Thus,
we used sub-stochiometric amounts of mCherry-labeled IGF2BP1 to
quantify the condensate area. Intriguingly, in contrast to the SI81E
mutant, the Y396E mutant formed larger condensates with a larger
total area under the same experimental conditions (Fig. 2, J, Supple-
mentary Fig. 4 F, H, |, Supplementary Table 3, median area per droplet:
Y396E 10.8 um, mean total area: Y396E 9298 um?, at 5 uM protein and
RNA concentration). Similarly, incubation of XBPI-derived 36 nt-long
RNA with KH1-4 Y396E mutant led to the formation of condensates
with regular droplet-like shape compared to the condensates formed
by the wild-type KH1-4 under the same conditions (250 mM NaCl).
These data confirmed that the Y396E mutation impacts condensate
formation, and this effect does not depend on RRM1-2 domains in
IGF2BP1 (Supplementary Fig. 4J). Notably, the impact of SI18IE and
Y396E of the phosphomimetic mutants on the morphology of the

IGF2BP1-RNP condensates were identical for four different model
RNAs, where the condensates formed by the SI18IE constructs were
smaller and irregular. In contrast, Y396E formed of larger and round
droplet-like granules (Supplementary Fig. 5A-I).

We next tested whether phosphomimetic mutants affect the
condensation threshold of IG2BP1 RNP condensates. We generated
phase diagrams of wild-type IGF2BP1 and its phosphomimetic mutants
at different protein and RNA concentrations to address this possibility.
Surprisingly, all of the three constructs showed similar threshold
concentrations for condensate formation (Fig. 2K-M), with the only
difference being IGF2BP1 Y396E, which shows condensate formation at
1.5 uM protein and RNA concentration, while the wild-type did not. The
diagram indicated that phase transitions occur at RNA concentrations
above 125 nM which coincides with the binding affinity of IGF2BP1 to
RNA. At the same time, the saturation concentration of the protein is
above 0.5uM indicating that at low concentrations the percolation
required for condensate formation depends on an excess of protein.
However, at all the conditions close to the saturation threshold, SI81E
mutant formed smaller condensates compared to the wild-type
IGF2BP1 (Fig. 2K-M). These data indicated that while the phosphomi-
metic mutants do not impact the saturation concentration, they
modulate biophysical properties of the condensates.

Polymers that undergo phase separation coupled to percolation
form clusters in sub-saturation concentrations®. Thus, we investigated
whether the phosphomimetic mutations affect the formation of pre-
percolation clusters by using Dynamic Light Scattering (DLS). At low
protein and RNA concentrations under the saturation threshold (250-
800 nM), we observed particles with around 100 nm hydrodynamic
radius for wild-type IGF2BP1 and the phosphomimetic mutants (Sup-
plementary Fig. 5J). Under most conditions, the particles with a
hydrodynamic radius (Rnygq) around 100 nm were most abundant
species but at higher protein and RNA concentrations we observed
larger clusters (Rpyq > 1000 nm) for all three constructs. Remarkably,
under the conditions where we used 2:1 protein to RNA ratio, we
observed even larger clusters (Rypyg > 10000 nm), which is in line with
the phase separation assays (Supplementary Fig. 4F, Supplementary
Fig. 5)). These data highlighted that the phase separation of IGF2BP1
with RNA is coupled to the formation of clusters at sub-saturation
conditions and driven by similar types of interactions. Based on our
data, we hypothesize that the effect of the phosphomimetic mutants
on the condensate size is not primarily a result of a shift in the
saturation concentration but due to changes in the low-affinity inter-
action network that define the biophysical properties of these RNP
granules.

Next, we used turbidity assays to monitor the kinetics of con-
densate formation following the addition of RNA to the protein. The
turbidity assays showed that IGF2BP1 S181E mutant formed con-
densates with slower kinetics, indicating that phase separation is
impaired for this mutant (Supplementary Fig. 5K, Supplementary
Table 4, wild-type: t;, =167, SI81E: t;/, =252 s). Moreover, the con-
densates formed by the IGF2BP1 S181E mutant showed lower scat-
tering intensity compared to the wild-type protein (Supplementary
Fig. 5K, Supplementary Table 4, wild-type: OD4go=0.068, S181E:
OD4g0 =0.035), consistent with the microscopy data that showed the
formation of smaller condensates (Fig. 2H, J). In contrast, the Y396E
mutant had slightly faster formation kinetics compared to the wild-
type IGF2BP1 with similar scattering intensity (Supplementary
Fig. 5K, Supplementary Table 4, Y396E: t;,=1155s, OD4go=0,064,).
We cannot exclude the possibility that IGF2BP1 phosphomimetic
mutants slightly impact the threshold concentrations close to the
phase boundary and this might affect the kinetics of granule for-
mation in this assay. To sum up, our data indicate that phosphomi-
metic mutations in the IGF2BP1 disordered linker regions impact the
formation of RNP condensates in opposing directions and in a
context-dependent manner.
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Protein dynamics in condensates impact fusion and growth and
affect condensate size®. Moreover, the dynamics of the condensate
components often correlate with their function”*®, We hypothesized
that the differences in the sizes and morphology of IGF2BP1 con-
densates formed by the phosphomimetic mutants might stem from
differences in the dynamics of IGF2BP1 molecules in the condensates.
Fluorescence recovery after photobleaching (FRAP) experiments mea-
sure protein diffusion and mobility in condensates and are widely used
to determine the nature of protein interactions in the condensates**°.
To test whether IGF2BP1 phosphomimetic mutants had different diffu-
sion dynamics in RNP condensates by FRAP experiments, we formed
IGF2BP1-RNA condensates with sub-stochiometric mCherry-tagged
IGF2BP1 and monitored the recovery of mCherry fluorescence in the
condensates after photobleaching. To decouple condensate growth
from fluorescence recovery and allow the formation of large con-
densates that are tractable for the FRAP measurements, we incubated
IGF2BP1 with RNAs for 90 min before performing the photobleaching
experiments. The FRAP data revealed that mCherry-IGF2BP1 fluores-
cence did not recover even 15 min after photobleaching, indicating that
IGF2BP1 formed stable complexes with RNAs in the condensates. The
long recovery time likely reflects the multivalent nature of IGF2BP1's
interaction with RNA, which results in high residence times and long-
lived interactions®. Consistent with this explanation, FRAP experiments
showed that similar to wild-type IGF2BP1, the condensates formed by
IGF2BP1 phosphomimetic mutants did not recover fluorescence inten-
sity even after 15 min (Fig. 3A).

We hypothesized that due to competition with other RNAs and
RBPs, IGF2BP1 might exhibit more dynamic interactions with RNAs in
a cellular environment. Therefore, we reconstituted IGF2BP1-RNA
granules under conditions that mimic the nature of RNP interactions
in a complex environment. It has been recently shown that supple-
menting mammalian cell lysates with G3BP1, the RBP that drives
stress granule assembly, results in the formation of RNP con-
densates, which closely resemble stress granules in protein and RNA
composition®. IGF2BP1 is a component of the stress granules, and we
used this method to reconstitute IGF2BP1-containing RNP con-
densates in cell lysates obtained from HEK293 cells expressing GFP-
tagged IGF2BP1. The addition of recombinant G3BP1 to cell lysates
induced the formation of condensates that were positive for GFP
fluorescence, indicating that recombinant G3BP1 leads to the for-
mation of IGF2BPl-containing RNP condensates in cell lysates
(Fig. 3B). We confirmed these results by adding recombinant
mCherry-tagged IGF2BP1 after the formation of stress granules. We
found that the mCherry-tagged IGF2BP1 was sequestered into G3BP1
induced-RNP condensates (Fig. 3B). We used this experimental setup
to assess the dynamics of wild-type mCherry-IGF2BP1 and its phos-
phomimetic mutants SI81E and Y396E in RNPs by FRAP experiments.
We found that wild-type IGF2BP1 formed condensates with a mobile
fraction of 68.8 % 100 min after the induction of RNP condensate
formation with a recovery half-time of 21.6 sec (Fig. 3C, D, Supple-
mentary Table 5). Intriguingly, FRAP experiments performed with the
IGF2BP1 SI181E mutant showed an almost two-fold increase in
recovery half-time (37.5s), and a slight decrease in the mobile frac-
tion (62.2 %) compared to the wild-type IGF2BP1. In contrast, the
IGF2BP1 Y396E mutant showed a faster recovery (15.5 s) and a slightly
higher mobile fraction (74.1 %) than the wild-type. These data
revealed that while the S181E mutant forms more stable interactions
in the RNP condensates, the Y396E forms more dynamic ones. These
data showed a correlation between the size of RNP condensates, the
mobility and dynamic population of IGF2BP1 wild-type and the
phosphomimetic mutants. Therefore, we hypothesize that the SIS1E
mutant forms a more stable interaction with RNAs, and the
decreased dynamics leads to the formation of smaller condensates
by the SI81E mutant. Instead, the Y396E mutant leads to increased
dynamics and results in the formation of larger condensates.

Phosphomimetic mutants impact the size and number of
IGF2BP1 RNP granules in cells

To study the impact of the phosphomimetic mutations on IGF2BP1’s
assembly into RNPs in cells, we established mammalian cell lines stably
expressing mCherry-tagged wild-type human IGF2BP1 or its phos-
phomimetic mutants using a lentiviral transduction approach. We
selected two mammalian cell lines for these experiments: U20S cells
(human osteosarcoma) and HCT116 cells (colon carcinoma cells).
HCTI116 cells do not express IGF2BP1. To exclude the possibility of
functional redundancy between IGF2BP paralogs, we knocked out
IGF2BP2/3 in HCT116 cells using CRISPR-cas9 gene editing (Supple-
mentary Fig. 6A). As IGF2BP1 expression levels might impact con-
densate formation, we used fluorescence-activated cell sorting (FACS)
to select cells that expressed mCherry-tagged wild-type IGF2BP1 and
its phosphomimetic mutants at similar levels. For the HCT116 cells,
we used FACS to select single clones to ensure similar expression
levels between wild-type and the mutants (Supplementary Fig. 6B, C,
Supplementary Data 2). In addition, we studied U20S cells due to
their extended morphology, which is well-suited for microscopy
experiments. To monitor stress granules and IGF2BP1 condensates
simultaneously, we used engineered U20S cells expressing GFP-
tagged stress granule marker G3BP1%. We picked a population of
U20S cells where mCherry-IGF2BP1 and its mutants were expressed
similarly to the wild-type protein levels (Supplementary Fig. 6D, E,
Supplementary Data 3).

We assessed whether, similar to the in vitro results, IGF2BP1
phosphomimetic mutants impact RNP condensate formation in cells
by studying IGF2BP1’s assembly into stress granules. Treatment of cells
with sodium arsenite resulted in stress granule formation, evidenced
by IGF2BP1 sequestration into G3BP1 positive RNP granules (Supple-
mentary Fig. 6F). Quantification of the number, size and total area of
mCherry-IGF2BP1 positive granules revealed that HCTI16 cells
expressing wild-type and phosphomimetic mutants showed similar
total granule area per cell (Fig. 3E, F, Supplementary Table 6, median
total area per cell, wild-type: 10.3um?2, SI81E: 10.3um?, Y396E:
10.2um?). Notably, the S181E mutant formed a higher number of
condensates per cell (Fig. 3G, Supplementary Table 6, mean con-
densate number, wild-type: 5.7, SI81E: 7.2) with a slightly smaller area
per condensate (Fig. 3H, Supplementary Table 6, median condensate
area, wild-type: 1.1 um?, S181: 1.0 um?) indicating that similar to what we
found in vitro, the SI81E forms smaller condensates in cells (Fig. 3H,
Supplementary Table 6). These results were similar in both HCT116 and
U20S cell lines, with the differences being more pronounced in the
HCT116 cell line. U20S cells expressing the S181E mutant showed a
lower total area of condensates and higher number of condensates
(Supplementary Fig. 6G-J, Supplementary Table 6, median total area
per cell, wild-type: 34.2 um?, SI8IE: 27.1ym?, mean number of con-
densates per cell, wild-type: 18.5, SI81E: 20.7). The IGF2BP1 Y396E
mutant did not display a large difference in size of the condensates but
showed higher number of condensates in HCT116 cells (Fig. 3E-H,
Supplementary Table 6, median condensate area, Y396E: 1.1 um?2, mean
condensate number per cell, Y396E: 6.3). Instead, condensates formed
by the Y396E mutant in U20S cells were smaller compared to
those formed by wild-type IGF2BP1 (Supplementary Fig. 6G-J, Supple-
mentary Table 6, median condensate area, wild-type = 0.98 um?,
Y396E = 0.80 um?). We speculate that the expression of the wild-type
IGF2BP1 and other IGF2BP paralogs, as well as cell-type dependent
differences in signaling cascades, could result in the heterogeneity
observed in U20S cells. Overall, we found that the S181E mutation
impacts the formation of IGF2BP1-containing granules in cells.

To further characterize the properties of IGF2BP1in RNP granules
in cells, we performed FRAP experiments in U20S cells expressing
mCherry-labeled wild-type IGF2BP1 and its phosphomimetic mutants,
S181E and Y396E. Both the SI8IE and the Y396E mutants displayed
reduced levels of dynamic population in stress granules compared to
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the wild-type IGF2BP1 (% dynamic population wild-type= 77.9,
S181E = 61.3 Y396E = 69.4) (Fig. 3l, Supplementary Table 7). This data
was inconsistent with the stress granules formed in the lysates, where
the Y396E mutant displayed a higher dynamic population than the
wild-type IGF2BP1 (Fig. 3D, Supplementary Table 5). In cells, the S181E
mutant showed similar recovery half-time as the wild-type IGF2BP1, in
contrast the Y396E recovered faster (Fig. 31, Supplementary Table 7, t1,

[s] wild-type=241.7, SI8IE = 240.0, Y396E = 151.3). We speculate that the
composition and the relative stoichiometry of the components in stress
granules formed in vitro compared to the ones formed in cells,
resulting in the differences observed here. Moreover, it is plausible that
stress-induced phosphorylation of the Y396E mutant at different
sites might contribute to the differences observed here. Altogether,
our data show that the IGF2BP1 phosphomimetic mutants impact
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Fig. 3 | Phosphomimetic mutants affect formation and dynamics of IGF2BP1
RNP condensates in cells. (A) Representative images of Fluorescence Recovery
After Photobleaching (FRAP) of condensates formed by 5 uM full-length IGF2BP1
wild-type, SI81E and Y396E and 5% mCherry-labeled IGF2BP1 constructs in the
presence of 5uM XBP1 36 nt RNA after 90 min incubation. Scale bar is 2 um. (B)
Schematic depiction of G3BPl-induced RNP granule formation in lysates and
representative images of the incorporation IGF2BP1 into RNP granules. Scale bar is
20 um. (C) Representative images of FRAP experiments with mCherry-IGF2BP1 wild-
type, SI81E and Y396E mutants in RNP granules after 100 min incubation. Scale bar
is 5um. (D) Recovery curves of FRAP experiments with mCherry-IGF2BP1 wild-type
(black), S181E (red) and Y396E (blue) mutants in G3BP1-induced granules after
100 min incubation. Data represented as mean with error margins indicating the
standard deviation. Curves represent the fit to a one-phase association equation
(see Materials and Methods). n =10 for wild-type, n =11 for S181E, n=13 for Y396E.
(E) Representative fluorescence images of fixed HCT116 cells expressing mCherry-

IGF2BP1 wild-type, SI8IE or Y396E. Cells were fixed 60 min after stress induction by
500 uM arsenite. Scale bar is 5 um. Quantification of condensates in HCT116 cells
represented as scatter plots: (F) total area of condensates per single cell (n =449 for
wild-type, n =741 for S181E, n =278 for Y396E, bar represents mean value; two-
tailed t-test was for statistical analyzes) (G) number of condensates per single cell
(bar represents mean value; two-tailed t-test was used to compare wild-type with
SI8IE (p < 0.0001) and Y396E) (H) area per condensate (bars represent the median
and 25 % and 75 % quartiles; two-tailed Mann-Whitney test was used to compare
wild-type with SI81E (p < 0.0001) and Y396E (p < 0.05)). (I) Recovery curves of
FRAP experiments of arsenite induced stress granules in U20S cells expressing
mCherry-IGF2BP1 wild-type (black), SISIE (red) and Y396E (blue). Represented as
mean, error margins indicate the standard deviation. Curves represent the fit to a
one-phase association equation. n =17 for wild-type, n=16 for S181E, n=14

for Y396E.

IGF2BP1 dynamics, thereby modulating the size of IGF2BP1 con-
densates in cells.

IGF2BP1 adopts a compact conformation in solution

We aimed to elucidate how the phosphorylation of IGF2BP1 at the
disordered linkers mechanistically impacts its condensation into RNP
granules. We hypothesized that linkers might contact each other or the
folded domains contributing to multivalency in condensates and
that phosphorylation of the linkers could affect these interactions.
Thus, we monitored the conformational status of IGF2BP1 by small-
angle X-ray Scattering (SAXS) analyzes. SAXS is a solution scattering
method that provides low-resolution structural information on the
overall shape of molecules. Analysis of SAXS scattering curves (Sup-
plementary Fig. 7A) showed that IGF2BP1 displays a maximal extension
(Dmax) of around 20 nm and a radius of gyration (Rg) of 4.18 nm. For
flexible molecules such as IGF2BP1, scattering curves represent an
average of conformational states sampled by the protein. The Kratky
plot of IGF2BP1 highlighted the presence of flexibility in the protein as
the curve does not converge to the s-axis (Supplementary Fig. 7B). This
is a consequence of a lack of structure in the linker regions. We further
analyzed SAXS data using the ensemble optimization method (EOM) to
extract information about those states®*. EOM generates a random
pool of structures based on the protein’s available structural data and
amino acid sequence. EOM then selects the ensemble of structures
that best fits the experimental SAXS data. To generate models for EOM
for IGF2BP1, we provided high-resolution structures for the individual
domains with the flexible linkers. The comparison of the radius of
gyration (Rg) and maximal distance (Dy,y) distributions of the random
pool of structures compared to the selected ensembles revealed that
the selected ensemble displayed more compact structures compared
to the random pool (Fig. 4A, B). These analyzes suggest that IGF2BP1 is
in a conformational equilibrium between extended and compact states
in solution, with a higher number of molecules found in the compact
state at any given time. These data also indicate the presence of low-
affinity intramolecular contacts within the molecule, leading to its
compaction.

Next, to assess whether phosphomimetic linker mutants impact
the overall conformation of IGF2BP1 in solution, we used SAXS ana-
lyzes. The SAXS data revealed that the scattering curves of the wild-
type IGF2BP1 were very similar to the phosphomimetic mutants
(Supplemenetary Fig. 7A). In line with this data, EOM analyzes of the
phosphomimetic mutants showed comparable distributions of Dyax
and R, values (Supplementary Fig. 7C, D). The similarity of Dy, and
R values indicated that wild-type IGF2BP1 and phosphomimetic
mutants share a comparable overall conformational ensemble. These
data revealed that the negative charges introduced to the disordered
linkers do not result in significant conformational changes in the
protein. As SAXS data provides low-resolution information on a
conformational ensemble, we next used orthogonal methods to

study the impact of phosphorylation on the conformation and self-
assembly of the linkers.

IGF2BP1 linkers do not form condensates in isolation
Disordered regions contribute to the phase separation of proteins.
Therefore, the phosphorylation of the linkers could regulate con-
densate formation through modulating self-association between these
regions. To monitor the condensation propensity of the linkers in
isolation, we performed coarse-grained Molecular Dynamic (MD)
simulations of the disordered linkers and their corresponding phos-
phomimetic mutants (Fig. 4C-D). We ran 10 ps long Martini 3% simu-
lations of 33 copies of the polypeptide chains of each linker in explicit
solvent. These MD simulations revealed that over a 10 us time scale,
neither the wild-type linker, nor the phosphomimetic mutants
assembled into clusters. A more detailed analysis of the intermolecular
contact interactions revealed that linker 2 has a slightly higher ten-
dency to engage in low-affinity, short-lived interactions. The wild-type
linker 1 and its phosphomimetic mutant show the same lack of inter-
molecular interactions (Supplementary Fig. 7E). Interestingly, the
phosphomimetic mutation in linker 2 significantly promotes the for-
mation of intermolecular interactions (Supplementary Fig. 7F). While
introduction of the phosphomimetic mutant Y396E to linker 2 does
not lead to condensate formation, it might provide an additional
source of low-affinity interactions to drive IGF2BP1 condensation with
a liquid-like behavior.

Our in vitro microscopy experiments showed that the linkers did
not form condensates at high protein concentrations (150 uM) even in
the presence of a crowding agent supporting the MD simulations
(Supplementary Fig. 7G). To dissect this further experimentally, we
performed Nuclear Magnetic Resonance spectroscopy (NMR) experi-
ments. For NMR analyzes, we produced “N-isotope labeled proteins.
'H-5N Heteronuclear Single Quantum Coherence (HSQC) experiments
revealed a small dispersion of backbone amide signals, thus validating
the disordered nature of the linker segments (Supplementary Fig. 8A-
D). We assessed the self-association of the isolated disordered linkers
by monitoring their NMR signal intensity at different linker con-
centrations. For monomeric non-self-associating molecules, NMR sig-
nal intensity increases linearly with increases in protein concentration.
In contrast, if the linkers stably associate with each other, this would
broaden the NMR signals and a drop in signal intensity. We acquired
HSQC spectra of the linker 1 at protein concentrations ranging from 25-
200 uM (Supplementary Fig. 8E). Our data revealed that the signal
intensity of the backbone amide groups increased linearly with
increased protein concentration, and there was no deviation from the
predicted intensities. These data indicated that linker 1 does not stably
self-associate under the conditions we tested. We made similar
observations with linker 2 under the same experimental conditions,
suggesting that both linkers do not form stable clusters or con-
densates under those experimental conditions (Supplementary
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polypeptide, depicted in different colors and sphere representation. Water and
ions are not shown for clarity. (D) Snapshot of coarse-grained Martini 3 Molecular
Dynamics simulations of linker 2 and its phosphomimetic mutant Y396E at 10 ps.
Each simulation box contains 33 copies of the polypeptide, depicted in different
colors and sphere representation. Water and ions are not shown for clarity. (E) Rg
probability density distribution of linker 1 and its phosphomimetic mutant during
MD simulations. (F) Rg probability density distribution of linker 2 and its phos-
phomimetic mutant during MD simulations.
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Fig. 8F). To sum up, together with the MD simulations, the NMR data
suggest that while the linkers do not drive phase separation on their
own, linker 2 phosphomimetic mutant Y396E might form low-affinity
contacts with other copies in trans. We anticipate that this might
contribute to the changes in the dynamics of the condensates formed
by Y396E mutant compared to the wild-type IGF2BP1.

IGF2BP1 linkers adopt an extended conformation

The amino acid properties of interdomain linkers determine their
effective solvation volume and impact the conformational space of
linear multi-domain proteins®. Importantly, linker compaction could
regulate phase separation properties in multi-domain proteins®. As
the linkers we tested did not have a propensity to self-associate, we
next tested whether they form short distance intramolecular contacts
that underlie the compaction we measured by SAXS analyzes. These
contacts might impact the phase separation propensity of IGF2BP1. In
MD simulations, we calculated the frequency of contacts formed
within the same polymer chain (intra-molecular, cis-interactions). The
contact maps obtained (Supplementary Fig. 9A, B) indicated that cis-
contacts are rarely established among residues separated by more
than four amino acids within the disordered linker 1 and linker 2, and
do not occur in the phosphomimetic mutants. These results highlight
how cis-interactions are sparse in the wild-type as well as in the
phosphomimetic mutants. We observed no long-range interaction
within the chains. This was reflected in the lack of trans-interactions in
our simulation box. In line with these observations, the distributions of
the R, of the linkers (linker 1 and linker 2) and the phosphomimetic
mutants in MD simulations revealed that both linker 1 and linker 2 and
their phosphomimetic mutants adopt expanded conformations with
similar median R values (Fig. 4E-F, Supplementary Table 8). Notably,
both linker 1and linker 2 display higher Rg values compared to an ideal
polymer (i.e., an Analytical Flory Random Coil)®” with perfectly
balanced polymer-solvent and polymer-polymer interactions and with
the same amino acid sequence for each linker. These higher Ry dis-
tribution values correspond to a polymer model where polymer-
solvent interactions are more prominent than polymer-polymer
interactions (Supplementary Fig. 9C,D). The MD simulations sug-
gested that the linkers form an extended solvent-exposed conforma-
tion. Based on these data and the NMR experiments, we excluded the
possibility that the differences in linker compaction led to the different
phase separation propensities observed for the IGF2BP1 phosphomi-
metic mutants.

The linkers form low-affinity interactions with the folded
domains and RNA

Besides compaction and self-association of the linkers, transient
interactions between the linkers and folded domains could lead to
the IGF2BP1 compaction observed in SAXS experiments. To test
whether the linkers can interact with the folded domains of the
protein, we performed 'H-"N HSQC experiments for the titration
series of the ®N-labeled linkers with the NMR invisible domains
(RRM1-2, KH1-2, and KH3-4). Interactions between the linkers and
domains are expected to induce chemical shift perturbations (CSPs)
and/or peak broadening, reducing signal intensity for amino acids
close to the interaction surface. We used a three-dimensional
sequential assignment strategy to assign the signals in the NMR
spectra of the linkers. We could unambiguously assign 70-80% of the
signals in both linkers.

The titration of linker 1 with the folded domains showed very
low CSPs (<0.015 ppm) that were consistently alike for both the
wild-type and S181E mutant protein (Fig. 5A, Supplementary Fig. 10A-
I). Therefore, we concluded that linker 1 does not interact with the
folded domains of the protein. Besides forming protein-protein
interactions, the disordered linkers could form contacts with RNA,
which could modulate the phase separation propensity of IGF2BP1.

The RGG motifs in RNA-binding proteins mediate RNA-protein
interactions®. Linker 1 contains an RGG-RG motif which is in the
vicinity of S181 that shows evolutionary conservation in mammals
and some vertebrate species (Supplementary Fig. 1A). Therefore, we
investigated whether linker 1 could contribute to protein-RNA
interactions by measuring HSQC spectra of linker 1 in the presence
of a model RNA (12xUG) that is recognized by RGG containing pro-
teins through formation of an RNA quadruplex®’ and a 10 nt RNA
derived from XBPI. Titration of the wild-type linker 1 with the 12xUG
RNA resulted in large chemical shift perturbations and a decrease in
signal intensity of the residues around the RGG-RG motif (G170, G172
and G175, Fig. 5B-D and Supplementary Fig. 10J, K). Notably, the lin-
ker 1 phosphomimetic mutant SI81E was impaired in binding to RNA,
evident in lower CSPs and a lower drop in the signal intensity around
the phosphorylation site upon its titration with the 12xUG RNA. We
observed similar, albeit weaker, CSPs of the identical residues upon
titration of the linker 1 with the 10nt XBPI RNA, indicating that this
RNA bound to linker 1 with a much lower affinity (Supplementary
Fig. 10L-P). The difference between the wild-type and the SI81E
mutant was more pronounced due to low-affinity interactions (Sup-
plementary Fig. 10L-P). Our data suggest that impairing non-specific
RNA binding by linker 1 via phosphorylation tunes the formation of
IGF2BP1-containing RNP condensates.

Next, we assessed whether linker 2 interacts with the folded
domains of IGF2BP1 through NMR experiments. The NMR analyzes
revealed that titration of wild-type linker 2 with RRM1-2 as well as the
KH1-2 domains showed small CSPs around aa S388-P395 (aa 388-
SSVTGAP-395) (CSP>0.015) (Supplementary Fig. 11A-F) indicating
that linker 2 interacts with these domains with a low affinity in the
millimolar range. Importantly, titration of the linker 2 phosphomi-
metic Y396E mutant with both domains displayed reduced CSPs in
this region. These data demonstrate that the Y396E mutation mod-
ulates the low-affinity binding of linker 2 to RRMI1-2 and KHI1-2
domains.

Titration of linker 2 with KH3-4 domains displayed the largest
CSPs observed for all folded domains, revealing that linker 2 most
strongly interacts with KH3-4 dimers (Fig. S5E-G, Supplementary
Fig. 11G-H). Nevertheless, the fluorescence anisotropy experiments
showed that a construct containing linker 2 and the KH3-4 domains
(linker 2-KH3-4) bound to RNA with a similar affinity to the KH3-4
domains alone. This result indicates that the low-affinity interaction
between linker 2 and the KH3-4 domains does not impair RNA binding
(Supplementary Fig. 111, Supplementary Table 2). The KH3-4 pseudo-
dimers bound to a largely hydrophobic region in linker 2 covering
Q361-F376 (aa 361-QSHLIPGLNLAAVGLF-376). Notably, of all IGF2BP1
domains, this segment only bound to KH3-4, emphasizing the speci-
ficity of this interaction. In addition, KH3-4 domains bound to a region
covering the Y396 phosphorylation site (aa V390-M400). The linker 2
Y396E phosphomimetic mutant showed reduced CSPs upon KH3-4
binding close to the mutation site, yet the interaction of KH3-4 with the
hydrophobic segment (aa Q361-F376) was not affected by the Y396E
mutation. In summary, linker 2 forms low-affinity contacts with KH3-4
pseudodimers, which are weakened in the Y396E phosphomimetic
mutant. Notably, MD simulations on linker 2 showed that the Y396E
mutant had an increased propensity to self-associate compared to the
wild-type protein. It is plausible that the reformation of the low-affinity
interaction network by the linker 2 impacts condensates formed by the
phosphomimetic mutant Y396E.

The NMR data revealed that while linker 1 binds to RNA, linker 2
forms low-affinity interactions with the folded domains in IGF2BP1, and
both interactions are modulated in the relevant phosphomimetic
mutants. We anticipate that these low-affinity interactions are more
pronounced in the condensed phase with high protein and RNA con-
centration (up to 20 mM)’°, resulting in the prominent effect of these
mutants in IGF2BP1 RNP condensates.
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Impairing low-affinity RNA interactions in linker 1 impacts
IGF2BP1 phase separation

Based on our NMR data, which showed that the RGG-motif-mediated
RNA interactions are weakened in the S181E mutant, we speculated that
the loss of low-affinity RNA-protein interactions in SI8IE impacts the
formation of RNP condensates. This model would predict that impairing
low-affinity RNA interactions mediated by the RGG motif in the linker 1

RNA [uM]

would phenocopy the S181E phosphomimetic mutant in its capacity to
form RNP condensates. To test this model, we impaired the interaction
of the RGG motif with RNAs by mutating four arginine residues at the
positions 167, 168, 174, and 178 to glutamine, and for simplicity, we
called this mutant IGF2BP1 RQ mutant (Supplementary Table 9). To
investigate the effect of the RQ mutations on the RNA binding by the
linker 1, we performed HSQC titration experiments with a model RNA
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Fig. 5 | Disordered linkers form low-affinity contacts to regulate IGF2BP1 phase
separation. (A) Amino acid sequence of wild-type linker 1 and linker 2. (B) Chemical
Shift perturbation (CSP) analyzes of *N-labeled wild-type linker 1 in the absence
(black) and presence of various concentrations of 12xUG RNA in “N-'H HSQC
experiments. (C) CSP analyzes of “N-labeled linker 1 SIS1E mutant in the absence
and presence of various concentrations of 12xUG RNA. (D) Select backbone amide
signals in the HSQC spectrum of wild-type linker 1 and the S181E mutant in the
absence and the presence of various concentrations of 122xUG RNA. (E) CSP analyzes
of ®N-labeled wild-type linker 2 in the absence and presence of different con-
centrations of KH3-4. (F) CSP analyzes of “N-labeled linker 2 Y396E mutant in the
absence and presence of various concentrations of KH3-4. (G) Representative sig-
nals of “N-labeled wild-type linker 2 and Y396E in the absence and presence of
100 uM KH3-4. (H) CSP analyzes of ®N-labeled linker 1 RQ mutant in the absence and
presence of various concentrations of 12xUG RNA. (I) Representative backbone

amide signals from the linker 1 RQ mutant in absence and the presence 200 uM of
12xUG RNA from HSQC spectra. (J) Fluorescence anisotropy experiments measur-
ing binding of wild-type IGF2BP1 (black) and IGF2BP1 RQ (purple) to 5-fluorescein
labeled XBP1 36 nt RNA. Data is represented as mean with error bars indicating the
standard deviation (n=3). The curves represent the fit of the Hill equation (see
Materials and Methods). X-axis is represented in log-scale. (K) Comparison of the
RNP granule formation of wild-type IGF2BP1 and (L) IGF2BP1 RQ in the presence of
XBP136 nt RNA after 90 min of incubation. The protein and RNA concentrations are
indicated in the figures. The valency of the protein (left) is depicted by the number
of folded domains. The valency of the RNA (bottom) is depicted as the number and
position of binding motifs. (M) Phase diagram of RNP granule formation of IGF2BP1
RQ with XBP1 36 nt RNA at different protein and RNA concentrations after 90 min
of incubation.
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Fig. 6 | Phosphorylation of IGF2BP1 in disordered linkers impacts RNP condensates. Model depicting how phosphorylation affects IGF2BP1 RNP condensates.

(12XUG). We showed that the RQ mutant linker 1 was abolished entirely
in binding to this model RNA (Fig. 5H, I, Supplementary Fig. 11)). The
EMSA data revealed that the binding of IGF2BP1 RQ mutant to the XBPI-
derived 201 nt-long RNA was not affected by the abrogation of low-
affinity protein-RNA interactions in the linker 1 (Supplementary
Fig. 11K, L, Supplementary Table 2). Accordingly, fluorescence aniso-
tropy experiments did not indicate any observable difference in the RQ
mutant’s affinity to the XBPI-derived 36 nt RNA (Fig. 5)).

Remarkably, compared to the IGF2BP1 wild-type, the RQ mutant
was largely impaired in RNP condensate formation in the presence of
the XBPI-derived RNA (Fig. 5K-M). This effect was even more notable
when we investigated the granule formation with the MYC-derived RNA
(Supplementary Fig. 11M, N) where we could not observe condensates
at any concentration used in these experiments. In summary, these
data show that abrogating low-affinity protein-RNA interactions of the
RGG/RG motif in linker 1 has no observable effect on the apparent
binding affinity but impacts the RNP granule formation. Notably, the
RQ mutant phenocopied the behavior of the S181E mutant, supporting
the notion that low-affinity RNA interactions through the linker 1 reg-
ulate phase separation of IGF2BP1.

Based on our data, we hypothesize that the proteotoxic stress-
dependent phosphorylation of S181 increases the rigidity and decrea-
ses the size of IGF2BP1-containing granules by abrogating low-affinity
protein-RNA interactions. In contrast, Y396E phosphorylation increa-
ses the dynamics and size of these condensates by modulating low-
affinity protein interaction networks (Fig. 6).

Disordered linkers contribute to RNA regulation by IGF2BP1
While phosphorylation of the disordered linkers was shown to con-
tribute to the posttranscriptional RNA regulation by IGF2BP1, our
knowledge has been limited to select targets. To have a global view of
the regulation of RNA metabolism by IGF2BP1 phosphorylation in cells,
we performed transcriptomics analyzes in HCT116 cells that solely
express wild-type mCherry-IGF2BP1 or its phosphomimetic mutants.
To identify whether the linker mutations impact IGF2BP1’s binding to
RNAs in an unbiased manner, we employed RNA immunoprecipitation
sequencing (RIP-seq) experiments under control conditions and upon
exposure of the cells to arsenite stress. We immunoprecipitated
mCherry-IGF2BP1 and its mutants (SI81E and Y396E) using RFP-TRAP
magnetic beads and isolated the associated RNAs for deep sequencing.
We used nonengineered HCT116 cells as a control to account for the
unspecific interaction of the cellular RNA with the beads. To determine
the possible function of low-affinity RNA interactions by the linker 1,
we engineered HCTI116 cells to express mCherry-IG2BP1 RQ mutant
using lentiviral transduction and characterized its binding to RNAs. To
circumvent differences in the transcriptome that might arise from
clonal selection, for those experiments, we selected a population using
a very narrow gate for mCherry signal in the FACS experiments to
ensure comparable expression levels of the wild-type mCherry-
IGF2BP1 and its mutants (Supplementary 12A, Supplementary Data 4).
The transcriptomics data showed that the levels of several RNAs
significantly (adjusted p-value <0.05) increased or decreased more
than 20% in HCT116 cells expressing IGF2BP1 mutants compared to the
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wild-type in control conditions and upon induction of stress via
arsenite treatment. These data validated the regulatory role of the
disordered linkers for IGF2BP1 function to control RNA metabolism in
cells. Principle component analyzes clustered mCherry-IGF2BP1 wild-
type with the RQ mutant, whereas mCherry-IGF2BP1 S181E mutant
clustered together with the Y396E mutant, underlining the regulatory
role of the distinct sites S181 and Y396 in the linkers (Supplementary
Fig. 12B, Supplementary Data 5).

The phosphomimetic mutants did not impact the RNA-binding
affinity of IGF2BP1 for several model RNA substrates in our in vitro
assays. While these assays are robust in providing quantitative infor-
mation on these select substrates, we sought to obtain a genome-wide
global overview of whether the phosphomimetic mutations impact the
RNA-binding capacity of IGF2BP1 in cells. We compared the RIP-seq
data from wild-type IGF2BP1 and its mutants toward this goal. To
define the high confidence IGF2BP1-binding transcripts, we set an
arbitrary cut-off of 4-fold enrichment of the IGF2BP1-bound RNAs
compared to the total RNA levels. Moreover, we set a threshold of
4-fold enrichment of RNAs in the RIP-seq data compared to the
background to eliminate unspecific RNA interactions. The RIP-seq
analyzes showed that wild-type mCherry-IGF2BP1 and its mutants
bound approximately 1400 RNAs under control conditions, aligning
with the published data (Supplementary Fig. 12C)*”". Gene Ontology
term analyzes of IGF2BP1-bound RNAs confirmed IGF2BP1’s regulatory
role in development and metabolism®7? (Supplementary Fig. 12D).
While 462 of these RNAs did not show stress-dependent differences in
their binding to IGF2BP1, approximately 1000 RNAs only bound to
IGF2BP1 during control conditions, and about 250 RNAs only during
arsenite treatment (Supplementary Fig. 12E). These analyzes revealed
that the arsenite stress impacts IGF2BP1’s interaction with select RNA
targets. Notably, the IGF2BP1 mutants bound to a largely overlapping
set of RNAs as the wild-type protein under control conditions
(1200 shared target RNAs), while only 200 RNAs interacted with either
wild-type IGF2BP1 or the linker mutants (Supplementary Fig. 12E).

The differences in the RNA expression levels might impact
IGF2BP1 binding to RNA. To circumvent this problem, we defined an
RNA-binding score by normalizing the RIP-seq levels to the RNA-seq
levels. The fold-change in the RNA-binding score for mCherry-IGF2BP1
versus its mutants revealed a set of RNAs differentially binding to wild-
type or mutant IGF2BP1 (Fig. 7A, Supplementary Data 5). In general, the
phosphomimetic mutants bound to fewer RNAs during arsenite stress
compared to the wild-type IGF2BP1 (Fig. 7A, Supplementary Fig. 12E).
The IGF2BP1 RQ mutant showed less regulatory potential, where the
mutation only impacted IGF2BP1’s interaction with a small number of
RNAs (Fig. 7A, Supplementary Fig. 12E). Our analyzes revealed that
while wild-type IGF2BP1 and its mutants bind to similar RNAs, the
differences are instead in the “strength” of binding. Importantly, in
most cases, the mutants showed decreased binding to the RNA targets
compared to the wild-type IGF2BP1 (Fig. 7A, B, Supplementary
Fig. 12E).

Intriguingly, the differentially regulated targets by the phospho-
mimetic mutants included several RNAs with a regulatory potential
(Fig. 7B). For example, the Y396E phosphomimetic mutant showed
largely impaired RNA-binding to the canonical IGF2BP1 target RNA
HMGA2, where the other mutants showed similar binding efficiency as
the wild-type protein. In contrast, all the mutants showed impaired
interaction with the PABPC1 and PHC3 mRNAs compared to the wild-
type IGF2BP1 (Fig. 7B). Interestingly, unlike most RNAs that showed
decreased binding to IGF2BP1 during arsenite stress, select RNAs,
including GARS], showed preferential IGF2BP1 binding under stress
conditions (Fig. 7B). We also observed increased binding capacity of
the linker mutants to a small group of RNA targets (see CCDC127)
compared to the wild-type IGF2BP1. To sum up, our data show distinct
differences in RNA-binding properties of the IGF2BP1 phosphomimetic
mutants in cells.

While for select RNAs, the changes in the IGF2BP1 binding effi-
ciency correlated with a decrease in the RNA levels, for others,
increased IGF2BP1 binding led to target destabilization (see LIPA,
Fig. 7B), suggesting that IGF2BP1-binding causes opposing outcomes
for its targets. Importantly, the changes in IGF2BP1-binding did not
lead to changes in the RNA levels for several RNAs. IGF2BP1 regulates
the stability, translation, and localization of its targets®***”>. One
possible explanation for these results might be that IGF2BP1 regulates
the translation or localization of those targets. These data also suggest
that the significant differences in the transcriptome in cells expressing
IGF2BP1 mutants compared to the wild-type IGF2BP1 are the con-
sequence of the remodeling of the transcriptome by a subset of
IGF2BP1 RNA targets that encode for proteins involved in the regula-
tion of transcription or RNA metabolism, such as HMGA2 and PABPC1.
In summary, our data validate the regulatory potential of the dis-
ordered linkers in controlling RNA metabolism in cells.

Discussion

Posttranslational modifications (PTMs) regulate protein function in a
reversible, tunable manner that allows exquisite spatiotemporal
control™®. PTMs regulate many RBPs by modulating target RNA bind-
ing, interaction with partners, or subcellular localization, thereby
contributing to the control of RNA metabolism in cells””’. It has
become increasingly clear that PTMs regulate assembly of RBPs into
biomolecular condensates by phase separation. Using mass spectro-
metry, we mapped steady-state and stress-induced phosphorylation
sites in IGF2BP1.

Targeted proteomics identified stress-dependent phosphoryla-
tion sites in IGF2BP1. Apart from the S181 site, whose phosphorylation
decreased approximately two-fold during ER stress, ER stress only
mildly impacted the phosphorylation status of IGF2BP1. Notably, the
oxidative stress increased phosphorylation at various sites throughout
the protein, including a two-fold increase in S181 phosphorylation,
revealing the context-dependent nature of this phosphorylation event.
IGF2BP1 residue S181 was previously proposed to be phosphorylated
by mTORC2**, Importantly, recent data also predicted that the
S181 site is phosphorylated by the CMKG kinase family”. Several
members of the CMGC kinase family are activated during oxidative
stress, and the family member DYRK3 partitions to stress granules and
regulates their disassembly’. Under the induced ER stress conditions
used here, cells did not form stress granules, suggesting their forma-
tion might be necessary for stress-induced IGF2BP1 phosphorylation at
this site. Apart from prominent S181 phosphorylation (64% of the total
protein pool), most of the identified phosphorylation sites in IGF2BP1
were only modified at sub-stoichiometric levels (<1%). Those sites
might be regulated in a spatial or cell-type-specific manner and could
be present at a higher frequency in other cell types.

In the absence of RNA, purified IGF2BP1 displayed mono-
disperse, monomeric behavior. In contrast, in the presence of RNAs
with multiple IGF2BP1-binding motifs, IGF2BP1 assembled into RNP
condensates. By systematically analyzing IGF2BP1 truncation
mutants, we revealed that the KH3-4 domains in IGF2BP1 drive the
formation of RNP condensates. These data align with experiments in
which only RNA-binding mutants of KH3-4 domains impaired IGF2BP
assembly into stress granules in cells*’. Minimal IGF2BP1 RNP con-
densates consisting of RNA and IGF2BP1 were highly rigid due to the
multivalent interaction of the RNA with the multidomain IGF2BP1.
Like other biological systems involving multidomain RBPs that
mediate specific multivalent engagement with RNAs, we anticipate
that IGF2BP1 RNP condensates form via phase separation coupled to
percolation®*®, Notably, while full-length IGF2BP1 formed droplets,
KH1-4 domains formed meshed networks. These data showed that
binding KH1-4 domains to RNAs mainly results in percolation without
phase separation. These data revealed that RRM domains contribute
to the coupling of percolation with phase separation, ultimately
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Fig. 7 | Phosphomimetic mutants impact IGF2BP1’s interaction with RNA

in cells. (A) Volcano plots showing changes in total transcriptome (RNA-Seq),
IGF2BP1-bound transcript levels (RIP-Seq) and IGF2BP1 mRNA binding (RIP-Seq
normalized to RNA-Seq) in HCT116 cells expressing mCherry-IGF2BP1 mutants
S181E, Y396E, and RQ comparing to mCherry-IGF2BP1 wild-type. Arsenite stress was
induced with a 2-hour treatment with 500 uM of sodium arsenite. Differentially
regulated genes (fold change compared to the wild-type more than 20% with

‘ S181E

‘ Y396E

edgeR glmQLFTest'” FDR-adjusted p value less than 0.05, n =3 biological repli-
cates) are highlighted, and their number is indicated in a figure. (B) RNA-Seq
and RIP-Seq counts per million (CPM) graphs for selected genes. n =3 biological
replicates, data are shown as boxplots with all individual data points (center is
a median, bounds of box are Q1 and Q3, and whiskers extend to +1.5 x IQR,

all individual data values are shown as dots). Source data are available in
Supplementary Data 5.

O parental cells

leading to condensate formation. Our data suggest that the com-
peting non-specific interactions of the highly promiscuous RRM1-2
pseudodimers increase the dynamics in RNA-protein interactions in
IGF2BP1 condensates. In line with these observations, IGF2BP1 RNP
condensates formed in vitro in cell lysates displayed increased
dynamics compared to the RNP condensates reconstituted from
minimal components. We anticipate that other RBPs compete with
the available RNA-binding sites in cells, weakening the interactions
between RBPs and RNAs and increasing the dynamics of RNA-protein
interactions within condensates.

Systematic biochemical analyzes with truncation and point
mutants revealed that the IGF2BP1 KH3-4 domains bind to RNA with
the highest affinity, with KH3 showing the most substantial contribu-
tion. In contrast to what was shown for the IGF2BP1 chicken homolog
ZBP1, we did not observe the looping of RNA around the KH3-4
domains, which results in an avidity effect by increasing the effective
concentration for interactions with the second binding site for both
the ACTB- and XBPI-derived RNAs***, However, we observed an avidity
effect driven by the multivalent binding of the KH3-4 and KH1-2
domains to RNA. Importantly, RNA-binding mutants of the KH3 and
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KH4 domains in full-length IGF2BP1 are bound tightly to RNA through
multivalent interactions driven by RRM1-2 and KH1-2 domains. These
data support earlier findings for the IGF2BP3 paralog, underlining the
importance of combinatorial recognition of the IGF2BP targets®>*. We
propose that the KH3-4 domains dock onto the RNA with a medium
affinity and fast kinetics, and an avidity effect driven by the KH1-2 and
RRMI-2 domains increases the affinity and specificity of IGF2BP1
binding to its targets. Phosphomimetic mutants of IGF2BP1 linkers
bound to short model RNAs containing two IGF2BP1 binding motifs
with an affinity similar to the wild-type protein. Notably, phosphomi-
metic mutants showed slight differences in their binding to the 200 nt-
long EIF2A- and XBPI-derived RNAs but not for the MYC-derived RNA in
EMSA. These data suggested the possibility of RNA-dependent differ-
ences in IGF2BP1-RNA interactions depending on phosphorylation.
Altogether, our data converge on the model that linker phosphoryla-
tion does not abolish IGF2BPI’s interaction with RNAs, yet might
modulate IGF2BP1-RNA assemblies in cells as proposed earlier’*.

Combining cell biology and in vitro reconstitution methods, we
found that IGF2BP1 phosphomimetic mutations introduced to the
disordered linkers (S181, Y396) modulate its assembly into RNP gran-
ules. Intriguingly, while phosphomimetic mutant SI8IE at linker 1
decreases the dynamics and the size of IGF2BP1 RNP condensates,
phosphomimetic mutant Y396E showed an opposite effect in vitro
highlighting the regulatory potential of these sites. Notably, the
phosphomimetic mutants did not largely impact the critical con-
centration of protein and RNAs for phase separation. This aligns with
our findings that RNA interactions with folded domains drive IGF2BP1
phase separation. Using structural methods, we dissected how phos-
phomimetic mutants modulate the conformational state of IGF2BP1
and, thereby, the formation of RNP condensates. We hypothesized that
linkers might be regulating IGF2BP1 condensation by three possible
mechanisms: (i) self-association, (ii) interaction with folded domains,
or (iii) interaction with RNAs. The NMR experiments, in vitro recon-
stitution, and MD simulations showed that linker 1 and linker 2 do not
display a propensity to form condensates by themselves. Notably, the
probability contact map derived from the MD simulations showed that
linker 2 forms short-lived contacts with other linker 2 copies in trans,
and the Y396E mutant showed an increased number of contacts
compared to the wild-type, indicating that the mutation increases the
propensity of linker 2 to self-associate. In addition, using NMR spec-
troscopy, we found that linker 2 forms low affinity contacts with all the
folded domains in IGF2BP1, showing the strongest binding to the KH3-
4 dimers. Notably, all folded domains bound weakly to the C-terminal
segment (aa V390-M400) in linker 2 covering the Y396 phosphoryla-
tion site and those interactions were impaired for the Y396E phos-
phomimetic mutant. Those data uncovered that the molecular
contacts between linker 2 and the folded domains were partially
impaired in the Y396E mutant. Together with the MD simulations,
these data suggest that the low-affinity interaction network of the
linker 2 is rewired for the Y396E phosphomimetic mutant. The in vitro
FRAP experiments showed that the IGF2BP1 Y396E mutant is more
dynamic in condensates than the wild-type protein, consistent with the
droplet-like morphology of the Y396E condensates. Our data suggest
that changes in the low-affinity interaction networks formed by linker 2
increase IGF2BP1 dynamics in RNP condensates and facilitate con-
densate formation, resulting in the larger condensates we observed
in vitro. Notably, the IGF2BP1 Y396E mutant expressed in cells formed
smaller condensates with reduced dynamics. Increased compositional
heterogeneity and complexity of the RNPs in cells compared to the
in vitro experiments might cause these differences compared to the
in vitro results.

The NMR experiments revealed that while linker 1 does not
interact with folded domains of the IGF2BPI, it formed low-affinity
contacts with RNA through its RGG/RG motif. We propose that these
low-affinity contacts increase the dynamics of IGF2BP1 in the RNP

condensates. Significantly, these low-affinity interactions were
impaired in the phosphomimetic mutant S181E. In vitro FRAP experi-
ments showed that IGF2BP1 S181E displayed lower mobile fraction and
dynamics than wild-type protein, indicating that it forms more stable
assemblies in the condensates compared to the wild-type IGF2BP1. Our
results converge on the model that IGF2BP1 S181 phosphorylation
impairs low-affinity non-specific interactions of the linker with the
RNA. Lack of competing low-affinity interactions result in more stable
binding of S181E with RNA in the condensates, observed as decreased
dynamics of IGF2BP1 in FRAP experiments. We speculate that
decreased dynamics interfere with condensate growth and lead to the
formation of smaller condensates, which we observed in vitro and cells
for the S181E mutant. While phosphomimetic mutations do not com-
pletely recapitulate the biophysical properties of the phosphorylation
of serine or tyrosine residues, perturbing the amino acid composition
of the linker by a single point mutation has profound effects on
IGF2BP1-RNP formation in vitro and in cells. Future studies using
genetic code expansion to introduce phosphorylated residues at dis-
tinct sites in IGF2BP1 might reveal whether there are distinct differ-
ences between phosphorylation compared to the phosphomimetic
mutants introduced here”.

Remarkably, the RIP-seq analyzes revealed that compared to the
wild-type IGF2BP1, the phosphomimetic mutants were less efficient in
binding to thousands of target RNAs, with a more substantial effect
observed during arsenite stress. Using genome-wide transcriptomics
approaches, we found that the expression of IGF2BP1 phosphomimetic
mutants in mammalian cells resulted in significant changes in the
expression levels of several IGF2BPl-target RNAs. While we lack
IGF2BP1 separation-of-function mutants to precisely decipher the role
of RNP condensate formation in regulating mRNA metabolism, our
data show the functional importance and the regulatory capacity of
the linker regions for IGF2BP1-dependent posttranscriptional regula-
tion in cells. In addition to phosphorylation, RGG sequences are
methylated by protein arginine methyltransferase 1 (PRMT1), which
can impact RNA binding of linker 1%°. Therefore, the linkers might be
subjected to more intricate regulation in cells in a context and tissue-
specific manner.

Our findings highlight a highly tunable regulatory mechanism
where modulation of low affinity interactions through phosphoryla-
tion could, in turn, impact the physical properties of RBPs in RNP
condensates as observed for other systems*””#!, Our data exemplify
how the effects of PTMs are amplified in the condensate environment,
thus providing an increased regulatory capacity to control biomole-
cular interactions in membrane-less organelles.

Methods

In vitro construct cloning

All mCherry-IGF2BP1 constructs were cloned into a pET-47 plasmid
with an N-terminal mCherry using Gibson assembly. Single point
mutations were generated through site-directed mutagenesis as well
as Gibson assembly. IGF2BP1 (Uniprot: Q9NZI8) mutation involved
changing the wild-type Ser181 or Tyr396 residues to glutamic acid. In
order to establish U20S and HCT116 cell lines stably expressing
IGF2BP1, a vector that contains hPGK promoter was used. The pro-
moter, together with Nhel restriction site was introduced into
the pLX303 expression vector using Xhel and Bsrgl restriction
enzymes. mCherry-tagged mutants of IGF2BP1 were amplified with
pLX303_IGF2BP1_R(5-CTCGCTAGCTCACTTCCTCCGTGCC-3)and
pLX303_ mCherry F  (5-CTCACCGGTGCCACCATGGTGAGCAAGG-3)
primers and incorporated into the modified pLX303 using the Agel and
Nhel restriction sites. Sequencing confirmed IGF2BP1 integration.

Cell culture
U20S cell lines used in this study were grown in DMEM high glucose
medium (Sigma) with 10% Fetal Bovine Serum (Gibco), 2mM
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Glutamine (Sigma), 1% Pen/Step (Sigma). HCT116 conditionally
expressing Tet-OsTIR1 were obtained from Masato Kanemaki Lab
(Natsume et al. 2016) and grown in McCoy’s 5A (Modified) medium
supplemented as above. The cells were maintained at 37 °C, with 5%
CO02, and were used for all biochemical experiments, live cell imaging,
and Immunofluorescence. The cells were tested for mycoplasma
contamination which was not detected.

Establishment of IGF2BP2 and IGF2BP3 knockout cell lines

For knockout cell line generation, gRNA sequences (IGF2BP2: 5-GA
GCTGCCGGAGGTCGTCGG-3’; IGF2BP3: 5-ACGCGTAGCCAGTCTTCA
CC-3’) were cloned into the pSpCas9 (BB)-2A-GFP (PX458) (plasmid
#48138; Addgene, (Ran et al. 2013)). Cells were transiently transfected
using jetOPTIMUS reagent (Tamar, 101000051) and GFP-positive sin-
gle-cell clones were FACS sorted at BD FACSAria Illu at Max Perutz Labs
BioOptics FACS Facility.

Mass spectrometry- Sample Preparation

For mass spectrometry of IGF2BP1, we used HEK293T cells expressing
IGF2BP1 tagged with split-GFP at the endogenous locus. These cells were
the kind gift of Manuel Leonetti (Chan Zuckerberg BioHub, USA®).
Briefly, the cells were generated by integrating GFP"' into
HEK293T cells by lentiviral integration. This cell line was then used to
introduce GFP" into the IGF2BP1 using CRISPR-Cas9 gene editing
approaches®. For the immunoprecipitation experiments, HEK293T cells
were treated with the respective diluent as a control (DMSO for thap-
sigargin and tunicamycin or PBS for sodium arsenite). To induce stress,
cells were treated with 250 uM sodium arsenite for 1 and 2 h, with 5 pg/
mL tunicamycin for 4 h and with 250 nM thapsigargin for 1.5 and 4 h.
IGF2BP1 was immunoprecipitated from HEK293T cells by GFP-trap
magnetic beads (ChromoTek). The cells were lysed using cold lysis
buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 0.1% SDS,
0.5% Triton X-100, 0.2% Deoxycholate, 2x Complete™, EDTA-free Pro-
tease Inhibitor Cocktail (Roche), 0.5mM PMSF and 1x PhosSTOP™
phosphatase inhibitor (Roche)). 25uL of bead slurry was used for
around 50 million HEK293T cells. The lysate was incubated with the
GFP-trap beads for 2h at 4°C to allow binding of the protein. After
binding, the beads were washed 5 times with 1 mL of ice-cold wash
buffer (20 mM HEPES, 500 mM NaCl, 0.5mM EDTA, 0.1% SDS, 0.5%
Triton X-100, 0.2% Deoxycholate, 1x Complete™, EDTA-free Protease
Inhibitor Cocktail (Roche)). Protein was eluted in 50 pL of 1x SDS sample
buffer (50 mM Tris-HCI pH 6.8, 2% SDS, 0.1% Bromophenol blue, 10%
glycerol+ 20 mM DTT) at +70 °C for 10 min. The eluate was loaded on
SDS-PAGE and stained by Colloidal Coomassie®. The band corre-
sponding to IGF2BP1 was cut and subjected to mass spectrometry
analyzes at the Max Perutz Labs Mass Spectrometry Facility.

For mass spectrometry of IGF2BP3, HEK293T cells expressing
IGF2BP3-tagged with split-GFP at the endogenous locus and HCT116
cells were used. IGF2BP3 from HEK293T split-GFP cell lines were
immunoprecipitated under same experimental conditions as IGF2BP1.
For the immunoprecipitation experiments, both cell lines were treated
with DMSO or PBS as control. To induce stress, cells were treated with
250 uM of sodium arsenite for 1 or 2 hours, or 250 nM of thapsigargin
for 1.5 or 4 hours or 5 ug/ml tunicamycin for 4 hours. For mass spec-
trometry of IGF2BP3 from HCTI16 cells, we used antibodies
against endogenous IGF2BP3. For immunoprecipitation three 15cm
(diameter) dishes of 60% confluent HCT116 per condition (around
50 million cells) were washed in ice-cold PBS, scraped, pelleted, and
resuspended in 750 pL of ice-cold lysis buffer (25 mM HEPES pH 7.3,
150 mM Nacl, 0.5% NP-40, 0.5 mM EDTA, 10% Glycerol, 0.1% SDS, 0.2%
Sodium Deoxycholate, 2x Complete™, EDTA-free Protease Inhibitor
Cocktail (Roche), and 1x PhosSTOP™ phosphatase inhibitor (Roche)).
Cells were lysed by incubation with the lysis buffer on ice for 15 min
with intermittent vortexing and passing the cell suspension three
times through a 25 G needle. The lysate was clarified using two-step

centrifugation for 5min at 1,000 g and for 15min at 13,000g, and
treated with 1 U/puL RNase T1 (Thermo Scientific) rotating at room
temperature for 15 min. For IP from three 15 cm (diameter) dish 30 pg
of anti-IGF2BP3 antibody was coupled to Dynabeads in 1pg: 4L
antibody: beads ratio. We used the MBL antibody (RNOO9P, lot 005)
for the samples treated with tunicamycin and the respective 0.001%
DMSO controls, and the Proteintech (14642-1-AP, lot 00090203)
antibody for the thapsigargin, 0.0002% DMSO, arsenate and untreated
control samples. The lysates were rotated at +4 °C for 4 hours for the
IP. The unbound fraction was removed using a magnetic rack and the
immunoprecipitated complexes were washed five times in 1 mL of ice-
cold high salt wash buffer (25 mM HEPES pH 7.3, 400 mM NaCl, 0.5%
NP-40, 0.5mM EDTA, 10% Glycerol, 1x protease inhibitors cocktail)
with 3-min incubations on ice. Protein was eluted in 50 uL of 1x SDS
sample buffer (50 mM Tris-HCI pH 6.8, 2% SDS, 0.1% Bromophenol
blue, 10% glycerol) without DTT at +70 °C for 10 min. DTT at 20 mM
concentration was added to the collected eluates and the samples
were heated at +70 °C for 10 min. Samples were separated by SDS-
PAGE and stained with colloidal Coomassie. The band corresponding
to IGF2BP3 was cut from the gel and submitted for tandem mass
spectrometry at the Max Perutz Labs Mass Spectrometry Facility.

Mass Spectrometry - Sample processing

Coomassie stained gel bands were excised, cut into small pieces and
destained with a mixture of acetonitrile (ACN) and 50 mM ammonium
bicarbonate (ABC). After shrinking the gel pieces in ACN, 20 mM
dithiothreitol (DTT) was added to reduce disulfide bridges. After
washing with ABC and ACN, free SH-groups were subsequently alky-
lated in 50 mM iodoacetamide. The in-gel digestion with trypsin was
carried out overnight at 37 °C and was stopped by adding 10% formic
acid to an end concentration of approximately 5%. Peptides were
extracted from the gel with 5% formic acid by repeated sonication.

Mass Spectrometry - Nano LC-MS/MS Analysis

Peptides were separated on an Ultimate 3000 RSLC nano-HPLC system
using a pre-column for sample loading (Acclaim PepMap C18, 2 cm x
0.1mm, 5 pm), and a CI8 analytical column (Acclaim PepMap C18,
50cm x 0.75mm, 2 pum, all HPLC parts Thermo Fisher Scientific),
applying a linear gradient from 2% to 35% solvent B (80% ACN, 0.08 %
formic acid; solvent A 0.1 % formic acid) at a flow rate of 230 nL/min
over 60 min. Eluting peptides were analyzed on a Q Exactive HF-X
Orbitrap mass spectrometer coupled to the HPLC via Proxeon nano-
spray-source (all Thermo Fisher Scientific) equipped with coated
emitter tips (New Objective).

The mass spectrometer was operated in data-dependent acquisi-
tion mode. Survey scans were obtained in a mass range of 375-1500 m/
z with lock mass on, at a resolution of 120000 at 200 m/z and a nor-
malized AGC target of 3E6. The 10 most intense ions were selected with
an isolation width of 1.6 m/z, for max. 200 ms at a normalized AGC
target of 1ES5, and then fragmented in the HCD cell at 28% normalized
collision energy. MS/MS Spectra were recorded at a resolution of
30000. Peptides with a charge of +1 or >+6 were excluded from frag-
mentation; the peptide match feature was set to “preferred” and the
exclude isotope feature was enabled. Selected precursors were dyna-
mically excluded from repeated sampling for 30 s.

For the parallel reaction monitoring (PRM) analysis survey scans
were acquired in a mass range of 375-1500 m/z with lock mass off, at a
resolution of 30000 at 200 m/z and a normalized AGC target of 3E6.
The PRM parameters - precursor m/z and retention time - were built
based on the gel samples measured with DDA. Precursors of 33 pep-
tides of interest (14 phosphorylated peptides and their unmodified
counterparts plus 5 reference peptides) were isolated in a 0.7 m/z
window and fragmented with 28% HCD collision energy. Orbitrap
resolution was set to 30000, the normalized AGC target to 2E5. Max-
imal injection time for modified peptides was set to 200 ms.
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MS data analysis for identification of phosphorylation sites

The RAW MS data were analyzed with FragPipe (20.0), using MSFragger
(3.8)®, lonQuant (1.9.8)*, and Philosopher (5.0.0)¥. The default FragPipe
workflow for label free quantification (LFQ-MBR) was used, except that
“Add MaxLFQ”, “Match between runs (MBR), and “Normalize intensity
across runs” were turned off. Cleavage specificity was set to Trypsin/P,
with two missed cleavages allowed. The protein FDR was set to 1%. A
mass of 57.02146 (carbamidomethyl) was used as fixed cysteine mod-
ification; methionine oxidation, protein N-terminal acetylation, and
serine/threonine/tyrosine phosphorylation were specified as variable
modifications. MS2 spectra were searched against the H. sapiens refer-
ence proteome from Uniprot (Proteome ID: UPO00005640, release
2023.03) containing 20598 entries, concatenated with a database of 379
common laboratory contaminants (in house database).

Computational analysis was conducted using Python along with
two in-house Python libraries, “MsReport” (version 0.0.20) and
“XIsxReport” (version 0.0.6)%. To compile a list of confidently identi-
fied phosphorylation sites for IGF2BP1, IGF2BP2, and IGF2BP3, we
utilized the individual “ion.tsv” tables generated by FragPipe. Initially,
the ion tables were concatenated and non-phosphorylated peptide
ions were filtered out. Subsequently, multiple phosphorylated peptide
ions were selected, and separate entries were generated for each
phosphorylated site by duplication. The specific site localization
probability was then extracted for each of the duplicated site entry.
Entries with a peptide probability lower than 95% or a phosphorylation
site localization probability less than 80% were removed. The expan-
ded ion table was summarized by aggregating entries of individual
phosphorylation sites, and the best peptide probability and site loca-
lization probability for each site were extracted. Total spectral counts
were calculated as the sum of all PSMs (peptide spectrum matches)
identifying specific phosphorylation site, excluding LC-MS runs with
PRM measurements.

MS data analysis of PRM measurements for phosphorylation site
quantification

LC-MS runs with PRM measurements were analyzed in Skyline
(22.2.0.351)*. A list containing the 33 peptides targeted by PRM and
the raw LC-MS files were imported into Skyline. All peptides and their
transitions were validated manually based on retention time, relative
ion intensities, and mass accuracy. Extracted ion chromatograms
(XICs) were generated for the product ions of all selected peptides,
and peak areas were exported from Skyline. The intensity of each
peptide was calculated by summing the XICs of the three most intense,
interference-free transitions. Subsequently, peptide intensities across
different samples were normalized using four reference peptides.
First, the sum of the reference peptide intensities was calculated for
each sample. Next, these summed intensities were divided by the
average across all samples to derive normalization factors. Finally,
peptide intensities of each sample were divided by the respective
normalization factor. To ensure reliable data, peptides with incom-
plete quantification or exhibiting an average coefficient of variation
exceeding 2 between the two replicates were excluded from further
analysis. The intensities of modified peptides covering the same
phosphorylated protein site were summed to create site-level inten-
sities. The intensities of the corresponding unmodified peptide
counterparts of each site were also summarized to create site level
counter intensities. Estimated site occupancy was calculated as “Site
intensity” / (“Site intensity” + “Counter intensity”) * 100. For plotting,
site-level intensities were log2 transformed and normalized to the
average intensity of the respective control samples.

In vitro phosphorylation of IGF2BP1 by Src kinase

5uM IGF2BP1 full-length wild-type were incubated with 0.5uM Src
(Merck 23-042), 1 mM ATP, 2 mM MgCl,, 150 mM NacCl, 25 mM HEPES
pH 7.3 and 0.5 mM TCEP for 2 h at room temperature. Control sample

was incubated without Src. Samples were subsequently flash frozen in
liquid nitrogen.

ProAlanase digest of recombinant Src-treated IGF2BP1 for LC-
MS/MS peptide mapping

1.5 ug of purified recombinant IGF2BP1 were denatured in 6 M urea and
50 mM TEAB, pH 8. Disulfide bridges were reduced with 10 mM
dithiothreitol and free thiols subsequently alkylated with 20 mM
iodoacetamide. Remaining iodoacetamide was quenched with 5mM
DTT before adjusting the pH to 1.5 using 30 mM HCI - this step also
diluted the urea concentration to 0.3 M to allow for efficient digestion.
ProAlanase (Promega) was added in a 1:50 ratio of enzyme to protein
and the sample incubated at 37°C for 1.5 h. The resulting peptides
were digested using C18 Stagetips®.

ProAlanase digest of immuno-enriched IGF2BP1 for LC-MS/MS
peptide mapping

For the ProAlanase digestion analysis, cells were treated as described
in “Mass spectrometry- Sample Preparation”. Control, thapsigargin
and arsenite treated cells were prepared in duplicates. After removing
the final wash, the beads were resuspended in 1M urea in 50 mM
ammonium bicarbonate. Disulfide bridges were reduced with 10 mM
DTT and free thiols subsequently alkylated with 20 mM iodoaceta-
mide. Remaining iodoacetamide was quenched with 5mM DTT.
100 mM glycine was added to the beads until pH 2 was reached and the
urea concentration was diluted to 0.3 M. 300 ng ProAlanase (Promega)
were added to the beads and incubated for 2 h at 37°C. The super-
natant was desalted using C18 Stagetips®.

Nano LC-MS/MS analysis of ProAlanase digested samples
Peptides were separated on a Vanquish Neo nano-flow chromato-
graphy system (Thermo Fisher), using a trap-elute method for sample
loading (Acclaim PepMap C18, 2cm x 0.1mm, 5 um, Thermo Fisher),
and a C18 analytical column (Acclaim PepMap C18, 50 cm x 0.75 mm,
2 um, Thermo Fisher), applying a segmented linear gradient from 2% to
35% and finally 80% solvent B (80 % acetonitrile, 0.1 % formic acid;
solvent A 0.1 % formic acid) at a flow rate of 230 nL/min over 60 min.

Eluting peptides were analyzed on an Exploris 480 Orbitrap mass
spectrometer (Thermo Fisher), which was coupled to the column with
a Nanospray Flex ion-source (Thermo Fisher) using coated emitter tips
(PepSep, MSWil). The mass spectrometer was operated in data-
dependent acquisition mode. Survey scans were obtained in a mass
range of 375-2000 m/z, at a resolution of 120,000 at 200 m/z and a
normalized AGC target of 3E6 and a cycle time of 2 s. The most intense
ions were selected for fragmentation with an isolation width of 1.4 m/z,
for max. 200 ms injection time at a normalized AGC target of 200%,
and then fragmented in the HCD cell at 30% normalized collision
energy. MS/MS Spectra were recorded at a resolution of 30,000.
Peptides with a charge of >+6 were excluded from fragmentation.
Selected precursors were dynamically excluded from repeated sam-
pling for 20 s. In addition, target peptides covering the IGF2BP1 site
Y396 (unmodified and phosphorylated) were added to an inclusion list
to increase the likelihood of fragmentation.

Data analysis for identification of phosphorylation sites in
ProAlanase digested samples

The RAW MS data were analyzed with FragPipe (22.0/22.0), using
MSFragger (3.8/4.1)*, lonQuant (1.9.8/1.10.27)%¢, and Philosopher
(5.0.0/5.1.1)*. The default FragPipe workflow for label free quantifica-
tion and identification of phosphopeptides (LFQ-phospho) was used,
except that “Normalize intensity across runs” was turned off. Cleavage
specificity was specified to cut C-terminal to proline and alanine, with
five missed cleavages allowed. The protein FDR was set to 1%. A mass of
57.02146 (carbamidomethyl) was used as fixed cysteine modification;
methionine oxidation, protein N-terminal acetylation, and serine/
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threonine/tyrosine phosphorylation were specified as variable mod-
ifications. MS2 spectra were searched against the E. coli reference
proteome (UniProt, UPO00000625, release 2024.01) and the IGF2BP1
recombinant sequence or against the H. sapiens reference proteome
(UniProt, UPO00005640, release 2024.01), in both cases concatenated
with a database of 379 common laboratory contaminants (https://
github.com/maxperutzlabs-ms/perutz-ms-contaminants).
Downstream computational analysis and reporting was conducted
using Python with two in-house libraries, “MsReport” (version 0.0.24)
and “XIsxReport” (version 0.0.6)%, as described above. Extracted ion
chromatograms were generated in Skyline-daily (24.0.9.197)%.

Estimation of the linker 2 phosphorylation levels from in vitro
and in vivo results

The intact mass spectrometry analyzes of in vitro phosphorylated
IGF2BP1 by SRC kinase showed an approximate 1:1 ratio of unmodified
to single phosphorylated protein (Supplementary Data 1). Peptide
mapping from these samples revealed that the Y396 phosphopeptides
showed 10-20% of the signal of the unmodified peptide (please see
Supplementary Fig 1C). In the samples, where we IP-ed IGF2BP1 from
cells, we detected the unmodified peptide with 2 to S E10 intensity
(Supplementary Fig. 1D). Under the conservative assumption that
phosphopeptides display 10% signal of the unmodified peptide, under
those conditions phosphopeptides found in 100% stoichiometry of
total protein would be expected to have an intensity in the range of
2-5E9. Similarly, at 1% stoichiometry, we would expect 2-5E7 signal
intensity for the phosphopeptides. The lowest IGF2BP1 peptide signal
detected in those experiments was in the range of 1E7, meaning that it
would have been possible to detect the phosphopeptides at 1% stoi-
chiometry at that intensity in our experiments. Altogether, our data
suggest that the abundance of the phosphorylated Y396 is probably
below 1%, if it is present at all.

Protein Expression and Purification

Full-length IGF2BP1 constructs were cloned into a pGEX-6P-2 vector
containing an N-terminal GST-tag and a 3 C cleavage site. These pro-
teins were expressed in Rosetta (DE3) cells grown to an OD of ~0.7 and
induced with 400 uM IPTG. Cells were grown over night at 20 °C,
resuspended in GST lysis buffer (25 mM HEPES pH 7.2, 1M NaCl, 5%
glycerol,2 mM DTT, 0.5 mM PMSF, 2 mM EDTA), pelleted and frozen in
liquid nitrogen.

mCherry-IGF2BP1 constructs were cloned into a pET-47b vector
with an N-terminal mCherry- and a C-terminal Deca-His-tag with a 3 C
cleavage site and expressed in Rosetta (DE3) cells. Shorter IGF2BP1
proteins (RRM1-2, KH1-4, KH1-2, KH3-4) were cloned into a pET-47b
vector with an N-terminal Hexa -His-Tag and expressed in BL21 cells.
His-tagged proteins were induced with 800 uM IPTG and cells were
resuspended in His lysis buffer (25 mM HEPES pH 7.2, 1M NaCl, 5%
glycerol, 5mM beta-mercaptoethanol, 0.5mM PMSF, 20 mM
Imidazole).

Linker peptides were cloned into a pET-21 vector with an
N-terminal His- and SUMO-tag. These proteins were expressed in
BL21 cells by growing them in to an OD of ~0.7, induction with 1 mM
IPTG and incubation for 3.5 h at 25 °C. The cells were than resuspended
in phosphate lysis buffer 20 mM phosphate buffer pH 7.2,1 M NaCl, 5%
glycerol, 5mM beta-mercaptoethanol, 0.5 mM PMSF, 20 mM Imida-
zole). The obtain N labeled linker proteins, the cells were grown in
M9 minimal medium supplemented with “NH,Cl. To get
BC-BN-labeled proteins, glucose was replaced with ®C-glucose.

Proteins were purified by resuspending the pellet in lysis buffer
and lysing the cells in a EmulsiFlex C3 homogenizer. After pelleting
non-soluble cell debris by centrifugating the lysate at 40,000 g for
30 min at 4 °C, the supernatant was loaded onto the respective affinity
column. Full-length proteins were loaded onto two serially connected
GST HiTrap HP 5 mL columns, washed with GST wash buffer (25 mM

HEPES pH 7.2, 500 mM Nacl, 5% glycerol, 2mM DTT, 0.5 mM PMSF,
2 mM EDTA), and eluted with a gradient of 20 mM reduced glutathione
in GST wash buffer. His-tagged or His-SUMO-tagged protein were
purified on a HisTrap HP 5 mL column by washing them with His wash
buffer (25mM HEPES pH 7.2, 500 M NacCl, 5% glycerol, 5mM beta-
mercaptoethanol, 0.5 mM PMSF, 20 mM Imidazole) and eluted with a
gradient of 1M Imidazole in wash buffer. Bound nucleotides were
removed by loading the proteins onto a Heparin HiTrap HP 5mL col-
umn after diluting the NaCl concentration to 100 mM (with wash
buffer without NaCl), washing them with wash buffer (25 mM HEPES
pH 7.2, 100 mM NaCl, 5 % glycerol, 2mM DTT, 0.5 mM PMSF, 2 mM
EDTA, which was excluded when purifying His-tagged proteins) and
eluting them with a gradient of 1M NaCl in wash buffer. The GST- and
His- buffer was cleaved off by incubating the eluted protein with GST-
3C or His-3C overnight at 4 °C. For cleaving off the SUMO-tag, proteins
were incubated with SENP. The respective tag and the 3 C protease
were extracted by running the cleaved protein over a GST HiTrap 5 mL
or HisTrap HP 5 mL column by using the same buffers as in the affinity
purification. For KH1/2 the His-tag was not removed and thus the
overnight incubation with protease and the negative His-affinity pur-
ification was omitted. The flow through was pooled and further pur-
ified via size exclusion chromatography (SEC). Full-length and KH1/2,
KH1/4, KH3/4 (no DTT in the buffer) and all respective constructs were
eluted with SEC buffer (25 mM HEPES, 150 mM NaCl, 2 mM DTT). Lin-
ker constructs were eluted in phosphate SEC buffer (20 mM phosphate
buffer pH 7.2, 150 mM NaCl). Protein concentration was measured by
using a Nanodrop (full length proteins, linker) or BCA assay (shorter
constructs).

In vitro transcription and RNA purification

The RNAs XBP1 201 nt, EIF2A 200 nt and MYC 191 nt were produced by
adding a T7 promoter sequence (TAATACGACTCACTATAGGG) and
using the HiScribe T7 RNA Synthesis Kit (NEB E2040S). Template DNA
was digested by adding DNase I and incubation for 15 min at 37 °C. RNA
was denatured by boiling it for 5 min in denaturing buffer (10 m urea,
1mM EDTA, 0.1% SDS, 0.5 mg/mL xylene cyanol, 0.5 mg/mL bromo-
phenol blue) and run on a 6% acrylamide, 10 M urea TBE (89 mM Tris,
89 mM borate, 2 mM EDTA) denaturing gel in 1x TBE buffer for 2 h at
100V. The gel was stained with SYBR Gold and the bands containing
the RNA with the correct size cut out. The RNA was extracted by
crushing the gels with a pestle and shaking in RNase-free H,O with 1x
SUPERaseln for 1h at room temperature. The gel pieces were sepa-
rated by centrifugation in Spin-X filter tubes for 5 min at 20.000 g. The
RNA was further purified via Phenol-Chloroform extraction by mixing
the RNA sample first with a 1:1 volume of phenol, vortexing and cen-
trifugation for 2 min at 20,000 g then taking off the supernatant and
mixing it with a 1:1 volume of chloroform, vortexing and centrifugation
for 1min at 20,000 g. The supernatant is then mixed with a 10: 1
volume of 3 M sodium acetate and 1: 1 volume of ice-cold isopropanol.
After precipitating the RNA overnight at —80 °C, the RNA was washed
twice with ice-cold 80% ethanol and centrifugation for 30 min at
20,000 g and 4 °C, dried for 10 min and resuspended in RNase free
H,0. The RNA concentration was determined by using a Nanodrop.

EMSA Assays

To investigate protein-RNA interaction via Electrophoretic Mobility
Shift Assays, proteins were thawed and centrifuged for 15min at
20000g and 4°C. RNA was refolded by heating up to 95°C and
cooling down to 25°C in steps of 2 °C/min. The protein and RNA was
mixed in EMSA buffer (25 mM HEPES pH7.3, 150 mM Nacl, 5% glycerol,
2mM EDTA, 10 ug/mL Heparin, 0.5mM TCEP) to the specified con-
centrations. All samples were incubated on ice for 30 min. A 5% TBE gel
with 5% glycerol was prepared by pre-running it for 30 min at 210V in
0.5x TBE buffer at 4 °C. 10 uL per sample and 0.5 L ladder (RiboRuler
low range SM1831) were loaded onto the gel and run for 30 min at
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210V in 0.5x TBE buffer at 4 °C. RNA was stained with SYBR Gold and
the gel was imaged with BioRad ChemiDoc or iBright CL1500 and
quantified with the corresponding software supplied by the manu-
facturer. RNA binding was determined by using mean intensities and
defining the sample with O nM protein as 0 and the gel background as 1
on the y-axis. Ky,'s were calculated in GraphPad Prism by using the Hill
equation (1) Y=YfreetYoouna/(1 +10"((loglO(K;2)—loglO(x))*n))

Fluorescence anisotropy assays

Proteins were thawed and centrifuged for 15 min at 20,000 g and 4 °C.
To be able to measure fluorescence anisotropy the corresponding
RNAs were obtained from IDTDNA with a 5’ fluorescein tag. The sample
with the highest concentration was prepared in anisotropy buffer
(25 mM HEPES 7.3; 150 mM Nacl, 0.025% Tween 20, 10 ug/mL Heparin,
2 mM EDTA, 0.5 mM TCEP) with 10 nM of fluorescence labeled RNA. A
concentration series was created by diluting the sample 1:1 with 10 nM
RNA in anisotropy buffer. Subsequently, the samples were incubated
on ice for 30 min. The fluorescence anisotropy was measured in a
cuvette using an Edinburgh Instruments FS5 spectrofluorometer at
threes wavelengths (515, 520, and 525 nm) with a slit width of 5nm at
20 °C with an excitation wavelength of 485 nm, a slit width 5nm and a
dwell time of 1s. The G-factor, which was measured once for every
experiment and then used to calculate the anisotropy for each sample
in the experiment, was determined in the beginning of the experiment
by measuring 10 nM RNA in anisotropy buffer. The fluorescence ani-
sotropy value was calculated by the manufacturer’s software. Ky.,'s
were calculated in GraphPad Prism by using a dose response curve to
fit the data using a model following the Hill equation (1) Y=VYseetYsound/
(1+10((10gl0(K7/2)-l0gl0(x))*n))

RNP granule formation

To investigate the formation of RNP granules, proteins were thawed
and centrifuged for 15 min at 20,000 g and 4 °C. RNA was refolded by
heating up to 95 °C and cooling down to 25 °C in steps of 2 °C/min. The
proteins were diluted in RNase free buffer (25 mM HEPES pH 7.3,
150 mM NaCl, 0.5 mM TCEP). RNP granule formation was induced by
the addition of the RNA with the respective final concentration. Right
after RNA addition and mixing 50 uL of the sample were pipetted into
the well of a Greiner sensoplate, black, 96-well, glass bottom plate
which was coated with 1% Pluronic F-127 by washing the well with
200 uL H,0, then incubation with 1% Pluronic F-127 for 2h at room
temperature, four times washing with 200 uL H,0O, and once washing
with 100 uL buffer. The plate was incubated on the microscope for
90 min to allow droplet formation while avoiding moving and dis-
turbing the granules. To determine the formation of RNP granules for
the phase diagram, 20 uL of each sample were prepared and granule
formation induced by adding RNA. These samples were pipetted into a
384-well plate that was similarly coated with 1% Pluronic F-127 and
incubated for 90 min. To avoid evaporation in these low volume
sample, the wells were covered with mineral oil (CAS: 8042-47-5). RNP
formation was qualified by the presence of droplet- or mesh-like
condensates. The samples were imaged with a Zeiss Axio Observer Z1
in bright field mode, EC Plan-Neofluar 100x/1.3 Oil M27, Orca Flash 4.0
LT+ Camera, VIS-LED at 50% intensity and 20 ms exposure time.

For the quantification of the condensates, 5% of the respective
N-terminal mCherry-labeled IGF2BP1 construct was used in the sam-
ples. To avoid non-specific interaction of the mCherry-labeled proteins
with the glass bottom, the wells were coated with 2 mg/mL BSA in
addition to 1% Pluronic F-127 by washing the well with 200 pL H,0O, then
incubation with 100 uL 1% Pluronic F-127 for 2 h at room temperature,
twice washing with 200 uL H,O, incubation 100 pL 2 mg/mL BSA in PBS,
twice washing with PBS and once washing with 100 uL buffer. RNP
granule formation was induced by the addition of the RNA with the
respective final concentration. Right after RNA addition and mixing
50 uL of the sample were pipetted into the well. Imaging was carried

out at the microscope setting describe above with additional acquisi-
tion of fluorescence images with a Colibri 7 lamp using the 567 nm LED
module and a Zeiss filter set 90 HE, 80% intensity and 250 ms exposure
time. Four adjacent tiles were imaged to increase to field of view area.
Two fields of view were imaged and analyzed per well and the
experiment was performed in triplicates. To analyze the data, the tiles
were stitched together using the Zeiss ZEN Blue software and cropped
to 3200 x3200 pixels to have similar sized images. Condensate
quantification was performed in ImageJ. Background was subtracted
with a rolling ball radius of 200 and a sliding paraboloid, the “Default
Dark” threshold was set and the image converted to a mask, watershed
was used to separate very close condensates and finally the particles
were analyzed with a minimum size of 200, outlines and a summary
were created. The two-sided Welch’s t test was used to determine
statistical significance.

FRAP of RNP granules

To investigate the dynamics of IGF2BP1 in RNP granules, proteins were
thawed and centrifuged for 15min at 20000g and 4 °C. RNA was
refolded by heating up to 95 °C and cooling down to 25 °C in steps of
2 °C/min. The proteins were diluted in RNase free buffer (25 mM HEPES
pH 7.3, 150 mM NaCl, 0.5 mM TCEP). IGF2BP1 full-length wild-type,
SI181E and Y396E were mixed with 5 % of the respective mCherry-
labeled IGF2BP1 construct. A Greiner sensoplate, black, 96-well, glass
bottom plate was coated with 1% Pluronic F-127 by washing the well
with 200 pL H20, then incubation with 1% Pluronic F-127 for 2h at
room temperature, twice washing with 200 uL H,0, incubation 100 uL
2 mg/mL BSA in PBS, twice washing with PBS and once washing with
100 uL buffer. RNP granule formation was induced by the addition of
the RNA with the respective final concentration. Right after RNA
addition and mixing 50 uL of the sample were pipetted into the well.
The plate was incubated at the microscope for 90 min to allow droplet
formation and avoiding moving and disturbing the granules. FRAP was
performed on a Zeiss Axio Observer equipped with a Yokogawa CSU-
X1 Nipkow spinning disk unit, EC Plan-Neofluar 100x/1.30 Oil Iris
objective, 561 nm DPSS laser, Visitron controller, ET605/70 emission
filter and a pco.edge sSCMOS camera. Images were acquired with 20%
laser power and 100 ms exposure time. FRAP was performed with a
time interval of 3s, 3 images were taken before bleaching, then
selected regions were bleached with 30% FRAP-Laser power for 1 ms
per pixel in 5 cycles and 361 frames were taken in total per experiment.

Phase separation assay

To determine whether Linker 1 or Linker 2 can phase separate on their
own, the proteins were thawed and centrifuged for 15 min at 20000 g
and 4 °C. The proteins were diluted in buffer (25 mM HEPES pH 7.2,
150 mM NacCl). A Greiner sensoplate, black, 96-well, glass bottom plate
was coated with 1% Pluronic F-127 by washing the well with 200 uL H20,
then incubation with 1% Pluronic F-127 for 2 h at room temperature,
four times washing with 200 uL H20, and once washing with 100 uL
buffer. 25 uL protein dilution were pipetted into the well. 25 uL of 30%
PEG 8000 in buffer were added and carefully mixed to induce phase
separation. The plate was incubated on the microscope for 60 min to
allow droplet formation. The wells were imaged with a Zeiss Axio
Observer Z1 in bright field mode, EC Plan-Neofluar 100x/1.3 Oil M27,
Orca Flash 4.0 LT+ Camera, VIS-LED at 50% intensity and 20 ms
exposure time.

Turbidity assay

Proteins, RNA and the plate were prepared as described in “RNP
granule formation”. After induction of granule formation by adding
RNA, 50 uL of the samples were pipetted into the plates, the plate put
into the plate reader and the experiment started immediately. We used
a BioTek Synergy H1 plate reader to measure turbidity. At first, the
samples were shaken for 5 s to ensure homogenous distribution of the
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granules, then the turbidity was monitored by measuring the absor-
bance of the sample at 480 nm 46 times with a time interval of 20s.
The data was analyzed with GraphPad Prism. The one-phase associa-
tion equation (2) Y=VY0+ (Plateau-Y0)*(1-exp(-K*x)) was used to
quantify condensate formation.

Dynamic light scattering (DLS)

Proteins, RNA and buffer (25 mM HEPES pH 7.3, 150 mM Nacl, 0.5 mM
TCEP) were filter with Spin-X filter tubes for 5 min at 20000 g. Proteins
were diluted with buffer to the final concentration ranging from
500 nM to 1 pM, and cluster formation was induced by adding RNA at
concentrations ranging between 250 nM- 1 uM (please see figure
legends Supplementary Figure 5J). The samples were pipetted into a
1536-well plate, covered with silica oil and centrifuged at 500 g for
1min to remove air bubbles. The plate was incubated for 90 min at
25°C in a Wyatt Dynapro Il DLS plate reader. Data acquisition and
processing was performed using the software DYNAMICS V7 from
Wyatt. 20 acquisitions were recorded with 2s acquisition time.
Acquisitions that did not baseline within a +0.01 interval or showed
aggregation or vibration artefacts were discarded. The data was mea-
sured in technical triplicates and the resulting curves from three
experiments were fitted with the Raynals online tool at the EMBLEM
website (https://spc.embl-hamburg.de/app/raynals)”. Data is repre-
sented as mean of these fits, error bars show the standard deviation.
Numbers of curve fits averaged per figure: 500-250: WT 6, SIS8IE 5,
Y396E 6; 600-300: WT 7, SISIE 8, Y396E 7; 800-400: WT 5, SI81E 5,
Y396E 5; 600-600: WT 5, SI8IE 9, Y396E 7, 800-800: WT 5, SISIE 9,
Y396E 8; 1000-1000: WT 6, SI81E 6, Y396E 5).

MD simulations

We performed molecular dynamics (MD) simulations of linker 1 wild-
type, linker 1 SI81E, linker 2 wild-type, and linker 2 Y396E using the
Martini 3 force field with rescaled protein-water interactions®. We set
the scaling parameter A =1.06. All linkers were modeled as polypeptide
chains with no secondary structure (coils) using UCSF Chimera®* and
then martinised. Each simulation box (30x30x30 nm?®) was set up with
33 randomly placed copies of the same polypeptide chain, water and
0.15 M NaCl. We performed an energy minimization using the steepest
descent algorithm. Then we equilibrated the system by running a 10
ps-long simulation using a 1 fs time step and restraining the position of
protein backbone beads by using harmonic potentials with force-
constants of 1000 k) mol™ nm™. Afterwards, we ran another 2.1ns
without restraints in the NVT ensemble and a final equilibration of 21 ns
in the NPT ensemble, in both equilibration steps we used a 30 fs time
step ns. After equilibration, we ran the production phase using a 20 fs
time step. The temperature in the simulation box was controlled by a
velocity rescale thermostat™(reference temperature T_ref=300K,
coupling time constant tau_T =1 ps). The Parrinello-Rahman barostat
[Parrinello, 1981] (reference pressure p_ref = 1bar; coupling time
constant T_p =24 ps) was used for the last equilibration step and for
the production run. The simulations were performed using the Martini
3.0 forcefield®* and the GROMACS 2020.5 software”.

The contact maps for cis-interactions were calculated using the
Contact Map Explorer Python analysis package [https://contact-map.
readthedocs.io/en/latest/index.html] (version 0.7.0). For each simula-
tion, we calculated all the contacts between all atoms of the same
polypeptide at each frame of the trajectory (ignoring atoms of 2
neighboring residues in each direction). A contact is defined between
two atoms that are within a distance of 0.45 nm. The contributions
from all chains at each frame were summed up in a single matrix and
normalized by the number of frames and chains. For the final plots,
the results were shown in a matrix where a value of contact frequency
p corresponds to each pair of residues, where p is the max value
of the contact frequencies computed for every atom in the
residue pair.

The radius of gyration probability distributions computed from
MD simulations were compared to the Analytical Flory Random Coil
(AFRC) distribution®. AFRC is an analytical model of unfolded poly-
peptides that behave as ideal chains, so it is suitable to be used as a
reference. We computed the AFRC counterparts of linker 1, linker 2 and
their phosphomimetic mutants using the AFRC model available via
Google Colab notebook: (https://colab.research.google.com/drive/
1WHw80us7IgcKd2LKYuJLeBTIkdEYoRAk?usp=sharing).

SAXS experiments

SAXS samples were prepared at concentrations > 10 mg/ml in a 250 uL
volume and each experiment performed in duplicates. All samples
were measured at beamline BM29 at the ESRF facility in Grenoble. A
Superdex 200 Increase 10/300 GL size exclusion column was equili-
brated with SAXS buffer (25 mM HEPES, 150 mM NaCl, 0.5 mM TCEP).
Samples were applied to the column and run with 0.5 ml/min. 1300
Frames with 0.5 frames per second were acquired. We used the ATSAS
3.1.3 data analysis software for data processing. SEC-coupled SAXS
data was analyzed with CHROMIXS. 25 frames for buffer and sample
were selected and averaged. The buffer subtracted data was analyzed
and plotted in PRIMUSQT.

SAXS analyzes and EOM calculations

The data were processed with the SAXSQuant software (version 3.9),
and de-smeared using the programs GNOM’® and GIFT (PCG software).
EOM analysis was performed with the ATSAS 2.5 package (EMBL,
Hamburg). EOM calculations were carried out using the EOM
program® and using default settings. A random pool of 100,000
independent structures was generated using the primary sequence
and the available structure of IGF2BP1 domains. All disordered regions
were randomized. Using the built-in genetic algorithm and using the
default settings, a subset of a few independent structures were selec-
ted that described the experimental SAXS best and used to prepare the
figures showing Rg/Dpax distributions.

NMR Experiments
NMR spectra were recorded on a 600 MHz Bruker Avance Neo
600 spectrometer. 'H-*N Heteronuclear Single Quantum Coherence
(HSQC) experiments were performed by thawing the proteins and
centrifuging for 15 min at 20,000 g and 4 °C. The proteins were diluted
with 20 mM phosphate buffer pH 7.2, 150 mM NacCl, 10% D,O to the
desired concentration. For the titration experiments with the folded
domains, His-RRM1-2, His-KH1-2 or His-KH3-4 were prepared as above.
The sample with the highest protein concentration was prepared first,
measured and then diluted 1: 1 with 50uM “N-Linker 1 or 25uM
BN-Linker 2 for higher dilution samples. All HSQC experiments with
Linker 1 were performed at 15 °C. All experiments with 12xUG RNA or
XBP1 10 nt RNA were performed in RNase free buffer with 25 mM
HEPES pH 7.3, 150 mM NaCl. Experiments with 15N-labeled KH1-4 and
L2-KH3-4 were conducted in 25 mM HEPES pH 7.2, 150 mM NaCl, 2 mM
DTT. For all His-RRM1-2 experiments 2 mM DTT was used.

The spectra were processed and phased using NMRPipe®” and
further analyzed with CCPNMR Version 3%, Chemical shift perturba-
tions were calculated with the following formula:

CSP= (6H2 +0.14 % 5N2) 3)

S&H and 6N are the chemical shift differences compared to the apo
protein. Peaks unresolved in the concentrations used for the titration
experiments were excluded from the analysis.

Peaks were assigned by obtaining HNCO, HNCACO, HNCACB,
HNCOCACB, HNCANNH and HNCOCANNH spectra of 300uM
BC-BN-Linker 1 wild-type and 300 uM *C-"N-Linker 2 wild-type and the
respective HSQC spectra. Peak assignments were performed in
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CCPNMR. NMR assignments are available in Biological Magnetic
Resonance Bank.

Stress granule reconstitution in cell lysates

Split-GFP tagged IGF2BP1 cells were seeded in a 15 cm dish and grown
until they reached 90% confluency. Cells were washed with ice cold
PBS, and harvested by scraping. Subsequently cells were centrifuged at
1123 g for 4 min. PBS was removed by aspiration, and cell pellet was
flash-frozen. In order to lyse the cells, they were thawed and flash-
frozen three times. Next, 500ul of lysis buffer, composed of 25 mM Tris
pH 7, 0.5% NP-40, 1x Protease inhibitor cocktail, 2,5% murine RNAse
inhibitor, 100 mM NaCl and 2 mM DTT, was added. After the addition
of the lysis buffer, the cells were further resuspended using a 25G
needle 10 times. Next, two centrifugation steps ensued, first at 1500 g
for 5 min, then 16,000 g for 8 min. Supernatants were transferred to a
new tube, lysate concentration was measured using a BCA kit (Ther-
moFisher) and concentration was adjusted to 5 mg/ml using the lysate
buffer.20uM of purified G3BP1 were added to induce LLPS followed by
a40 min incubation step. Afterwards, SuM of mCherry-tagged IGF2BP1
was spiked in, gently mixed and incubated for 20 min. The p-Slide
Angiogenesis with ibiTreat 20 ul was used as an imaging vessel.
Fluorescence recovery after photobleaching (FRAP) experiments were
performed on a Zeiss Axio Observer, using a Plan-Apochromat 63x/1.4
Oil DIC Il objective with a Yokogawa CSU-X1 Nipkow spinning disk
(50 pm pinholes, spacing 253 um, 5000 rpm). Imaging was conducted
for 3 min with 150 ms exposure time, with a time interval of 500 ms.
Three pre-bleach images were taken. 70% of FRAP laser power was
used, and a 40% excitation laser.

Transfection of packaging cells

Plasmids used for transfection were purified using an endotoxin-free
plasmid kit from Qiagen. Transfections were performed using 1100 ng
of DNA in total, with 500 ng of plasmid of interest, 500 ng pCMVR8.74
(Addgene plasmid # 22036), and 100 ng of pCMV-VSV-G (Addgene
plasmid # 8454). Supplement free DMEM was used to mix DNA and
Polyethylenimine (PEI) in a 1:3 ratio. HEK293T HiEX cell were used as
packaging cells. 2 x 10° cells were seeded in a 6-well plate a day before
transfection and grown in a fully supplemented DMEM. The Plasmid
mixture containing a transfection reagent was added dropwise onto
the cells and they were incubated for 48 h.

Transduction of U20S (GFP-G3BP1) and HCT116 cells (AIGF2BP2,
AIGF2BP3)

After a 48 hincubation, virus was collected from the supernatant with a
syringe and sterile filtered. U20S and HCT116 cells were seeded a day
before in fully supplemented medium. The sterile filtered virus was
mixed with fully supplemented DMED with 8ug/ml Polybrene at a 1:50
ratio. Cells were grown for 48 h up to 15cm dishes. The BD Melody
Fluorescence Activated Cell Sorting (FACS) system was used to sort
U20S cells in purity mode and gated for high and low expression. The
high-expressing population was used for further experiments. HCT116
cells were sorted in a single-cell sorting mode, gated for high and low
expression. Three clones were selected for further characterization.
None of the cell lines are authenticated. The cell lines were not tested
for Mycoplasma contamination.

Western blotting

80% confluent cells were lysed with RIPA buffer (150 mM NacCl, 1% NP-
40, 0.5% Sodium deoxycholate, 0.1% SDS, and 25mM TRIS pH 7.4)
containing 1x Protease inhibitor (Roche). The protein concentration
was determined using a commercially available BCA kit (Thermo-
Fisher). 10 pg of protein containing lysate in sample buffer was dena-
tured at 95°C for 5min. Following denaturing, the samples were
loaded onto the 10% sodium dodecyl sulfate (SDS) gel. Proteins were
transferred onto a Nitrocellulose membrane (Amersham) in transfer

Table 1| Antibodies and dilutions used for Western Blot
analysis

Antibodies and dilutions used

Antibody Dilution Manufacturer Catalog Lot number
number

Anti-IGF2BP1 1:2500 Proteintech  22803-1-AP 00018571

Anti-GAPDH 1:20000 Proteintech ~ 10494-1-AP 00113796

Anti-Rabbit IgG HRP 1:20000 Promega W401B 0000573275

conjugate

Anti-Rabbit IgG IRdye 1:20000 LI-COR 926-32211  D30307-15

800CW secondary

antibody

buffer (25 mM TRIS, 190 mM glycine, 20% ethanol) for 110 min at 120 V.
Membranes were stained with Ponceau S and blocked in 5% milk for 1 h,
or in LI-COR blocking buffer (part number: 927-60001). The primary
antibody was diluted in 2.5% milk (Table 1) and incubated overnight at
4°C, or in case of the LI-COR secondary antibody in the blocking
buffer. The membrane was washed 5 times with TBST (20 mM TRIS,
150 mM NaCl, 0.1% Tween 20), and the secondary antibody was applied
and incubated for 1 h, which was diluted in 2.5% milk (Table 1). LI-COR
secondary antibody was diluted in the manufacturers antibody diluent
(927-65001). After the incubation the membranes were washed 5 times
with TBST and an enhanced chemiluminescent (ECL) horse radish
peroxidase substrate (ThermoFisher) was added. In case of LI-COR
secondary antibodies, after the TBST washes, the membrane was
washed three more times with 1x TBS. Membranes were imaged using a
BioRad Chemidock, and analyzed using the manufacturers image
analysis software (Biorad Image Lab), or using LICOR Odyssey CLx
fluorescence imager, and analyzed using Fiji.

Immunofluorescence and Image analyzes

20.000 U20S and HCT116 cells were seeded in an Ibidi uSlide 8 well
dish one day before the experiment and incubated at 37 °C with 5%
CO,. In order to induce the stress granule formation, cells were
stressed with 500 uM of Sodium arsenite (As) for 30 or 60 min.
Afterwards cells were washed with PBS and fixed with ice-cold
Methanol for 5min. After the fixation the slide was washed 3 more
times with PBS and incubated with blocking buffer (5% BSA in TBST)
for 1h. In the case of HCTI116 cells, the primary ChromoTek RFP-
Booster Alexa Fluor 568 (rb2AF568) was incubated overnight. Fol-
lowing the incubation, three washes with PBS ensued and the sample
was imaged in PBS using a Zeiss inverse point LSM980 scanning con-
focal microscope. The objective used was an oil 63x Plan-Apochromat
objective with 1.4 NA. The software used for microscope operation is
Zeiss ZEN v3.3. The fluorophores were excited with 488 nm and 561 nm
lasers respectively and image analysis was done in Fiji/lmageJ. Cell
pose was used in order to get the individual cells in the image, which
were saved as an ROI. Cells that touch the image border were excluded,
gaussian blur was applied (6=2), background was subtracted using a
rolling ball algorithm with a radius 5, and an auto-threshold “Yen” was
applied, after which the particles were analyzed, from sizes 10 pixels to
infinity.

Live cell imaging and FRAP analyzes

Live U20S cells expressing GFP-tagged G3BP1 and mCherry-tagged
IGF2BP1 were imaged using a Nikon Ti2-E, inverse microscope with a
Nikon Perfect Focus System, and a Yokogawa CSU-X1-Al Nipkow
spinning disk (50pum pinholes, spacing 253 pum, 5000 rpm). CFI Plan
Apo 60x/1.42 Oil, WD 0.15 mm objective was used. Cells were imaged
in Ibidi 8-well uSlide (80826).20000 cells were seeded a day before the
experiment in fully supplemented DMEM, and were treated with
500 uM Sodium arsenite in Gibco Imaging DMEM (11880-028) for
60 min before imaging. Cells were incubated at 37 °C, 5% CO, during
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imaging. The fluorescence recovery after photobleaching (FRAP)
experiment was conducted with 100% 561 nm laser power and with
10 ms bleach time per pixel. Images were acquired with 25% 561 nm
laser power 500 ms exposure time and a gain of 150. 90 timepoints
were recorded during the recovery with a 10 s interval and 3 frames
pre-bleach. To be able to follow the recovery, a z-stack containing
6 slices with a spacing of 0.5 um around bleached layer was acquired at
each timepoint. Image processing was conducted in Fiji/lmage).
Respective z-stacks were combined to a single image via Z projection
of the Max intensity. Then the bleached ROI and two ROIs of the similar
size with stress granules that were not bleached for bleaching cor-
rection. Two ROIs within a cell without stress granules were selected to
be used as background- The bleaching factor for each timepoint was
calculated by dividing the mean intensity at a given timepoint by the
mean intensity of timepoint zero. The background intensity was cal-
culated by mean of both background ROIs corrected for bleaching.
The fluorescence of the bleached ROIs was normalized to the back-
ground and the mean intensity of the three pre-bleach images for all
timepoints after bleaching. The resulting curve was fitted using the one
phase association equation (2) Y= Y0 + (Plateau-Y0)*(1-exp(-K*x)) in
GraphPad PRISM.

Immunoprecipitation for LC MS/MS analysis

HEK293 cells expressing spit-GFP tagged IGF2BP1 were seeded in 15 cm
dishes and grown until they reached 80% confluency (10° cells). Cells
were washed with ice-cold PBS, scraped, centrifuged (1123 g, 4 min)
and the pellet flash frozen. On the day of the experiment, the pellets
were thawed and 750ul of lysis buffer (consisting of 20 mM HEPES
pH 7.4,150 mM NaCl, 0.5 mM EDTA, 0.1% SDS, 0.5% Triton X-100, 0.2%
Deoxcycholate, 1x protease inhibitor cocktail, 1x phosphatase inhibitor
cocktail, 10 ug/mL RNase A, 10 U/uL RNase T1). Cells were lysed by
vortexing for 15 min (3 s in 2 min intervals). The lysate was centrifuged
at 20.000 g for 15min. 50 ul Chromotek GFP-Trap magnetic beads
(gtma-20) were used per 15 cm dish. Lysates were incubated at 4 °C for
2 h rotating. The supernatant was removed by pipetting, while the
beads were magnetized using a magnetic rack. The beads were washed
five times with wash buffer 1 (20 mM HEPES pH 7.4, 500 mM NaCl,
0.5mM EDTA, 0.1% SDS, 0.5% Triton X-100, 0.2% Deoxcycholate) and
five times with wash buffer 2 (20 mM HEPES pH 7.4, 500 mM NaCl,
0.5mM EDTA. The samples were submitted on-beads for mass-
spectrometry analysis at the Max Perutz Labs Mass Spectrometry
Facility.

RNA immunoprecipitation (RIP-Seq) and total transcriptome
(RNA-Seq) sequencing and analysis

HCT116 cells stably expressing mCherry-tagged wild-type IGF2BP1 or
S18IE, Y396E, and RQ mutants (in triplicates, dishes plated and grown
independently) and parental HCT116 cells were seeded in 10 cm dishes
and grown until they reached 80% confluency. To induce stress cells
were treated with 500 uM sodium arsenite (Sigma) for two hours
before collection. PBS was added to the control cells. Cells were
washed with ice-cold PBS, scraped, centrifuged (1123 g, 4 min) and the
pellet flash frozen and stored at —80 °C. On the day of the experiment,
the pellets were thawed and 150 pL of lysis buffer (25 mM HEPES pH 7.3,
150 mM NacCl, 5 mM MgCl,, 0.5% NP-40, 1mM DTT). 1x protease inhi-
bitor cocktail (Roche), 1x phosphatase inhibitor PhosSTOP (Roche)
and 1 U / uL of Murine RNase Inhibitor (New England Biolabs) were
added for lysis. Cells were lysed by vortexing for 20 min (3s with
2-minute intervals). The lysate was centrifuged at 20.000 g for 15 min.
20 uL of RPF-Trap magnetic agarose (rtma) were used per 10 cm dish.
Lysates were incubated at 4 °C for 1 h rotating, and then washed three
times with lysis buffer and twice with wash buffer (25 mM HEPES pH
7.3, 150 mM NaCl, 1mM MgCI2, 0.5% NP40). Then the beads were
resuspended in 150 uL of wash buffer containing 0.1% SDS and 2 mg/
mL proteinase K (Ambion), and incubated at 55°C for 30 min. The

eluate was collected and purified with an RNA cleanup kit (Zymo
Research). The purified RNA samples were rRNA depleted using
human riboPOOL probes (siTOOLs) according to the manufacturer’s
instructions. The RNA was then purified with an RNA cleanup kit (Zymo
Research) and treated with 0.2 U of RNase-free DNase | (NEB) at 37 °C
for 15 min, re-purified with an RNA cleanup kit (Zymo Research), and
used for library preparation with NEBNext Ultra Directional RNA
Library Prep Kit for Illumina (NEB).

For total transcriptome sequencing total RNA was extracted from
5L aliquot of clarified cell lysate (IP input) using the KingFisher Flex
Purification System (Thermo) with the High-Performance RNA Isola-
tion kit (Molecular Tools Shop, Vienna BioCenter). During the isolation
RNA was treated with RNase-free DNase I (NEB). PolyA mRNA was
isolated using NEBNext Poly(A) mRNA Magnetic Isolation Module
(NEB) and used for library preparation with NEBNext Ultra Directional
RNA Library Prep Kit for lllumina (NEB).

Both RIP- and RNA-Seq libraries were sequenced on NovaSegX
1.5B at SingleRead 100 mode at the Vienna BioCenter NGS facility
producing -35 million reads per sample. BCL files were converted to
demultiplexed fastq files with bcl2fastq v2.20.0.422. The quality of
fastq files was checked with fastqc 0.11.9. The fastq files were trimmed
and aligned to human genome hg38 using GENCODE annotation
(release 46) with STAR v2.7.11b% allowing for the two mismatches.
Gene counts were obtained using FeatureCounts function of the
Subread package v2.0.6'°°. Total gene counts for protein coding genes
were TMM normalized to calculate the counts per million values
(CPM), filtered to only include genes with CPM higher than 10 in at
least half of the libraries, and the differential expression analysis was
performed with edgeR gImQLFTest (Generalized Linear Model Quasi-
Likelihood F-test)'’. IGF2BP1 targets were defined as genes with RIP-
Seq CPMs at least 2-fold higher than RNA-Seq CPMs and 4-fold higher
than the background RIP-Seq CPMs from parental cells. For the GO
term analysis GOrilla service was used'®%. Sequencing data processing
was done using the Life Science Compute Cluster (LiSC) of the Uni-
versity of Vienna.

Reporting summary
Further i nformation on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The source data are provided with this paper. All raw and processed
sequencing data generated in this study have been deposited in the
Gene Expression Omnibus database with the accession number
GSE272875 (IGF2BP1 RNA-Seq and RIP-Seq data). The mass spectro-
metry proteomics data have been deposited to the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via the
PRIDE partner repository'® with the dataset identifier PXD045761
(mass spectrometry data of IGF2BP1 from HEK293T cells) and
PXD056497 (mass spectrometry data of ProAlanase digested IGF2BP1
from HEK293T cells). The NMR signal assignments are deposited with
BMRB ID 52567 (wild-type IGF2BP1 linkerl 157-194) and 52568 (wild-
type IGF2BP1 linker2 344-404) Source data are provided with
this paper.
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Supplementary Figure 1. IGF2BP1 phosphorylation sites S181 and Y396 are highly conserved
(A) Comparison of the IGF2BP1 primary protein sequence from; Xenopus laevis; Danio rerio; Gallus
gallus; Mus musculus; Rattus norvegicus; Homo sapiens; Felis catus and Canis lupus familiaris. (B)



Relative abundance of the indicated IGF2BP1 phosphorylation sites in cells exposed to various forms
of proteotoxic stress compared to the control conditions. Tunicamycin (TM) and thapsigargin (TG)
induces ER stress, whereas sodium arsenite (AS) leads to oxidative stress. The time-points on the
bottom indicate length of exposure to the stress-inducing drug. (C) Extracted ion chromatogram of LC-
MS/MS peaks of the YSSFMQAP peptide obtained from IGF2BP1 isolated from mammalian cells under
control, thapsigargin, and arsenite conditions (D) Extracted ion chromatogram of LC-MS/MS peaks of
unmodified ( left) and phosphorylated ( right) YSSFMQAP peptides obtained from in vitro purified
IGF2BP1 after ProAlanase treatment. The in vitro phosphorylation was performed by Src kinase
treatment, please see materials and methods
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Supplementary Figure 2. Phosphomimetic mutations do not affect IGF2BP1 binding to model RNAs

(A) IGF2BP1 binding sites in XBP1 identified by analyzing PAR-CLIP data published by Hafner et al.
2010. (B) Sequence of the XBP1-derived RNAs: XBP1 201 nt (blue), XBP1 36 nt (grey) and XBP1 10
nt RNA (green) with genome annotation. Predicted RNA binding motifs are highlighted in red. (C)
Quantification of EMSA assays with IGF2BP1 full-length wild-type (black), S181E (red) and Y396E (blue)
and XBP1 201 nt RNA from Fig. 2 (A-C) in duplicates. RNA binding is represented by the depletion of
free RNA. Mean intensity from 0 nM protein sample was used to define 0 while the mean intensity of gel
background represents 1. Dose response equation was used for curve fitting and calculation of Kp. Error
bars represent the standard deviation. (D) (E) EMSA assays assessing IGF2BP1 full-length wild-type
(black), S181E (red) and Y396E (blue) interaction with EIF2A 200 nt RNA. (F) Quantification of EMSA
assays of IGF2BP1 full-length wild-type (black), S181E (red) and Y396E (blue) with EIF2A 200 nt RNA
from Fig. Supp. 2 (D, E) in duplicates. Dose response equation was used for curve fitting and calculation
of Ki2. Error bars represent the standard deviation. (G) EMSA assays assessing IGF2BP1 full-length
wild-type (black) interaction with MYC 191. (H) Quantification of EMSA assays of IGF2BP1 full-length
wild-type (black), S181E (red) and Y396E (blue) with MYC 191 nt RNA from Fig. Supp. 2 (G, |, J) in



duplicates as described in Supp. Fig. 2C. EMSA assays assessing (1) S181E (red) and (J) Y396E (blue)
interaction with MYC 191 nt RNA.
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Supplementary Figure 3. KH3-4 domains drive RNA binding and RNP granule formation

(A) Representative images, outlines and overlay of the quantification of granules containing 5 uM
IGF2BP1 with 5 % mCherry-IGF2BP1 and 5 pM XBP1 36 nt RNA after 90 min of incubation. (B) Violin
plots of the area per condensate of IGF2BP1 full-length wild-type with XBP1 36 nt RNA at different
protein and RNA concentrations. Dashed line represents median, the dotted lines 25 % and 75 %
quartiles. (C) RNP granule formation assays of IGF2BP1 full-length wild-type with XBP1 36 nt, ACTB 37
nt, MYC 32 nt and EIF2A 39 nt RNA. Scale bar is 10 um. Protein and RNA valency (left) is depicted as
folded domains and the number of binding motifs. Secondary structure and minimum free energy thereof



predicted via the Vienna RNAfold Webserver ' of the (D) XBP1 36 nt RNA, MYC 32 nt RNA, ACTB 37
nt RNA and EIF2A 39 nt RNA. (E) Fluorescence anisotropy assays (FA) to measure binding of full-length
IGF2BP1 (black), IGF2BP1 KH1-4 (purple), IGF2BP1 RRM1-2 (blue), IGF2BP1 KH1-2 (green) and
IGF2BP1 KH3-4 (red) to XBP1 36 nt RNA. X-axis in log-scale. (F) FA to measure binding of IGF2BP1
full-length and truncation mutants to ACTB RNA, the color-code is same as Supp. Figure 3D. (G) FA of
IGF2BP1 KH3-KH4 (red), IGF2BP1 KH3-KH4GEEG (orange) and KH3GEEG-KH4 (pink) with XBP1 36
nt. X-axis in log-scale. (H) The model shows the avidity effect of IGF2BP1 interacting with XBP1-derived
RNA. (1) FA of full-length IGF2BP1 (black) and full-length IGF2BP1 KH3GEEG-KH4GEEG (KH3-4dR,
red) with XBP1 36 nt RNA. X-axis represented in log-scale. (J) EMSA assay of full-length IGF2BP1
(black) and full-length IGF2BP1 KH3GEEG-KH4GEEG (KH3-4dR, red) with XBP1 201 nt RNA. (I) RNP
granule formation assays of 5 yM IGF2BP1 KH3-4 mutant KH3-GEEG and IGF2BP1 KH3-4 mutant
KH4-GEEG with 5 yM XBP1 36 nt RNA.



A. IGF2BP1 KH3-4 + XBP136 ntRNA  B. |roppt b Kz adr + xBP136ntRNA  CF  1GF2BP1 KH1-2 WT + XBP1 36 nt RNA
KH3-GEEG KH4-GEEG [RNA] 5 uM 2.5uM 1 uM [RNA] 5 M 2.5uM 1uM

[Protein: [Protein]
5puM
2‘5 HM--- 2.5 N
e
10 pm.

valency RNA ==

IGF2BP1 KH1-4 E. IGF2BP1 KH1-4 WT + XBP1 36 nt RNA F. 5 5 5:25 5:1 25:525:2525:1

+ XBP1 10 nt RNA  RNAI SpM 2.51M __1M

Nw o
moo

[N)
(=]

N
Area per Condensate [um?]

m i

Owt W SI8IE [ Y39E

o

=
G. l. J.
5uM: 5 M 2.5uM: 2 5uM IGF2BP1 KH1-4 Y396E + XBP1 36 nt RNA
[RNA] 5 uM 2.5uM 1 uM
15000+ ns 2500+
2.5 uM (1:1) IGF2BP1 FL S181E T 1

[Protein
-

S
Supp. Figure 4. Mutantions affect granule formation of IGF2BP1

(A) RNP granule formation assays of 5 yM IGF2BP1 KH3-4 mutant KH3-GEEG and IGF2BP1 KH3-4
mutant KH4-GEEG with 5 uM XBP1 36 nt RNA. Protein (left) and RNA valency (bottom) is depicted as
folded domains and the number of binding motifs. GEEG mutations indicated in red. (B) RNP granule
formation assays of: IGF2BP1 full-length KH3-4dR (double mutant) with XBP1 36 nt RNA (C) 6XHis-
IGF2BP1 KH1-2 and XBP1 36 nt RNA (D) 25 uM IGF2BP1 KH1-4 with 25 yM XBP1 10 nt RNA (30
min incubation) (E) IGF2BP1 KH1-4 wild-type and XBP1 36 nt RNA (250 mM NacCl). (F) Violin plots of
the area per condensate for IGF2BP1 full-length wild-type, S181E and Y396E with XBP1 36 nt RNA at
different protein and RNA concentrations. The dashed line represents the median value, the dotted
lines the upper and lower quartiles. (G) Representative fluorescence microscopy images of
condensates formed by full-length IGF2BP1 S181E, 5 % mCherry-IGF2BP1 S181E and XBP1 36 nt
RNA (2.5 pM, 1:1). Box plots of total condensate area per field of view in (H) 5 uM protein + 5 yM
RNA and (1) 2.5 uM protein + 2.5 yM RNA (see Supplementary Table 3). Two-tailed Welch'’s t-test was
used for statistical analyses. (J) RNP granule formation assays of IGF2BP1 KH1-4 Y396E and XBP1
36 nt RNA (250 mM NaCl).
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Supplementary Figure 5. IGF2BP1 phosphomimetic mutants display similar effects on RNP condensate
formation in the presence of different model RNAs

(A) Brightfield images of IGF2BP1 wild-type, (B) S181E and (C) Y396E with MYC 32 nt RNA. Scale bar
is 10 um. (D) Brightfield images of IGF2BP1 wild-type, (E) S181E and (F) Y396E with ACTB 37 nt RNA.
Scale bar is 10 uym. (G) Brightfield images of IGF2BP1 wild-type, (H) S181E and (I) Y396E with EIF2A
39 nt RNA. Scale baris 10 um. The valency (left, per row) is depicted as folded domains. (J) Distributions
of hydrodynamic radii as their intensity weighted contribution in [%] of IGF2BP1 wild-type (black), S181E
(red) and Y396E (blue) with XBP1 36 nt RNA at depicted protein and RNA concentrations. Data recorded
in three independent experiments as technical triplicates. n is between 5 and 9, see Methods for details.



(K) Turbidity assay monitoring condensate formation kinetics at 5 pM IGF2BP1 full-length wild-type
(grey), S181E (red) and Y396E (blue) and 5 uM XBP1 36 nt RNA. Error bars represent the standard
deviation (WT n = 10, S181E n=11, Y396E n=10) . The data is fitted to a one-phase association
equation.
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Supplementary Figure 6. IGF2BP1 phosphomimetic mutants affect granule sizes and numbers in cells
(A) Western Blot analyses of IGF2BP1 expression in HeLa and HCT116 cells (Anti-IGF2BP1 antibody,
MBL, RNOO1M; Anti-EEF2 antibody, Proteintech, 20107-1-AP). (B) Western Blot analyses of expression
level of mCherry-IGF2BP1 wild-type, S181E and Y396E mutants expressed in single clone isolated from
HCT116 cells by FACS. The IDs of clones are indicated on the WB. IGF2BP1 is stained by a
fluorescently labeled anti-mCherry antibody. (C) Quantification of Western Blots from HCT116 cells. The
IGF2BP1 band intensities were normalized to bands for the GAPDH control by the LI-COR system for



quantification. (D) Western Blot analyses of expression level of mCherry-IGF2BP1 wild-type, S181E and
Y396E mutants expressed in U20S cells. Mid and high indicate the expression levels identified by
FACS. IGF2BP1 is stained by a fluorescently labeled anti-mCherry antibody. (E) Quantification of
Western Blots from U20S cells. The IGF2BP1 bands were normalized to GAPDH control. The LI-COR
system was used for quantification. (F) Fluorescence microscopy images of fixed U20S cells expressing
mCherry-IGF2BP1 full-length wild-type and GFP-G3BP1 before (top row) and after (bottom row)
treatment with 500 uM arsenite for 30 min. (G) Representative images of fluorescence microscopy from
fixed U20S cells expressing m-Cherry-IGF2BP1 full-length wild-type, m-Cherry-IGF2BP1 full-length
S181E or m-Cherry-IGF2BP1 full-length Y396E stressed with 500 uM arsenite for 60 min. Scale bar is
5 um. Quantification of condensates in U20S cells represented as scatter plots: (H) total area of
condensates per single cell (n = 162 for wild-type, n=230 for S181E, n=162 for Y396E; bar represents
the mean value; two-tailed t-test was used to compare wild-type with S181E and Y396E) (I) number of
condensates per single cell (bar represents the mean value; two-tailed t-test was used to compare wild-
type with S181E and Y396E) and (J) area per condensate (the dashed line represents the median value,
the dotted lines represent the 25 % and 75 % quartiles; two-tailed Mann-Whitney test was used to
compare wild-type with S181E and Y396E).
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Supplementary Figure 7. IGF2BP1 forms a compact conformation in solution

(A) Intensity plot I(s) - s of SEC-SAXS data from IGF2BP1 full-length wild-type (black), IGF2BP1 full-
length S181E (red), IGF2BP1 full-length Y396E (blue) in duplicates (A, B). Y-axis is represented in log1o
scale. (B) Kratky plot I(s)*s? — s of SEC-SAXS data from IGF2BP1 full-length wild-type (black), IGF2BP1
full-length S181E (red), IGF2BP1 full-length Y396E (blue) in duplicates (A, B). (C) Comparison of Ry
and Dmax distribution of random conformations of IGF2BP1 S181E and selected pool that best fit the
experimental SAXS data based on EOM analyses. (D) Comparison of Rg and Dmax distribution of random
conformations of IGF2BP1 Y396E and selected pool that best fit to the experimental SAXS data based
on EOM analyses. (E) Probability distribution of pairwise contacts in MD simulations of Linker1 WT,
Linker 1 S181E as well as (F) Linker2 WT and Linker2 Y396E. (G) Brightfield images of linker 1 (100
pM) and linker 2 (150 uM) and 15 % PEGB8000 after 60 min incubation. Scale bar = 10 um.
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Supp. Figure 8. IGF2BP1 linkers do not strongly self-associate in solution

(A) HSQC spectra of ">N-labeled linker 1 wild-type (grey) and "°N-labeled linker 1 S181E (red) at 200
MM. Black dots represent assigned peaks. (B) Overlay of the HSQC spectra of linker 1 wild-type and
linker 1 S181E (red). (C) HSQC spectra of '®*N-labeled linker 2 wild-type (grey) and 'N-labeled Linker 2
Y396E (blue) at 200 pM. (D) Overlay of the HSQC spectra of linker 2 wild-type and linker 2 Y396E (blue).
Black dots represent assigned peaks. (E) Plot of the intensity ratios of 100 uM, 50 uM and 25 uM to 200



uM ®N-labeled linker 1 wild-type in HSQC. (F). Plot of the intensity ratios of 100 yM, 50 yM and 25 uM
to 200 uM "SN-labeled linker 2 wild-type in HSQC.
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Supp. Figure 9. IGF2BP1 linkers do not display strong intermolecular interactions
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(A) Contact map for cis-interactions of linker 1 and its phosphomimetic mutant S181E during MD
simulations. (B) Contact map for cis-interactions of linker 2 and its phosphomimetic mutant Y396E during
MD simulations. Value p measures the frequency of contact formation over the whole MD simulation.
(C) Rg probability distribution of linker 1 and (D) linker 2 (filled blue steps) overlayed to the probability
distribution computed for an ideal polypeptide with the same amino acidic sequence (black line). Dashed

lines indicate the mean of the distribution.
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Supplementary Figure 10. Phosphomimetic mutation S181E in the linker1 affects low-affinity RNA
interactions

(A) CSP analyses of '®N-labeled linker 1 wild-type in the absence and presence of different
concentrations of RRM1-2. (B) CSP analyses of '®N-labeled linker 1 S181E with different concentrations
of RRM1-2 (C) Representative HSQC signals in the '*N-labeled linker 1 wild-type and S181E in the
absence and presence of 100 uM RRM1-2 (D) CSP analyses of '°N-labeled linker 1 wild-type with
different concentrations of KH1-2. (E) CSP analyses of '“N-labeled linker 1 S181E with different
concentrations of KH1-2. (F) Representative peaks of '®N-labeled linker 1 wild-type and S181E in the
absence and presence of 200 uM KH1-2. (G) CSP analyses of ">N-labeled linker 1 wild-type with
different concentrations of KH3-4. (H) CSP analyses of '°N-labeled linker 1 S181E with different
concentrations of KH3-4. (I) Representative HSQC signals from '*N-labeled linker 1 wild-type and



S181E in the absence and presence 200 uM KH3-4. (J) Intensity plots of signals in ®N-labeled linker 1
wild-type in the presence of different concentrations of 12xUG RNA in HSQC normalized to signals in
the apo spectrum. (K) Intensity plots of '*N-labeled linker 1 S181E with different concentrations of 12xUG
RNA in HSQC normalized to signals in the apo spectrum. (L) Intensity plots of '*N-labeled linker 1 wild-
type with different XBP1 10 nt RNA concentrations in HSQC normalized to signals in the apo spectrum.
(M) Intensity plots of "®N-labeled Linker 1 S181E with different concentrations of XBP1 10 nt RNA in
HSQC normalized to apo spectrum. (N) CSP analyses of "*N-labeled Linker 1 wild-type with different
concentrations of XBP1 10 nt RNA. (O) CSPs of '®N-labeled linker 1 S181E with different concentrations
of XBP1 10 nt RNA. (P) Representative peaks of '®N-labeled linker 1 wild-type and S181E in the absence
and presence of 100 uM of XBP1 10 nt RNA.
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Supp. Figure 11. RGG motif in Linker 1 mediates low-affinity RNA interactions and regulates condensate
formation

(A) CSP analyses of '>N-labeled linker 2 wild-type in the absence and presence of various
concentrations of RRM1-2 determined. (B) CSP analyses of "*N-labeled linker 2 Y396E with different
concentrations of RRM1-2. (C) Representative HSQC signals in 'N-labeled linker 2 wild-type and
Y396E in the absence and presence of 100 yM RRM1-2. (D) CSP analyses of '*N-labeled linker 2 wild-
type with different concentrations of KH1-2 (E) CSP analyses of '®N-labeled linker 2 Y396E with different
concentrations of KH1-2 (F) Representative HSQC signals in "N-labeled linker 2 wild-type and Y396E
in the absence and presence of 100 yM KH1-2 (G) Intensity plots of '>N-labeled wild-type linker 2 in the
presence of different concentrations of KH3-4 normalized to linker 2 signals in the apo spectrum. (H)



Intensity plots of '®N-labeled linker 2 Y396E in the presence of different concentrations of KH3-4
normalized to linker 2 Y396E signals in the apo spectrum. (I) Fluorescence anisotropy assays to assess
binding of IGF2BP1 KH3-4 wild-type (red) and IGF2BP1 linker 2 KH3-4 wild-type (purple) to 5'-
fluorescein labeled XBP1 36 nt. X-axis represented in log-scale. (J) Intensity plots of ®N-labeled linker
1 RQ in the presence of different concentrations of 12x UG RNA in HSQC normalized to linker 1 RQ
signals in the apo spectrum. (K) Electrophoretic Mobility Shift Assay (EMSA) to assess the binding of
IGF2BP1 RQ with XBP1 201 nt RNA at concentrations ranging from 0 to 800 nM. (L) Quantification of
EMSA assays of IGF2BP1 full-length wild-type (black) (from Fig. 2A) and IGF2BP1 RQ (purple) with
XBP1 201 nt RNA (from Supplementary Figure 9K) in duplicates. Dose response equation was used for
curve fitting and calculation of K1.2. Error bars represent the standard deviation. (M) Bright field images
of condensates formed by IGF2BP1 wild-type and (N) IGF2BP1 RQ with MYC 32 nt RNA. Scale bar is
10 ym. The valency of the protein (left) is depicted by the number of folded domains. The valency of the
RNA (bottom) is depicted as the number and position of binding motifs.
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Supplementary Figure 12. Total transcriptome (RNA-Seq) and RNA immunoprecipitation sequencing
(RIP-seq) of IGF2BP1 S181E, Y396E, and RQ mutants.

(A) Western Blot analyses of expression level of mCherry-IGF2BP1 wild-type and S181E, Y396E, and
RQ mutants in a FACS-sorted narrow gate population of HCT116 cells used for transcriptomics and RIP-
Seq experiments. n=3 technical replicates, data are presented as mean values +/- SD. (B) Pearson
correlation matrices of total transcriptome of HCT116 cells expressing mCherry-IGF2BP1 wild-type or
S181E, Y396E, and RQ mutants. Arsenite stress was induced with 2-hour treatment with 500 uyM of
sodium arsenite. (C) Venn diagram showing the intersection between the mRNA transcript targets
identified in this study in control conditions for mCherry-IGF2BP1 (2-fold enrichment of RIP-Seq CPM
compared to RNA-Seq CPM and 4-fold enrichment of RIP-Seq CPM compared to the background RIP-
Seq (parental HCT116 cells) and the reported IGF2BP1 targets (PAR-CLIP PARalyzer-identified targets
from HEK293 cells 2 with more than 5 binding sites 2 ) (D) GO-term biological process enrichment
analysis of mCherry-IGF2BP1 mRNA transcript targets identified in this study in control conditions. For
visualization purposes the list of GO term was simplified using REVIGO * .(E) Venn diagrams showing



the intersection between the mRNA transcript targets identified for mCherry-IGF2BP1 wild-type and
S181E, Y396E, and RQ mutants. Source data are available in Supplementary File 2.



Sequence

UCUCAAAUCUGCUUUCAUCCAGCCACUGCCCAAAGCCAUCU
UCCUGCCUACUGGAUGCUUACAGUGACUGUGGAUACGGGG
XBP1 201 nt GUUCCCUUUCCCCAUUCAGUGACAUGUCCUCUCUGCUUGG
UGUAAACCAUUCUUGGGAGGACACUUUUGCCAAUGAACUCU
UUCCCCAGCUGAUUAGUGUCUAAGGAAUGAUCCAAUACU
AGAAAAUUCAGAAAGAAACAGCCCUUCUCCAGGAGCUGGAA
GAUUUGGAAUUGGGUAUUUAAAGAUUCACGGAAAGCAAGUU
EIF2A 200 nt GAUGACCAGAAAUCAGUGCAAACACAUCUUCUGUUAAACCC
AUUGGUAUACACAGAAUAUUCCUGUGCCCACACUUAAUGUC
AAUCUAUAAUUUUAACCAUUUAUCCAAGAUUCUACU

UGCGUGACCAGAUCCCGGAGUUGGAAAACAAUGAAAAGGCC
CCCAAGGUAGUUAUCCUUAAAAAAGCCACAGCAUACAUCCU
MYC 191 nt ® GUCCGUCCAAGCAGAGGAGCAAAAGCUCAUUUCUGAAGAGG
ACUUGUUGCGGAAACGACGAGAACAGUUGAAACACAAACUU
GAACAGCUACGGAACUCUUGUGCGUAA

XBP1 36 nt GUGACAUGUCCUCUCUGCUUGGUGUAAACCAUUCUU
XBP1 10 nt GUGACAUGUC

MYC 32 nt * GAAAACAAUGAAAAGGCCCCCAAGGUAGUUAU

ACTB 28 nt ° ACCGGACUGUUACCAACACCCACACCCC

ACTB 37 nt™ CUCCAUCGUCCACCGCAAAUGCUUCUAGGCGGACUAU
EIF2A 39 nt GCCCACACUUAAUGUCAAUCUAUAAUUUUAACCAUUUAU
12xUG UGUGUGUGUGUGUGUGUGUGUGUG

Supplementary Table 1: Sequences of model RNAs

RNAs were used in the following experiments: Fig. 2A-M, Fig. 5H-M, Fig. Supp. 2C-J, Fig.
Supp. 3A-G, |, J, Fig. Supp. 4A-J, Fig. Supp. 5A-K, Fig. Supp. 10J-P, Fig. Supp. 11I-N. Putative
binding sites in bold 2.



EMSA

XBP1 201 nt RNA K1z [nM] 95% CI R?
wild-type 41.01 20.87 to 174.8 0.7774
S181E 17.06 14.33 to 20.16 0.9727
Y396E 22.91 19.05 to 27.81 0.9519
RQ 17.00 12.08 to 22.95 0.9114
KH34dR 64.74 43,4210 131,4 0,9739
EIF2A 200 nt RNA K12 [nM] 95% CI R2
wild-type 48.19 42.00 to 53.61 0.9686
S181E 35.42 23.25t043.23 0.9869
Y396E 40.17 14.90 to 7?7 0.9585
MYC 191 nt RNA K1z [nM] 95% CI R2
wild-type 14.36 8.902 to 20.02 0.831
S181E 17.78 10.76 to 27.61 0.7757
Y396E 16.70 12.31 10 21.90 0.8105
Fluorescence Anisotropy
XBP1 36 nt RNA | Kiz2[nM] | 95% CI Hill-Coeff. | 95% CI R2
wild-type 311.7 258.210390.5 | 0.8640 0.75251t0 0.9900 | 0.9932
S181E 310.1 256.3t0377.5 | 1.049 0.8728 to 1.258 0.9855
Y396E 423.3 344.8 10 530.7 | 0.9587 0.7963 to 1.150 0.9862
RQ 113.8 97.76 t0 132.7 | 0.8618 0.7680 to 0.9690 | 0.9928
KH1-4 wild-type | 204.0 188.41t0221.6 |1.174 1.073 to0 1.285 0.9984
RRM1-2 wild type | 25928 13310 to 7?7 1.410 0.8336 to 2.258 0.9340

KH1-2 wild-type* | - - -
1.741 to 3.112

KH3-4 wild-type | 1850 1661t02151 | 2.338 0.9832
LZ'KT;; wild- 4470 131810 1640 | 2.620 2042103392 | 49809
Fullength KH3

GEEG
KH3 wild-type 0.9142 to 1.029
i oree 2122 | 1980102286 | 0.9702 0.9988
KH3GEEG | o9 |9.7381033.85 | 0.6979 0.5827100.8249 | (; 990
KH4 wild-type

ACTB 28 nt RNA | Ki2["M] | 95% Cl Hill-Coeff. | 95% Cl R?
F“""et;?)teh wild- | ce 55 | 56.881087.17 | 1.116 0.7966 to 1.471 | 0.9818
KH1-4 wild-type | 7518 | 65.69to 86.12 | 0.9804 0880310 1.096 | 0.9953

RRM1-2 wild type | 19839 ;2337’%%5 04368 0.8564 t0 2.067 | 0.9449
KH1-2 wild-type | 16670 | 10000 to 44411 | 0.7285 05232 t0 0.9849 | 0.9793
KH3-4 wild-type | 1574 117510 2575 | 2.109 1.024t04.634 | 0.9285

Supplementary Table 2: Fit-values of binding experiments

Ki values of different full-length IGF2BP1 constructs binding to different RNAs from EMSA
and Fluorescence Anisotropy assays in Fig. 2A-D, Fig. Supp. 2C-J, Fig. Supp. 3E-G, | J, Fig.
Supp. 111, K, L; *not enough data points for a reasonable fit



Median area per | 25% 75% Mean total area of
condensate [um?] Percentile Percentile condensates [um?]
IGF2BP1 wild-
7.022 3.955 11.28 7753
type
IGF2BP1
S181E 5.716 3.306 9.342 4691
IGF2BP1
Y396E 10.790 5.758 18.52 9298

Supplementary Table 3: Quantification of in vitro RNP granule formation
Area per condensate of IGF2BP1 full-length constructs with XBP1 36 nt RNA (5 uM protein
plus 5 yM RNA) in Fig. 2J and total condensate area in the same conditions (Fig. Supp. 4H).



ti2 [S] 95% CI ODuso 95% ClI R2
IGF2BP1 167 138.4 to 0.06775 0.06531to | 0.6448
wild-type 205.7 0.07082
IGF2BP1 251.6 171.8 to 0.03505 0.03130to | 0.3264
S181E 431.4 0.04282
IGF2BP1 115.3 97.98 to 0.06358 0.06230to | 0.6495
Y396E 136.8 0.06501

Supplementary Table 4: Turbidity curve over 15 min of different IGF2BP1 constructs with XBP1

36 nt RNA based on Fig. Supp. 5K.




Dynamic pop.
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Supplementary Table 5: The analyses of the FRAP curves of different IGF2BP1 constructs in

G3BP1 induced SGs in Fig. 3D.




HCT116 cells Median area per |25% 75% Total number  of
condensate [um?] Percentile | Percentile | condensates

wild-type 1.142 0.4985 2.286 5272

S181E 1.026 0.4404 2.148 6719

Y396E 1.093 0.4336 2.248 3927

RQ 1.276 0.5518 2.217 3826

HCT116 cells Median total area 25% . 75% _ Mean number of
per cell [um?] Percentile | Percentile | condensates per cell

wild-type 10.26 6.907 13.55 5.71

S181E 10.26 6.496 14.82 7.205

Y396E 10.15 6.811 15.22 6.291

RQ 8.648 6.011 11.67 5.927
Median area per 25% 75% Total number of

U20S cells co?%Znszteea[sz] Percentile | Percentile | condensates

wild-type 0.976 0.369 2.408 2980

S181E 0.824 0.333 1.981 4463

Y396E 0.803 0.304 2.097 2685

U20S cells Median total area 25% 75% Mean number of
per cell [um?] Percentile | Percentile | condensates per cell

wild-type 34.19 22.87 44.3 18.54

S181E 27.12 19.68 39.74 20.66

Y396E 22.79 13.53 33.97 16.52

Supplementary Table 6: Area per condensate of IGF2BP1 full-length constructs expressed in

HCT116 and U20S cells based on experiments in Fig.3 E-H, Fig. Supp. 6G-J.
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Supplementary Table 7: The analyses of the FRAP curves of different IGF2BP1 constructs in
U20S cells (Fig. 3I).




Method <Rg> (A) <Ree> (A)
Linker 1 WT CALVADOS 16.3 + 0.1 391+04
Linker 1 WT Martini 17.3 -
Linker 1 WT AFRC 15.31 35.81
Linker 1 S181E CALVADOS 16.25+ 0.09 39.0+04
Linker 1 S181E Martini 17.4 -
Linker 1 S181E AFRC 15.32 35.8
Linker 2 WT CALVADOS 22.3+ 0.1 52.7+ 0.7
Linker 2 WT Martini 22.8 -
Linker 2 WT AFRC 19.63 45.76
Linker 2 Y396E CALVADOS 222+ 0.1 527+ 0.6
Linker 2 Y396E Martini 22.5 -
Linker 2 Y396E AFRC 19.62 45.75

Supplementary Table 8: The radius of gyration values of the linkers and their mutants based
on the MD simulations in Fig. 4C-F.




Sequence

Full-length
wild-type

GPLGSPGIPGMNKLYIGNLNESVTPADLEKVFAEHKISYSGQFLVKSGYAF
VDCPDEHWAMKAIETFSGKVELQGKRLEIEHSVPKKQRSRKIQIRNIPPQL
RWEVLDSLLAQYGTVENCEQVNTESETAVVNVTYSNREQTRQAIMKLNG
HQLENHALKVSYIPDEQIAQGPENGRRGGFGSRGQPRQGSPVAAGAPAK
QQQVDIPLRLLVPTQYVGAIIGKEGATIRNITKQTQSKIDVHRKENAGAAEK
AISVHSTPEGCSSACKMILEIMHKEAKDTKTADEVPLKILAHNNFVGRLIGK
EGRNLKKVEQDTETKITISSLQDLTLYNPERTITVKGAIENCCRAEQEIMKK
VREAYENDVAAMSLQSHLIPGLNLAAVGLFPASSSAVPPPPSSVTGAAPYS
SFMQAPEQEMVQVFIPAQAVGAIIGKKGQHIKQLSRFASASIKIAPPETPDS
KVRMVIITGPPEAQFKAQGRIYGKLKEENFFGPKEEVKLETHIRVPASAAG
RVIGKGGKTVNELQNLTAAEVVVPRDQTPDENDQVIVKIIGHFYASQMAQR
KIRDILAQVKQQHQKGQSNQAQARRK

Full-length
S181E

GPLGSPGIPGMNKLYIGNLNESVTPADLEKVFAEHKISYSGQFLVKSGYAF
VDCPDEHWAMKAIETFSGKVELQGKRLEIEHSVPKKQRSRKIQIRNIPPQL
RWEVLDSLLAQYGTVENCEQVNTESETAVVNVTYSNREQTRQAIMKLNG
HQLENHALKVSYIPDEQIAQGPENGRRGGFGSRGQPRQGEPVAAGAPAK
QQQVDIPLRLLVPTQYVGAIIGKEGATIRNITKQTQSKIDVHRKENAGAAEK
AISVHSTPEGCSSACKMILEIMHKEAKDTKTADEVPLKILAHNNFVGRLIGK
EGRNLKKVEQDTETKITISSLQDLTLYNPERTITVKGAIENCCRAEQEIMKK
VREAYENDVAAMSLQSHLIPGLNLAAVGLFPASSSAVPPPPSSVTGAAPYS
SFMQAPEQEMVQVFIPAQAVGAIIGKKGQHIKQLSRFASASIKIAPPETPDS
KVRMVIITGPPEAQFKAQGRIYGKLKEENFFGPKEEVKLETHIRVPASAAG
RVIGKGGKTVNELQNLTAAEVVVPRDQTPDENDQVIVKIIGHFYASQMAQR
KIRDILAQVKQQHQKGQSNQAQARRK

Full-length
Y396E

GPLGSPGIPGMNKLYIGNLNESVTPADLEKVFAEHKISYSGQFLVKSGYAF
VDCPDEHWAMKAIETFSGKVELQGKRLEIEHSVPKKQRSRKIQIRNIPPQL
RWEVLDSLLAQYGTVENCEQVNTESETAVVNVTYSNREQTRQAIMKLNG
HQLENHALKVSYIPDEQIAQGPENGRRGGFGSRGQPRQGSPVAAGAPAK
QQQVDIPLRLLVPTQYVGAIIGKEGATIRNITKQTQSKIDVHRKENAGAAEK
AISVHSTPEGCSSACKMILEIMHKEAKDTKTADEVPLKILAHNNFVGRLIGK
EGRNLKKVEQDTETKITISSLQDLTLYNPERTITVKGAIENCCRAEQEIMKK
VREAYENDVAAMSLQSHLIPGLNLAAVGLFPASSSAVPPPPSSVTGAAPES
SFMQAPEQEMVQVFIPAQAVGAIIGKKGQHIKQLSRFASASIKIAPPETPDS
KVRMVIITGPPEAQFKAQGRIYGKLKEENFFGPKEEVKLETHIRVPASAAG
RVIGKGGKTVNELQNLTAAEVVVPRDQTPDENDQVIVKIIGHFYASQMAQR
KIRDILAQVKQQHQKGQSNQAQARRK

Full-length
RQ

GPLGSPGIPGMNKLYIGNLNESVTPADLEKVFAEHKISYSGQFLVKSGYAF
VDCPDEHWAMKAIETFSGKVELQGKRLEIEHSVPKKQRSRKIQIRNIPPQL
RWEVLDSLLAQYGTVENCEQVNTESETAVVNVTYSNREQTRQAIMKLNG
HQLENHALKVSYIPDEQIAQGPENGQQGGFGSQGQPQQGSPVAAGAPA
KQQQVDIPLRLLVPTQYVGAIIGKEGATIRNITKQTQSKIDVHRKENAGAAE
KAISVHSTPEGCSSACKMILEIMHKEAKDTKTADEVPLKILAHNNFVGRLIG
KEGRNLKKVEQDTETKITISSLQDLTLYNPERTITVKGAIENCCRAEQEIMK
KVREAYENDVAAMSLQSHLIPGLNLAAVGLFPASSSAVPPPPSSVTGAAPY
SSFMQAPEQEMVQVFIPAQAVGAIIGKKGQHIKQLSRFASASIKIAPPETPD
SKVRMVIITGPPEAQFKAQGRIYGKLKEENFFGPKEEVKLETHIRVPASAA
GRVIGKGGKTVNELQNLTAAEVVVPRDQTPDENDQVIVKIIGHFYASQMAQ
RKIRDILAQVKQQHQKGQSNQAQARRK




mCherry-
IGF2BP1
full-length
wild-type

MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
KLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWE
RVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMG
WEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPG
AYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYKMNKLYIGNLNE
SVTPADLEKVFAEHKISYSGQFLVKSGYAFVDCPDEHWAMKAIETFSGKV
ELQGKRLEIEHSVPKKQRSRKIQIRNIPPQLRWEVLDSLLAQYGTVENCEQ
VNTESETAVVNVTYSNREQTRQAIMKLNGHQLENHALKVSYIPDEQIAQG
PENGRRGGFGSRGQPRQGSPVAAGAPAKQQQVDIPLRLLVPTQYVGAIIG
KEGATIRNITKQTQSKIDVHRKENAGAAEKAISVHSTPEGCSSACKMILEIM
HKEAKDTKTADEVPLKILAHNNFVGRLIGKEGRNLKKVEQDTETKITISSLQ
DLTLYNPERTITVKGAIENCCRAEQEIMKKVREAYENDVAAMSLQSHLIPGL
NLAAVGLFPASSSAVPPPPSSVTGAAPYSSFMQAPEQEMVQVFIPAQAVG
AlIGKKGQHIKQLSRFASASIKIAPPETPDSKVRMVIITGPPEAQFKAQGRIY
GKLKEENFFGPKEEVKLETHIRVPASAAGRVIGKGGKTVNELQNLTAAEVV
VPRDQTPDENDQVIVKIIGHFYASQMAQRKIRDILAQVKQQHQKGQSNQA
QARRKDLEVLFQ

mCherry-

IGF2BP1

full-length
S181E

MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
KLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWE
RVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMG
WEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPG
AYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYKMNKLYIGNLNE
SVTPADLEKVFAEHKISYSGQFLVKSGYAFVDCPDEHWAMKAIETFSGKV
ELQGKRLEIEHSVPKKQRSRKIQIRNIPPQLRWEVLDSLLAQYGTVENCEQ
VNTESETAVVNVTYSNREQTRQAIMKLNGHQLENHALKVSYIPDEQIAQG
PENGRRGGFGSRGQPRQGEPVAAGAPAKQQQVDIPLRLLVPTQYVGAIIG
KEGATIRNITKQTQSKIDVHRKENAGAAEKAISVHSTPEGCSSACKMILEIM
HKEAKDTKTADEVPLKILAHNNFVGRLIGKEGRNLKKVEQDTETKITISSLQ
DLTLYNPERTITVKGAIENCCRAEQEIMKKVREAYENDVAAMSLQSHLIPGL
NLAAVGLFPASSSAVPPPPSSVTGAAPYSSFMQAPEQEMVQVFIPAQAVG
AlIGKKGQHIKQLSRFASASIKIAPPETPDSKVRMVIITGPPEAQFKAQGRIY
GKLKEENFFGPKEEVKLETHIRVPASAAGRVIGKGGKTVNELQNLTAAEVV
VPRDQTPDENDQVIVKIIGHFYASQMAQRKIRDILAQVKQQHQKGQSNQA
QARRKDLEVLFQ

mCherry-

IGF2BP1

full-length
Y396E

MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
KLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWE
RVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMG
WEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPG
AYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYKMNKLYIGNLNE
SVTPADLEKVFAEHKISYSGQFLVKSGYAFVDCPDEHWAMKAIETFSGKV
ELQGKRLEIEHSVPKKQRSRKIQIRNIPPQLRWEVLDSLLAQYGTVENCEQ
VNTESETAVVNVTYSNREQTRQAIMKLNGHQLENHALKVSYIPDEQIAQG
PENGRRGGFGSRGQPRQGSPVAAGAPAKQQQVDIPLRLLVPTQYVGAIIG
KEGATIRNITKQTQSKIDVHRKENAGAAEKAISVHSTPEGCSSACKMILEIM
HKEAKDTKTADEVPLKILAHNNFVGRLIGKEGRNLKKVEQDTETKITISSLQ
DLTLYNPERTITVKGAIENCCRAEQEIMKKVREAYENDVAAMSLQSHLIPGL
NLAAVGLFPASSSAVPPPPSSVTGAAPESSFMQAPEQEMVQVFIPAQAVG
AlIGKKGQHIKQLSRFASASIKIAPPETPDSKVRMVIITGPPEAQFKAQGRIY




GKLKEENFFGPKEEVKLETHIRVPASAAGRVIGKGGKTVNELQNLTAAEVV
VPRDQTPDENDQVIVKIIGHFYASQMAQRKIRDILAQVKQQHQKGQSNQA
QARRKDLEVLFQ

KH1-4 wild-
type

GPGVDIPLRLLVPTQYVGAIIGKEGATIRNITKQTQSKIDVHRKENAGAAEK
AISVHSTPEGCSSACKMILEIMHKEAKDTKTADEVPLKILAHNNFVGRLIGK
EGRNLKKVEQDTETKITISSLQDLTLYNPERTITVKGAIENCCRAEQEIMKK
VREAYENDVAAMSLQSHLIPGLNLAAVGLFPASSSAVPPPPSSVTGAAPYS
SFMQAPEQEMVQVFIPAQAVGAIIGKKGQHIKQLSRFASASIKIAPPETPDS
KVRMVIITGPPEAQFKAQGRIYGKLKEENFFGPKEEVKLETHIRVPASAAG
RVIGKGGKTVNELQNLTAAEVVVPRDQTPDENDQVIVKIIGHFYASQMAQR
KIRDILAQVKQQHQKGQSNQAQARRK

KH1-4
Y396E

GPGVDIPLRLLVPTQYVGAIIGKEGATIRNITKQTQSKIDVHRKENAGAAEK
AISVHSTPEGCSSACKMILEIMHKEAKDTKTADEVPLKILAHNNFVGRLIGK
EGRNLKKVEQDTETKITISSLQDLTLYNPERTITVKGAIENCCRAEQEIMKK
VREAYENDVAAMSLQSHLIPGLNLAAVGLFPASSSAVPPPPSSVTGAAPES
SFMQAPEQEMVQVFIPAQAVGAIIGKKGQHIKQLSRFASASIKIAPPETPDS
KVRMVIITGPPEAQFKAQGRIYGKLKEENFFGPKEEVKLETHIRVPASAAG
RVIGKGGKTVNELQNLTAAEVVVPRDQTPDENDQVIVKIIGHFYASQMAQR
KIRDILAQVKQQHQKGQSNQAQARRK

RRM1-2
wild type

GPGMNKLYIGNLNESVTPADLEKVFAEHKISYSGQFLVKSGYAFVDCPDEH
WAMKAIETFSGKVELQGKRLEIEHSVPKKQRSRKIQIRNIPPQLRWEVLDS
LLAQYGTVENCEQVNTESETAVVNVTYSNREQTRQAIMKLNGHQLENHAL
KVSYIPDEQIAQ

KH1-2 wild-
type

GPGVDIPLRLLVPTQYVGAIIGKEGATIRNITKQTQSKIDVHRKENAGAAEK
AISVHSTPEGCSSACKMILEIMHKEAKDTKTADEVPLKILAHNNFVGRLIGK
EGRNLKKVEQDTETKITISSLQDLTLYNPERTITVKGAIENCCRAEQEIMKK
VREAYENDVAAMSLQSHLIPGLN

KH3-4 wild-
type

GPGEQEMVQVFIPAQAVGAIIGKKGQHIKQLSRFASASIKIAPPETPDSKVR
MVIITGPPEAQFKAQGRIYGKLKEENFFGPKEEVKLETHIRVPASAAGRVIG
KGGKTVNELQNLTAAEVVVPRDQTPDENDQVIVKIIGHFYASQMAQRKIRD
ILAQVKQQHQKGQSNQAQARRK

L2-KH3-4
wild-type

GPGMKKVREAYENDVAAMSLQSHLIPGLNLAAVGLFPASSSAVPPPPSSV
TGAAPYSSFMQAPEQEMVQVFIPAQAVGAIIGKKGQHIKQLSRFASASIKIA
PPETPDSKVRMVIITGPPEAQFKAQGRIYGKLKEENFFGPKEEVKLETHIR

VPASAAGRVIGKGGKTVNELQNLTAAEVVVPRDQTPDENDQVIVKIIGHFY

ASQMAQRKIRDILAQVKQQHQKGQSNQAQARRK

Full-length
KH3 GEEG
KH4 GEEG

GPLGSPGIPGMNKLYIGNLNESVTPADLEKVFAEHKISYSGQFLVKSGYAF
VDCPDEHWAMKAIETFSGKVELQGKRLEIEHSVPKKQRSRKIQIRNIPPQL
RWEVLDSLLAQYGTVENCEQVNTESETAVVNVTYSNREQTRQAIMKLNG
HQLENHALKVSYIPDEQIAQGPENGRRGGFGSRGQPRQGSPVAAGAPAK
QQQVDIPLRLLVPTQYVGAIIGKEGATIRNITKQTQSKIDVHRKENAGAAEK
AISVHSTPEGCSSACKMILEIMHKEAKDTKTADEVPLKILAHNNFVGRLIGK
EGRNLKKVEQDTETKITISSLQDLTLYNPERTITVKGAIENCCRAEQEIMKK
VREAYENDVAAMSLQSHLIPGLNLAAVGLFPASSSAVPPPPSSVTGAAPYS
SFMQAPEQEMVQVFIPAQAVGAIIGEEGQHIKQLSRFASASIKIAPPETPDS
KVRMVIITGPPEAQFKAQGRIYGKLKEENFFGPKEEVKLETHIRVPASAAG
RVIGEEGKTVNELQNLTAAEVVVPRDQTPDENDQVIVKIIGHFYASQMAQR
KIRDILAQVKQQHQKGQSNQAQARRK




GPGEQEMVQVFIPAQAVGAIIGKKGQHIKQLSRFASASIKIAPPETPDSKVR

K\:I'ii;iyf:?’ MVIITGPPEAQFKAQGRIYGKLKEENFFGPKEEVKLETHIRVPASAAGRVIG
(114 Ghr | EEGKTVNELQNLTAAEVVVPRDQTPDENDQVIVKIIGHFYASQMAQRKIRD
ILAQVKQQHQKGQSNQAQARRK
<3 GEEG | GPGEQEMVQVFIPAQAVGAIIGEEGQHIKOLSRFASASIKIAPPETPDSKVR
4 i, | MVITGPPEAQFKAQGRIYGKLKEENFFGPKEEVKLETHIRVPASAAGRVIG
. KGGKTVNELQNLTAAEVVVPRDQTPDENDQVIVKIIGHFYASQMAQRKIRD
ILAQVKQQHQKGQSNQAQARRK
V\'I‘i'lzl_‘;ge ATYEQIAQGPENGRRGGFGSRGQPRQGSPVAAGAPAKQQQY
"S'T;?E ATYEQIAQGPENGRRGGFGSRGQPRQGEPVAAGAPAKQQQV
Linkerl RQ | ATYEQIAQGPENGQQGGFGSQGQPQQGSPVAAGAPAKQQQVY
Linker2 | ATYMKKVREAYENDVAAMSLQSHLIPGLNLAAVGLFPASSSAVPPPPSSVT
wild-type | GAAPYSSFMQAPE
Linker2 | ATYMKKVREAYENDVAAMSLQSHLIPGLNLAAVGLFPASSSAVPPPPSSVT
Y396E | GAAPESSFMQAPE

Supplementary Table 9: Amino acid sequences of all recombinant IGF2BP1 protein constructs
used in this study.
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3 Discussion

Maintaining protein homeostasis in the ER is essential for cellular function, and, not
surprisingly, its disruption contributes to pathology of numerous diseases, including
cancer, diabetes, and neurodegeneration (reviewed in 74-80). To cope with ER stress,
cells activate the UPR, which adjusts protein folding capacity to match the cellular need
and initiates apoptosis if adaptation fails. While transcriptional regulation through UPR
is essential for restoring homeostasis and has been extensively studied, much less is
known about how post-transcriptional mechanisms shape the transcriptome during
stress. System-level data revealed that post-transcriptional mechanisms are engaged
during ER stress, yet how this is achieved at the mechanistic level has been poorly

understood.

In this thesis, | aimed to uncover how a specific RBP, IGF2BP3, contributes to post-
transcriptional regulation during ER stress. Using unbiased proteomics methods, our
previous work identified that IGF2BP3 associates with the ER stress sensor IRE1 in
an ER stress-dependent manner 2. Yet, whether IGF2BP3 regulates mRNA fate

during ER stress remained unclear.

Here, | showed that IGF2BP3 binds and regulates UPR effector mRNAs. Notably, |
found that during ER stress, IGF2BP3 promotes degradation of its target mRNAs,
decreasing their levels. In parallel, it indirectly facilitates transcription of UPR target
genes, and its depletion dampens the UPR. These findings establish IGF2BP3 as a
previously unrecognized regulator of ER proteostasis and open new perspectives on

how RBPs integrate mRNA metabolism regulation with stress signaling.

3.1 IGF2BP3 binds UPR effectors and reduces association with its
canonical targets during ER stress
Using unbiased RNA-crosslinking co-immunoprecipitation of IRE1, we revealed that
the RBP IGF2BP3 associates with IRE1 in an ER stress-dependent manner through
protein-RNA interactions. Guided by this finding, we hypothesized that IGF2BP3 may
bind IRE1 mRNA targets and contribute functionally to the cellular response to ER
stress. To test this hypothesis, we first set out to identify which transcripts IGF2BP3
binds under ER stress conditions. While several studies have mapped IGF2BP3

targets in unstressed cells 12%149.165 it remained unclear whether ER stress alters its
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binding properties. Moreover, because some of the UPR-induced genes are only

expressed during stress, such targets could not have been detected previously.

To define IGF2BP3 target transcripts and its binding sites, | established
immunoprecipitation conditions that enable efficient extraction of endogenous
IGF2BP3 and optimized the PAR-CLIP protocol 49175 Instead of radioactive labeling,
| used a safe and highly sensitive infrared dye to visualize RNA fragments crosslinked
to IGF2BP3, and established the RNase treatment conditions to achieve the best
binding site coverage. Specifically, the use of RNase I, which has low sequence
specificity, was crucial for obtaining high-quality coverage profiles. | performed the
experiments in the HCT116 colorectal carcinoma cell line, as it does not express
IGF2BP1, which could mask IGF2BP3 function due to redundancy. Moreover, both
UPR activation and IGF2BP expression contribute to colorectal cancer progression6-
178 As aresult, | developed an IR-PAR-CLIP protocol, which provided the basis for the
subsequent analysis of IGF2BP3 binding changes during ER stress.

In order to define whether ER stress alters IGF2BP3 binding, | used the IR-PAR-CLIP
to compare the binding profiles of endogenous IGF2BP3 in unstressed cells and upon
ER stress induction. The analysis of IGF2BP3-bound transcripts upon ER stress
identified one-third of the UPR-target transcripts as specific IGF2BP3 binding targets,
including HSPAS (encoding major ER chaperone BiP), XBP1 (the main IRE1 target),
and DDIT3 (encoding pro-apoptotic transcription factor CHOP). At the same time,
IGF2BP3 showed reduced binding to its canonical targets such as HMGAZ2, which
encodes an oncogenic transcriptional regulator '7°. These data indicated that
IGF2BP3’s target spectrum changes during ER stress. Consistent with its association
with UPR effectors, IGF2BP3 also bound approximately one-third of IRE1 targets.
Initially, we hypothesized that IGF2BP3 might protect IRE1 targets from cleavage and
subsequent degradation. However, the binding sites of IGF2BP3 did not overlap with
IRE1 binding and cleavage positions, contradicting this idea. In addition, we observed
ER stress-dependent differences in IGF2BP3 binding motifs. Whether these
differences result from changes in IGF2BP3 binding preferences or from target
transcript abundance remains to be determined. Altogether, the binding of IGF2BP3 to
UPR effectors and the changes in its canonical interactions under stress suggest that
IGF2BP3 may contribute to transcriptome remodeling during ER stress.
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3.2 IGF2BP3 shapes the UPR transcriptome via a dual mechanism

The results of the IR-PAR-CLIP experiment revealed that IGF2BP3 binds multiple UPR
effector transcripts, making it plausible that IGF2BP3 regulates them and therefore
contributes to the post-transcriptional regulation of the UPR. However, previous
studies show that binding of an RBP to an mRNA does not necessarily lead to a
functional outcome '8, Moreover, IGF2BP3 has versatile functions ranging from
mMRNA stabilization, degradation, and translational regulation, all of which depend on
mRNA sequence as well as cellular context 151.156.162,165 Therefore, to understand the
functional role of IGF2BP3 during ER stress, | next dissected changes in the

transcriptome upon IGF2BP3 depletion.

3.2.1 Depletion of IGF2BP3 dampens the UPR

First, to determine the functional role of IGF2BP3 in the UPR, we analyzed the effect
of its depletion on the total transcriptome during ER stress. Although we did not
observe significant changes for individual UPR effectors, depletion of IGF2BP3
resulted in consistent and significant downregulation of the set of UPR-upregulated
genes. We further confirmed our findings using RT-gPCR experiments under milder,
closer to physiological ER stress conditions, where the effect of IGF2BP3 on total
levels of individual UPR effector transcripts was more pronounced and statistically
significant. It should be noted that we did not observe IGF2BP3-mediated regulation of
IRE1 RIDD targets, suggesting that IGF2BP3 does not modulate cleavage of these
targets by IRE1. As multiple UPR-upregulated transcripts are suboptimal substrates of
IRE1 12, the possibility remains that IGF2BP3 may regulate their interaction with IRE1
and cleavage. Surprisingly, IGF2BP3 depletion resulted in reduced levels across all
three UPR branches, even for transcripts not directly bound by IGF2BP3. This
indicates that the observed effect may not be mediated solely through direct IGF2BP3
binding and stabilization of the UPR targets, but rather through rewiring of the
transcriptional UPR program. Therefore, in the next experiment, we aimed to uncouple
the transcriptional and post-transcriptional changes occurring upon IGF2BP3 depletion
and to track the stability of IGF2BP3-bound transcripts.
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3.2.2 Experimental approaches to address mRNA stability regulation
during ER stress
Several experimental strategies have been employed to investigate mMRNA stability in
the context of ER stress. The first relies on blocking transcription with DNA intercalating
agents, such as actinomycin D (ActD), and following the degradation rates 3132109181,
While it allows for direct monitoring of transcript decay rates, it has several important
limitations. Blocking transcription simultaneously with ER stress induction prevents
proper UPR activation and expression of the stress-induced transcripts. This setup can
therefore only be used to monitor transcripts already present before stress, such as
RIDD targets 3':32109 it will not capture the regulation events mediated via the
transcriptional UPR branches. To overcome this limitation, ActD chase can be applied
after ER stress induction 8. However, this method is still not optimal to monitor
changes in half-lives of long-lived mRNAs, as prolonged ActD treatment drastically

changes the transcriptome of treated cells.

A second frequently used approach estimates the regulation of transcript half-lives by
comparing the changes in total and nascent transcriptomes. To capture nascent
transcription during the UPR, previous studies have employed run-on RNA
sequencing, which detects RNAs associated with RNA polymerase at a given moment
82,109 While these methods are considered the gold standard for mapping polymerase
positions, their protocols are extensive, and estimates of nascent transcription rates
may be biased by polymerase pausing and gene length. Additionally, because they
provide only a snapshot of transcription, they might miss changes in some dynamically

regulated UPR targets.

Taking these limitations into account, we reasoned that thiol(SH)-linked alkylation for
the metabolic sequencing of RNA (SLAMseq) would provide the most suitable
approach to test whether IGF2BP3 affects transcription or mRNA stability during ER
stress 182, SLAMseq allows direct comparison of nascent and total transcriptomes
within a defined time frame. It relies on treating cells with 4-thiouridine (s*U), which is
incorporated into newly transcribed mMRNAs and results in T-C transitions in the final
library. In our experimental setup, ER stress was induced, and after 3 hours a 2-hour
s*U pulse was applied. This approach allowed us to directly assess IGF2BP3-mediated

effects on transcription and to estimate mRNA stability across the entire transcriptome,
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including UPR-induced transcripts. Importantly, this setup does not interfere with the
transcription of UPR target genes and thus the natural progression of the UPR

throughout the experiment.

3.2.3 SLAMseq reveals a dual mechanism through which IGF2BP3
functions during ER stress
SLAMseq analysis showed that IGF2BP3 depletion caused a more substantial
decrease in nascent mRNA levels compared to the total transcript levels for UPR
targets. This suggested two conclusions. First, that the observed dampening of the
UPR upon IGF2BP3 depletion occurs primarily at the transcriptional level. Second,
because reduced transcription does not result in a substantial decrease in total
transcript levels, an additional layer of regulation likely operates at the level of mMRNA
stability. To further address whether IGF2BP3 depletion results in the stabilization of
UPR targets, we analyzed SLAMseq data by calculating the T-C conversion rate
values. They represent the ratio of the number of T-C conversions to the total coverage
at Ts for a given gene, and reflect the relative abundance of newly synthesized and
pre-existing mMRNAs. Therefore, a decrease in T-C conversion rate indicates increased
stabilization. Using this analysis, we found that under ER stress IGF2BP3 depletion
leads to stabilization of its target RNAs, including UPR-induced transcripts. These
findings were further supported by monitoring mRNA decay upon ActD treatment
followed by RT-gPCR. Altogether, the IGF2BP3 depletion analysis results suggested
the following model: IGF2BP3 indirectly supports transcription of the UPR targets,
while ER stress shifts its direct function toward promoting mRNA degradation. For most
IGF2BP3 targets, this leads to a decrease in their total levels; however, UPR target
levels are partially rescued due to an increase in their transcription. At the total
transcript level, this results in small changes that we could detect only when UPR-
upregulated genes were analyzed as a group. Strikingly, the decrease in UPR target
levels was more prominent under milder, closer-to-physiological ER stress conditions.
This suggests that stronger ER stress is required to enhance pro-degradatory functions
of IGF2BP3. Therefore, in an organism or cancer context, IGF2BP3 could be expected

to promote UPR.

How IGF2BP3 supports the transcription of UPR target genes remains unclear. One

possibility is that it acts through the regulation of a transcription factor involved in the
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pathway. The major UPR transcription factors, XBP1s and ATF6(N), belong to the
basic-leucine zipper (bZIP) family and function as heterodimers that in combination
regulate transcription of UPR target genes 83184, In this context, IGF2BP3-regulated
bZIP proteins such as FOSL2 or the ATF6 paralog CREB3L2 may also participate in
reinforcing transcriptional activation of the UPR. It should be noted that the dampening
of the UPR that we observe is not limited to a single branch. Although a more detailed
analysis is required to understand whether a particular UPR branch is particularly
susceptible to IGF2BP3 depletion, this may be complicated due to the cross-talk
between branches. One also cannot exclude the possibility that IGF2BP3 acts via a
transcriptional regulator not previously linked to the UPR. We were unable to identify
such a regulator from the current data, and experiments under milder stress conditions
may be necessary. Altogether, our data demonstrate that by influencing transcriptional
networks, RBPs can extend post-transcriptional regulation beyond their direct targets

and support stress adaptation.

Our depletion experiments, coupled with mRNA stability assays, show that ER stress
shifts IGF2BP3 function towards promoting the destabilization of its targets. Under
homeostatic conditions, IGF2BP3 binding can either promote mRNA stability or
facilitate degradation, depending on the target identity. However, under ER stress, the
pro-degradatory outcome of IGF2BP3 binding becomes more prominent. Functionally,
this shift may help cells decrease overall mRNA concentration, reducing the
translational and, therefore, folding burden under stress conditions that perturb
proteostasis. This hypothesis can be addressed in future transcriptomic experiments

with the addition of spike-in normalization.

Another consequence involves in the regulation of specific IGF2BP3 targets, which
might contribute to UPR progression, including regulation of its transcriptional
branches. Under homeostatic conditions, IGF2BP3 sequesters HMGAZ2 into RISC-
depleted mMRNPs, protecting it from degradation '26. According to our data, ER stress
results in the release of HMGA2 mRNA from IGF2BP3 and subsequent destabilization.
HMGAZ2 is an architectural protein that regulates gene expression through changing
chromatin structure '8-87_ One possible model is that HMGA2-mediated remodeling
of chromatin facilitates the initiation of the UPR, while its levels decrease due to a
negative feedback loop during UPR progression. In this case, IGF2BP3 depletion
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would dampen the UPR, in agreement with our data. HMGAZ2 depletion experiments

should be performed to address this hypothesis further.

In addition to transcriptional regulators such as HMGA2, multiple IGF2BP3-bound
transcripts encoding post-transcriptional regulators showed increased degradation
during stress. Among them were a previously described target of IGF2BP3, the
ZFP36L1 mRNA 765 which encodes a post-transcriptional repressor of the
tristetraprolin (TTP) family, and AGO2. Functionally, it is not clear how destabilization
of transcripts encoding post-transcriptional regulators contributes to cellular
physiology. However, this can result in changes to the relative activity of different
mRNA degradation pathways and contribute to selective remodeling of the

transcriptome.

3.3 ER stress increases the association of IGF2BP3 with mRNA
decapping complex
Having established that IGF2BP3 promotes mRNA degradation during ER stress, we
next asked how this effect is achieved at the molecular level. Because IGF2BP3 is an
RBP and cannot directly degrade its targets, we reasoned that it might act as an
adaptor that delivers them to degrading enzymes. To test this hypothesis, we set out
to determine protein interaction partners of IGF2BP3. We performed co-
immunoprecipitation of endogenous IGF2BP3 followed by mass spectrometry, which
revealed interactors that showed increased association upon ER stress. Among them,
GO term analysis revealed all components of the mRNA decapping complex (EDC4,
EDC3, DCP1A, DCP2). Moreover, we also recovered IRE1, supporting our initial
findings. These proteins appeared relatively resistant to RNase treatment, possibly
reflecting their incorporation into tight mMRNP complexes with IGF2BP3. However, in
GFP-IRE1 co-immunoprecipitation experiments, the interaction with IGF2BP3 proved
sensitive to RNase. Together, these results suggest that both protein-protein and
protein-RNA interactions may contribute to the association of IGF2BP3 with its
partners. The exact molecular basis of these interactions, however, remains to be

established.

In cells, mMRNA decapping complex accumulates in the P-bodies. It has been reported

that IGF2BP3 partially localizes to P-bodies, mediating translational silencing of its
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mRNA targets %6, Nevertheless, it remains unclear which interactions recruit IGF2BP3
to P-bodies. Apart from P-body localization, previous studies have also suggested an
association of IGF2BP3 with other mRNA degradation machinery, such as exosome
162 Moreover, the functional link between IGF2BP3 binding and AGO2 recruitment to
their targets to promote mMRNA degradation was established 6%, However, in contrast
to the mRNA decapping complex proteins, our data show strong RNase sensitivity for
both the exosome and AGO2.

To determine which protein-protein interactions may drive IGF2BP3 pro-degradative
function upon ER stress, we performed an unbiased AlphaFold2 Multimer screen,
predicting the pairwise interactions between IGF2BP3 and all proteins identified in the
IGF2BP3 co-immunoprecipitation experiment. This approach has proven powerful for
predicting direct protein-protein interactions within large lists of potential interactors in
multiple studies (e.g., for the identification of molecular mechanisms of fertilization 88
and PIWI-piRNA complex assembly '8). Remarkably, among all 1213 proteins
recovered in IGF2BP3 co-immunoprecipitants, the mRNA decapping complex
component EDC3 showed the highest probability to interact with IGF2BP3 directly.
EDC3 is a decapping coactivator that supports the active conformation of the DCP1-
DCP2 decapping enzyme. While the N-terminal LSm domain interacts with DCP1/2,
the C-terminal YjeF-N domain dimerizes, supporting the assembly and integrity of the
complex 190-192 We further mapped the interaction to occur between the RRM2 domain
of IGF2BP3 and the YjeF domain of EDC3, and confirmed it by co-immunoprecipitation
of IGF2BP3 mutated at the predicted EDC3 interaction site. Importantly, the interaction
site does not overlap with either the RNA-binding site on the RRM2 of IGF2BP3 or the
self-association surface on the YjeF of EDC3, and therefore should not interfere with
these functions. Instead, we propose that IGF2BP3 delivers its targets for decapping
through its interaction with EDC3. Additionally, multivalent interactions between
IGF2BP3, mRNAs, and the decapping complex may contribute to the formation of
higher-order mRNPs.

Taken together, these results point to a role of IGF2BP3 as an adaptor that connects

its mMRNA targets with the decapping machinery via EDC3. Consistent with our findings,

the interaction between EDC3 and the adaptor RBP TTP has been shown to facilitate

decapping of TTP targets. However, the exact interaction surface between the two
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proteins has not yet been identified °3. This highlights the ability of EDC3 to bridge
different RBPs with the decapping complex and supports the mechanism proposed for
IGF2BP3.

Our results demonstrate a direct interaction between IGF2BP3 and the mRNA
decapping complex, and reveal that this association increases during ER stress.
However, the mechanism behind this increase remains to be established. One
possibility is that it is mediated via the regulation of the protein-protein interaction
between IGF2BP3 and EDC3. Further experiments are planned to test whether an
IGF2BP3 mutation that reduces its interaction with EDC3 prevents the ER stress-
induced increase in IGF2BP3 association with the mRNA decapping complex. It will
also be essential to determine whether disrupting this interaction impairs IGF2BP3-

mediated destabilization of its targets.

Adaptor RBPs often rely on their IDRs to deliver mRNAs to degradation machineries,
and these interactions can be dynamically regulated by phosphorylation. For example,
phosphorylation of TTP by p38 MAP kinase disrupts its binding to CCR4-NOT and
increases stability of its targets 194195, More broadly, this concept has been
demonstrated for the IDRs of multiple RBPs '%. In line with these findings, our
Alphafold2-Multimer screen predicted the interaction between the second IDR linker of
IGF2BP3 and CNOT9, a component of the CCR4-NOT complex. IDRs have also been
implicated in the interaction of adaptor RBPs with the mRNA decapping complex, as
shown for TTP, whose IDR binds directly to DCP2'%7. Altogether, these findings raise
the possibility that the effect of ER stress on IGF2BP3 association with the mRNA

decapping complex could also be regulated by phosphorylation.

In our work presented in Section 2.3, we demonstrated that oxidative stress changes
phosphorylation of IGF2BP3 paralog IGF2BP1 at several sites, which differentially
regulate its mRNA binding, protein interactions, and condensation properties. Similar
to IGF2BP1, our preliminary data suggest that IGF2BP3 phosphorylation is modulated
by ER stress. However, due to protease cleavage specificity, we could not obtain the
coverage of either the IGF2BP3-EDC3 interaction surface or its IDRs. Therefore,
optimization of mass spectrometry sample preparation is necessary to identify the

potential phosphorylation sites that may be involved in regulation of IGF2BP3-mRNA
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decapping complex interaction upon ER stress. In addition, EDC3 itself can be
phosphorylated, which influences its localization to P-bodies and their dynamics '%.
Thus, phosphorylation of either IGF2BP3 or EDC3, or both, could contribute to the
enhanced association of IGF2BP3 with the decapping complex during ER stress.

Future experiments will be required to address these possibilities.

The different outcomes of IGF2BP3 binding have been linked to modifications of target
mRNAs, where m6A-modified transcripts were proposed to be stabilized by IGF2BP3,
while m7G-modified transcripts were targeted for degradation. Although no
transcriptome-wide profiling has been performed to address changes in m6A and m7G
modifications upon ER stress, it is plausible that these modifications respond
dynamically to ER stress conditions. Indeed, m6A modification profiles are highly
sensitive to heat shock and contribute to the regulation of mMRNA metabolism 199200,
Moreover, m6A modification plays a crucial role in cell survival under ER stress by
inhibiting CHOP expression 2°'. In this scenario, increased m7G modification of
IGF2BP3 targets could enhance their degradation under ER stress, with IGF2BP3-
EDCS3 interaction stabilizing their association with the mRNA decapping complex. To
test this hypothesis, further experiments, including m7G sequencing and analysis of

mRNA stability upon mutation of m7G sites are required.

3.4 Concluding remarks

Our results identify IGF2BP3 as an adaptor protein that, upon ER stress, delivers its
target transcripts to the mRNA decapping machinery, promoting their degradation
while indirectly supporting the transcription of UPR targets. Physiologically, such dual
regulation may help cells balance protein load and transcriptional output during ER
stress. Considering that IGF2BP3 expression peaks in embryonic and malignant
tissues, this mechanism is likely to operate in a tissue-specific manner and may
contribute to the variability in stress response outcomes observed during development

and tumorigenesis.
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4 Limitations of the study and future directions

4.1 lIdentifying potential post-transcriptional regulators of the UPR

To identify potential post-transcriptional regulators of transcripts relevant for the
progression of the ER stress response, we relied on crosslinking co-
immunoprecipitation of IRE1 coupled with mass spectrometry 2. This approach
allowed us to identify RBPs that associate with IRE1 and its mRNA targets in an
unbiased manner and was most appropriate for identifying modulators of IRE1
selectivity. Nevertheless, we could have missed the potential regulators if they were
more sensitive to RNase treatment. Technical limitations of mass spectrometry could
also prevent the identification of potential candidates. In addition, because not every
transcript contributing to the UPR outcome is an IRE1 target, RBPs acting on such
mMRNAs could have been missed. Unbiased functional genomics approaches coupled
with transcriptomics °° could be an effective alternative or a valuable addition to our
strategy. These methods allow systematic depletion of virtually any protein followed by
transcriptomic profiling. Applied in our context, they could reveal RBPs that influence
UPR-relevant transcripts, enabling the identification of regulators of UPR that are not

captured by IRE1 interaction-based assays.

4.2 Contribution of IGF2BP1 and IGF2BP2 to ER stress regulation

The IGF2BP family comprises three paralogs that share approximately two-thirds of
their binding targets and, in certain cases, exhibit similar regulatory effects, suggesting
they may compensate for each other.’'. Although mass spectrometry of IRE1
interaction partners identified IGF2BP3 as the only confident interactor that increased
its association with IRE1 upon ER stress, IGF2BP1 and IGF2BP2 were also detected
in the immunoprecipitation. We have not further probed IGF2BP1 and IGF2BP2
associations with IRE1 upon ER stress using western blot analyses. To avoid the
possibility of functional redundancy, the HCT116 colorectal carcinoma cell line was
selected, as it does not express IGF2BP1. Compared with IGF2BP3, siRNA-mediated
depletion of IGF2BP2 had a negligible effect on the levels of UPR-upregulated
transcripts, while CRISPR/Cas9 knockout experiments were unsuccessful due
reduced cellular viability and high variability among the IGF2BP2 knockout clones.
These data were not included in this thesis, and further studies are needed to

systematically assess potential redundancy among the paralogs.
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4.3 SLAMseq strategies to differentiate between transcriptional and post-
transcriptional regulation
To differentiate between transcriptional and post-transcriptional changes upon
IGF2BP3 depletion during ER stress, we performed a SLAMseq experiment with a 2-
hour s*U pulse. By calculating changes in the incorporation of s*U, this approach
directly detects changes in the nascent transcriptome allowing us to track
transcriptional regulation 2°2. Additionally, by comparing the ratios of total and T-C
(newly transcribed) coverage, it estimates the changes on the level of mMRNA stability
203 |n contrast, an alternative, catabolic mode of SLAMseq, involving a long pulse of
s*U followed by a washout, is tailored to determine mRNA half-lives directly, but does
not allow addressing transcriptional changes '82. Although we supported our SLAMseq
results with an ActD chase RT-qPCR experiment, an additional catabolic SLAMseq
experiment would expand and strengthen our findings. It should also be noted, that a
2-hour pulse is too long to address post-transcriptional regulation of MRNAs with short
half-lives, as such transcripts will undergo complete turnover and will be replaced by
newly transcribed molecules during the pulse. Both ActD chase and catabolic
SLAMseq experiments could be performed with shorter time intervals to capture

stability changes in transcripts with rapid turnover.

4.4 Limitations of IGF2BP3 long-term depletion and perspectives for
acute degradation approaches
Both IGF2BP3 depletion approaches used in this work require substantial time, leading
to cellular adaptation and transcriptional rewiring, which complicates the identification
of the direct molecular mechanism of IGF2BP3 function. To overcome this limitation,
acute depletion of IGF2BP3 using a targeted degradation system could be
advantageous. In the course of this work, we developed two different degron systems
to deplete IGF2BP3, however, both of them had their limitations incompatible with our
research question. First, we endogenously tagged IGF2BP3 with the auxin-inducible
degron (mAID) in cells expressing E3 ligase OsTIR1. In this system, treatment of cells
with the plant hormone auxin brings tagged protein into the proximity of OsTIR1,
resulting in protein ubiquitination and degradation 2%4. With this approach, we achieved
> 95% depletion of mAID-IGF2BP3 after 9 hours of treatment. Unfortunately, despite
controlled expression of OsTIR1 from the doxycycline-inducible promoter designed to
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minimize background degradation of the tagged protein, mAID-IGF2BP3 levels were
reduced approximately 4-fold compared with the untagged control, making it
impossible to detect IGF2BP3-mediated changes upon depletion. Moreover, treatment
of cells with auxin resulted in substantial transcriptome changes, with effect sizes
comparable to those expected upon IGF2BP3 depletion. It is possible that a newer

version of the mAID system will overcome these limitations 205,

In the second approach, we endogenously tagged IGF2BP3 with an engineered
haloalkane dehalogenase HaloTag, which covalently binds chloroalkane-containing
ligands 296207 The proteolysis-targeting chimera compounds have been designed to
bind HaloTag (HaloPROTACSs) and target the fusion protein to the endogenous E3
ligase Hippel-Lindau (VHL) for ubiquitination and degradation 298209, Using an effective
and commercially available compound, HaloPROTAC3 2%°, we achieved 75% depletion
of HaloTag-IGF2BP3 after 5 hours of treatment. To our surprise, HaloPROTAC3
induced ER stress independently of HaloTag-IGF2BP3 expression, preventing us from
using it to study the UPR. These results were published and are summarized in Section
5.1. Recently, more efficient HaloPROTAC-E compound has been developed that
requires lower concentrations to deplete HaloTag fusion proteins 2'°. It has proved
promising in our preliminary experiments, as even high concentrations of
HaloPROTAC-E did not activate the UPR, and future experiments are planned with
this compound to test effects of the acute depletion of IGF2BP3.

4.5 IGF2BP3 function in post-transcriptional regulation may extend
beyond mRNA stability regulation
Previous studies have shown that IGF2BP3 can influence both mRNA stability 151162
and translation %8, This work focuses in particular on the role of IGF2BP3 in regulation
of MRNA stability during ER stress. Nevertheless, we have addressed the possibility
of translation regulation with a ribosome profiling experiment, that is published in the
bioRxiv version of the manuscript (Section 2.2). Upon IGF2BP3 depletion, ribosome
occupancy decreased modestly on several targets, including DDIT3 (which encodes
the pro-apoptotic transcription factor CHOP), indicating that IGF2BP3 contributes to its
expression under ER stress. We also observed reduced translation of transcripts

normally translationally upregulated during ER stress, mirroring the dampening of
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transcriptional UPR branches upon IGF2BP3 loss and suggests general

downregulation of the UPR.

Previous work suggests that IGF2BP3 inhibits translation of its targets, which can be
detected at the bulk protein level 56, Because our ribosome profiling experiments did
not include spike-in controls for normalization of ribosome footprints and transcript
levels, we could not quantify absolute changes. These data would be particularly
important for testing our hypothesis that IGF2BP3-mediated degradation of mRNAs

during ER stress contributes to the reduction of translational burden.

4.6 Physiological importance of IGF2BP3 role during ER stress

Our model of IGF2BP3 action during ER stress suggests that it facilitates UPR
activation and helps cells adapt by reducing protein synthesis. However, IGF2BP3
depletion decreased activation of both pro-survival and pro-apoptotic UPR branches,
making the final outcome difficult to predict. We cannot exclude the possibility that the
effect varies depending on context, including cell type, the state of the transcriptome,
and the extent and type of stress. Answering this question will require future
experiments addressing how IGF2BP3 impacts fitness and viability in different cell

types and under various ER stress conditions.
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5 Appendix

In the appendix, | included results that | obtained and contributed to during my thesis
work, but that are not part of the main story. These two studies contribute to the field

of ER proteostasis regulation and are an important part of my PhD work.

5.1 HaloPROTAC3 treatment activates the unfolded protein response of

the endoplasmic reticulum in nonengineered mammalian cell lines

5.1.1 Preamble

Investigating the depletion phenotypes is crucial for defining protein function. However,
the most commonly used depletion approaches, such as CRISPR/Cas9 knockout or
siRNA-mediated depletion, require long time frames (more than 24 hours) and often
lead to the accumulation of indirect effects, making it difficult to understand the direct
function of the studied protein. To address this limitation, the degrader compounds
have been developed to induce rapid degradation of their protein targets. In this
manuscript, | tested whether the heterobifunctional degrader HaloPROTACS3 could be
used to achieve acute depletion of HaloTag-IGF2BP3. Using this system, we achieved
~75% depletion within 5 hours. Strikingly, HaloPROTAC3 induced the UPR not only in
cells expressing HaloTag-IGF2BP3 but also in the parental non-engineered cell line. |
further confirmed that HaloPROTACS3-mediated UPR induction occurs in mammalian
cell lines of different origins. These findings provide important guidance for future
studies using HaloPROTAC3 and highlight the importance of developing diverse

degrader compounds.

This manuscript was published in Molecular Biology of the Cell on May 7t 2025.

5.1.2 Contribution statement
| contributed to the conceptualization of this project, performed the experiments,

analyzed the data, and was involved in the writing and editing of the manuscript.
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ABSTRACT Proteins fused to HaloTag, an engineered haloalkane dehalogenase, can be
depleted by a heterobifunctional degrader compound HaloPROTAC3. The binding of Halo-
PROTACS3 to both the HaloTag and the E3 ligase von Hippel-Lindau (VHL) brings them into
proximity and mediates the degradation of the HaloTag fusion proteins. Here, we gener-
ated a colon cancer cell line HCT116 expressing HaloTag fused to the RNA-binding protein
IGF2BP3 to study its function. HaloPROTACS3 treatment depleted 75% of HaloTag-IGF2BP3
in 5 h. Transcriptomics revealed that HaloPROTAC3 treatment resulted in the destabiliza-
tion of IGF2BP3 target mRNAs and activated the unfolded protein response (UPR). Surpris-
ingly, we found that HaloPROTAC3 results in UPR activation in nonengineered mammalian
cells. Our data demonstrate that HaloPROTAC3 causes mild endoplasmic reticulum stress
independent of IGF2BP3 function and shall guide future studies using the HaloPROTAC3
protein depletion strategy.

Received: Aug 7, 2024
Revised: Mar 10, 2025
Accepted: Mar 14, 2025

@ New Methods

SIGNIFICANCE STATEMENT

® Proteolysis-targeting chimeras (PROTACs) are degrader compounds that recruit the target
proteins to the E3 ubiquitin ligases for subsequent degradation by the ubiquitin-proteasome
system. PROTACs enable specific and temporal removal of proteins from the cell, yet their
off-target effects of remain only partially uncovered.

® HaloPROTAC3 is a PROTAC that brings the engineered haloalkane dehalogenase HaloTag
into the proximity of the E3 ligase VHL, allowing depletion of HaloTag fusion proteins. The
authors report that HaloPROTACS3 treatment activated the UPR in nonengineered mammalian
cells.

® This work will guide future studies using the HaloPROTACS3 as a protein depletion tool.

This article was published online ahead of print in MBoC in Press (http:/www.
molbiolcell.org/cgi/doi/10.1091/mbc.E24-08-0342) on March 19, 2025.

Author contributions: A.S.A. and G.E.K. conceived and designed the experi-
ments; A.S.A. performed the experiments; A.S.A. analyzed the data; A.S.A. and
G.E.K. drafted the article.

Conflicts of interest: The authors declare no competing financial interests.

Molecular Biology of the Cell ¢ 36:mr3, 1-11, May 1, 2025

*Address correspondence to: G Elif Karagoz (guelsuen.karagoez@meduniwien.
ac.at).

Abbreviations used: ATF4, Activating Transcription Factor 4; CHOP, C/EBP ho-
mologous protein; CPM, counts per million; DDIT3, DNA Damage Inducible
Transcript 3; DMSO, dimethyl sulfoxide; ER, endoplasmic reticulum; HMGA2,
High Mobility Group AT-Hook 2; IGF2BP3, Insulin-like growth factor-2 messenger
RNA-binding protein 3; IRE1, serine/threonine-protein kinase/endoribonuclease

36:mr3, 1



INTRODUCTION

Targeted protein degradation enables specific and temporal re-
moval of proteins from the cell by small-molecule degrader com-
pounds (Tsai et al., 2024). One class of such degrader compounds
are proteolysis-targeting chimeras (PROTACs), which are heterobi-
functional molecules that recruit the target proteins to the E3 ubig-
uitin ligases for their subsequent degradation by the ubiquitin-
proteasome system (Bekes et al., 2022; Tsai et al., 2024). The most
widely used E3 ligase for PROTAC-based approaches is the von
Hippel-Lindau (VHL) due to the presence of its well-characterized
small-molecule binders and its widespread expression in various
tissues (Girardini et al., 2019; Diehl and Ciulli, 2022). PROTACs pro-
vide a novel, powerful therapeutic approach for targets considered
nontargetable by small molecules. While a large body of research
focuses on the discovery of small molecules that specifically bind to
the target of interest to generate target-specific PROTACs, fusing
the protein of interest to a protein with established small-molecule
binders has been an attractive strategy when target-specific PRO-
TACs are not available with high potential as tool compounds in
research.

One way such small-molecule degraders have recently been uti-
lized in cell biology was for reversible and temporal depletion of
a protein of interest. Temporally controlled protein depletion al-
lows for the efficient depletion of essential proteins for cell viability.
Moreover, short-term depletion largely eliminates indirect effects
arising from long-term depletion of protein of interest enabling one
to uncover protein function more accurately. To this end, short-term
depletion strategies have been particularly powerful to unravel di-
rect function of proteins involved in transcriptional and posttran-
scriptional mechanisms (Worner et al., 2023; Ren et al., 2024).

The HaloTag is an engineered haloalkane dehalogenase that
specifically and irreversibly binds to chloroalkane linkers. Synthetic
ligand variants, where the chloroalkane linker is attached to fluo-
rescent dyes or affinity handles, enabled the HaloTag system as a
versatile platform for a variety of applications ranging from imag-
ing to handles for protein isolation (Los et al., 2008; England et al.,
2015; Brannan et al., 2016). Recently, HaloPROTACs have emerged
as heterobifunctional PROTAC molecules (Buckley et al., 2015;
Tovell et al., 2019). In addition to a chloroalkane linker that co-
valently binds to HaloTag, HaloPROTACs contain a small molecule
that specifically binds to select E3 ligases. To date, HaloPROTACs
engaging E3 ligases VHL, cereblon (CRBN), and cellular inhibitor
of apoptosis protein 1 (clAP1) have been developed (Buckley et
al., 2015; Caine et al., 2020; Zhao et al., 2021; Ody et al., 2023).
Yet, the HaloPROTACS3 that binds to VHL is most commonly used
(Buckley etal., 2015; Caine et al., 2020; Zhao et al., 2021). This way,
HaloPROTACs bring the HaloTag (or its fusion proteins) into prox-
imity of the E3 ligases, leading to their ubiquitination and degra-
dation. This strategy has been successfully used for targeted pro-
tein degradation of HaloTag fusion proteins in cells (Buckley et al.,
2015; Caine et al., 2020; Zhao et al., 2021).

inositol-requiring enzyme 1 «; PROTACs, proteolysis-targeting chimeras; RIDD,
regulated IRE1a-dependent decay; RT-qPCR, real-time quantitative PCR; SLAM-
seq, thiol(SH)-linked alkylation for the metabolic sequencing of RNA; TM, tu-
nicamycin; UPR, unfolded protein response; VHL, E3 ligase von Hippel-Lindau;
XBP1, X-Box Binding Protein 1.
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IGF2BP3 is an RNA-binding protein that controls mRNA stabil-
ity, localization, and translation. IGF2BPs regulate many mRNAs in-
volved in cellular growth, migration, and stemness (Yaniv and Yis-
raeli 2002; Conway et al., 2016; Degrauwe et al., 2016; Huang,
Weng et al., 2018). Furthermore, IGF2BPs are highly expressed in
cancers where their upregulation correlates with tumor aggressive-
ness and poor patient outcomes (Ross et al. 2001; Dimitriadis et
al., 2007; Bell et al., 2013; Samanta et al., 2013; Degrauwe et al.,
2016; Xu et al., 2019; Hanniford et al., 2020; Huang et al., 2020;
Glass et al., 2021). Consequently, revealing how IGF2BP3 regu-
lates its mRNA targets and how this contributes to pathology is
an active area of research. IGF2BP3 binds to and regulates mRNAs
encoding for several transcription factors or regulators, including
MYC and HMGAZ2 (Jenson et al., 2014; Huang, Zhang et al., 2018).
Long-term depletion of IGF2BP3 leads to transcriptional rewiring,
and therefore it is very challenging to identify mRNAs regulated di-
rectly by IGF2BP3.

Here, we used the HaloPROTAC strategy to induce short-term
depletion of IGF2BP3 in a colon cancer cell line (HCT116) and per-
formed transcriptome analysis to decipher IGF2BP3 function. The
treatment of cells with the small-molecule protein degrader Halo-
PROTACS resulted in the depletion of IGF2BP3 by 75% within 5
h. Transcriptomic analyses revealed that HaloPROTAC3 treatment
led to the destabilization of canonical IGF2BP3 target mRNAs such
as HMGAZ2. Notably, these data showed that HaloPROTACS3 treat-
ment led to activation of the unfolded protein response (UPR), as
indicated by the increased or decreased levels of the UPR target
mRNAs. Validation experiments using real-time quantitative PCR
(RT-gPCR) analyses showed that HaloPROTAC3 treatment induced
the UPR in parental nonengineered colorectal carcinoma HCT116
cells, as well as in cervical carcinoma Hela cells and human em-
bryonic kidney HEK293T cells. Our data show that HaloPROTAC3
treatment induces mild endoplasmic reticulum (ER) stress in mam-
malian cells, activating the UPR. Our results should be taken into
consideration when using HaloPROTACS3 for protein depletion in
future studies.

RESULTS

HaloPROTAC3 treatment depletes HaloTag-IGF2BP3 in
HCT116 cells

To study IGF2BP3 function and localization, we set out to attach
a HaloTag to the N-terminus of IGF2BP3 in HCT116 cells using
CRISPR-Cas9 gene editing. HCT116 cells express two IGF2BP par-
alogues, IGF2BP2 and IGF2BP3 (Mongroo et al., 2011; Nusinow
et al., 2020; Anisimova and Karagdz, 2023). The paralogues are
highly similar in amino acid sequence with high sequence identity
and were suggested to bind to overlapping mRNA targets (Hafner
et al. 2012; Bell et al., 2013; Conway et al. 2016; Huang, Weng
et al., 2018). We first generated IGF2BP2 knockout (KO) HCT116
cells using CRISPR-Cas? gene editing methods to overcome po-
tential redundancy. We then tagged IGF2BP3 in its endogenous
locus with an N-terminal HaloTag using CRISPR-Cas9 methods in
IGF2BP2 KO HCT116 cells. Using PCR analyses of the genomic
locus and Western blot analyses, we confirmed that in the engi-
neered HCT116 cells the HaloTag was attached to the N-terminus
of IGF2BP3 in both alleles (Supplemental Figure S1A). Western blot
analyses showed that IGF2BP3 expression levels in parental cell
lines were comparable with HaloTag-IGF2BP3, indicating that the
HaloTag did not impact protein stability or expression (Figure 1, A
and B).

Molecular Biology of the Cell
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(10494-1-AP, Proteintech) antibodies were used.

To achieve acute depletion of IGF2BP3 from mammalian cells,
we used the HaloPROTACS3 strategy. We treated the cells with
HaloPROTAC3 at 500 nM for different time spans, ranging from 4
to 24 h (Figure 1B). After 5 h, treatment with 500 nM HaloPROTAC3
led to around 75% depletion of IGF2BP3 in HCT116 cells. There-
fore, we went on to study the function of IGF2BP3 under those
conditions.

HaloPROTACS3 treatment leads to destabilization of
IGF2BP3 target mRNAs and UPR induction in HCT116 cells
expressing HaloTag-IGF2BP3

We performed global transcriptomics analyses using next-
generation sequencing to reveal the transcripts regulated by
IGF2BP3 in HCT116 cells. The transcriptomics data showed
that HaloPROTAC3 treatment induced moderate changes in the
HaloTag-IGF2BP3 HCT116 transcriptome (Figure 2, A and B; Sup-
plemental Table S1). The levels of well-described IGF2BP3 mRNA
target HMGAZ2 decreased upon HaloPROTACS treatment (Figure
2, A and B; Supplemental Table S1), suggesting the destabiliza-
tion of HMGAZ2 upon depletion of HaloTag-IGF2BP3. These data
recapitulated the published data on the direct IGF2BP3 targets via
HaloPROTAC3-mediated depletion in HCT116 cells (Sheen et al.,
2015; Ennajdaoui et al., 2016).

To characterize transcriptome changes upon short-term deple-
tion of IGF2BP3 in HCT116 cells, we defined a group of genes
whose total expression levels changed more than 20% with a p-
value less than 0.1. This cutoff defined 178 down- and 160 upregu-
lated genes upon HaloPROTACS3 treatment. Surprisingly, the gene
ontology (GO) term analyses for upregulated genes upon Halo-
PROTACS treatment identified the UPR as the most prevalent bio-
logical process (Figure 2C). Instead, the genes down-regulated by
HaloPROTAC3 did not converge on any particular biological path-
way.

In mammals, the UPR is driven by three ER-tethered signaling
sensors/transducers, IRE1, PERK, and ATFé (Karagoz et al., 2019).
IRE1 is an ER-tethered kinase/RNase, which, upon activation, ini-
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tiates nonconventional splicing of XBP1 mRNA through its RNase
domain (Sidrauski and Walter, 1997; Tirasophon et al., 1998; Wang
et al., 1998). Spliced XBP1 mRNA encodes for a potent transcrip-
tion factor, XBP1s, which regulates the synthesis of downstream
targets, including chaperones (DNAJB9) and lipid synthesis en-
zymes (Tirasophon et al., 2000; Urano et al., 2000). In addition, IRE1
cleaves mRNAs targeted to the ER by its RNase domain in a process
called regulated IRE1-dependent decay (RIDD) (e.g., BLOC1S1,
DGAT2, TGOLN2, CD59) (Hollien and Weissman, 2006; Hollien
et al., 2009b; Le Thomas et al., 2021). PERK is an ER-tethered ki-
nase that phosphorylates elF2« upon activation, leading to tran-
sient translational shutdown during ER stress (Harding et al., 1999;
Harding et al., 2000). Under those conditions, the transcription fac-
tor ATF4 is preferentially translated, which regulates the expres-
sion of UPR target genes including DDIT3. ATFé6 is an ER-tethered
transcription factor; during ER stress, it travels to the Golgi, where
it is processed by the site 1 P and site 2 P proteases, releasing
its transcription factor cytosolic domain from the Golgi (Yoshida
et al., 1998; Haze et al., 1999). The processed ATF6 N-terminus
(ATF6N) localizes to the nucleus to initiate transcription of its target
genes, including HSPA5 (Yoshida et al., 2000). The transcriptomics
data showed that apart from HMGA2, direct IRET RIDD mRNA tar-
gets (TGOLN2, CD59, BCAM, DGAT2, TMEM19, and BLOC1S51)
(Hollien et al., 2009a; Le Thomas et al., 2021) were destabilized
upon HaloPROTAC3 treatment suggesting the induction of IRE1
RNase activity (Figure 2, A and B). Moreover, the transcriptomics
data showed specific enrichment of the downstream transcriptional
targets of IRE1 driven by the UPR transcription factors XBP1s and
ATF6 (e.g., DNAJBY, HSPA5, XBP1, WFST1) (Figure 2, A-C), while
the transcriptional targets of the PERK-ATF4 branch (e.g., DDIT3,
PDIA4) (Shoulders et al., 2013) were not upregulated (Figure 2B).
To validate these data, we used RT-gPCR analyses to monitor
the levels of the UPR targets XBP1s (spliced), HSPA5, ATF4, and
DDIT3 in HaloTag-IGF2BP3 HCT116 upon HaloPROTACS treat-
ment. Additionally, in order to address to which extent HaloPRO-
TAC3 induces the UPR, we used tunicamycin (TM) to induce ER
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siRNA-mediated IGF2BP3 depletion does not result in the UPR activation. (A) RT-qPCR of HCT116
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as a control condition. The Cq values for the indicated mRNAs were normalized to RPL6 mRNA levels and then to the
unstressed nontargeting siRNA condition. n = 3 technical replicates. *P < 0.05; **P < 0.01; one-sided Student’s t test.

stress by inhibiting N-linked glycosylation in the ER. The RT-qPCR
analyses confirmed the transcriptomics data showing that upon
HaloPROTAC3 treatment the transcripts encoding for ATFé and
IRE1 target genes (XBP1s, HSPA5, and ATF4 mRNAs) are upreg-
ulated (Figure 3A; Supplemental Figure S2A). The XBP1s mRNA
levels increased 3-fold upon 7 h of HaloPROTAC3 treatment in
comparison to the 12-fold increase observed by 3-h tunicamycin
treatment (5 pg/ml). Therefore, our data indicated that HaloPRO-
TACS3 treatment resulted in mild UPR activation compared with the
ER stress-inducing drugs commonly used in the literature.

HaloPROTACS3 treatment leads to UPR activation in
nonengineered mammalian cell lines

To confirm our findings, we used small interfering RNAs (siRNA)
as an orthogonal strategy to deplete IGF2BP3. Using siRNAs, we
depleted IGF2BP3 up to 85% after 48 h (Supplemental Figure S2,
B and C) (Anisimova and Karagoz, 2023). Next, we tested the im-
pact of IGF2BP3 depletion on select mMRNAs using RT-gPCR. We
focused on the UPR targets XBP1s, HSPA5, ATF4, DDIT3, and the
canonical IGF2BP3 target HMGAZ2. While those experiments con-
firmed the destabilization of HMGAZ2 upon IGF2BP3 depletion, sur-
prisingly, siRNA depletion of IGF2BP3 did not lead to increased
expression of the UPR targets (Figure 3B).

As the siRNA-based depletion strategy did not recapitulate the
findings obtained by depleting IGF2BP3 by HaloPROTAC3, we
wondered whether some of these effects on mRNA levels were
independent of the IGF2BP3 function and are due to the indi-
rect effect of the drug treatment. To test this, we treated non-
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engineered wild-type HCT116 cells with HaloPROTAC3 and per-
formed RT-gPCR and Western blotting analyses for select UPR tar-
gets. The RT-qPCR data showed activation of the UPR target genes
and decrease in the levels of IRE1's RIDD targets in those nonengi-
neered cells upon 7 h of HaloPROTACS3 treatment. Importantly, the
UPR induction of the nonengineered HCT116 cells upon HaloPRO-
TAC3 treatment was at similar levels as in Halo-IGF2BP3 expressing
cells (Figures 3A and 4A; Supplemental Figure S2A). At the protein
level, we could observe accumulation of XBP1s protein, suggest-
ing activation of the IRE1 branch of the UPR. In contrast, we could
only detect CHOP (DDIT3) at the highest HaloPROTAC3 concen-
tration (5 pM), while we could not detect the processing of ATF6
at all the concentrations tested (Figure 4B). These data suggested
that the IRE1 branch is more sensitive to HaloPROTAC3 treatment
compared with PERK and ATFé branches. Our findings revealed
that HaloPROTAC3 treatment induces mild ER stress and activates
the UPR in HCT116 cells.

We next tested whether HaloPROTACS3 treatment induces UPR
in other commonly used mammalian cell lines HelLa and HEK293T.
To this end, we treated HCT116, Hela, and HEK293T cells with two
different batches of HaloPROTAC3 at two different concentrations
(100 and 500 nM) (Figure 5, A-C). Next, we performed RT-qPCR
analyses to test UPR activation. The HaloPROTAC3 treatment in-
duced UPR in all tested cell lines, indicated by accumulation of
XBP1s and HSPA5 mRNAs. While Hela cells responded similarly to
HaloPROTAC3 as the HCT116 cells, the HEK293Ts werethe least
sensitive. Importantly, these cell lines showed differences in their
sensitivity to the ER stressor tunicamycin suggesting that their UPR
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treatment was used as a control.

signaling is wired differently (Supplemental Figure S3A). To sum
up, we found that HaloPROTACS3 activates UPR in nonengineered
mammalian cell lines.

HaloPROTACS3 treatment does not activate HIF-1

The overexpression of HIF-1 was shown to induce the UPR (Delbrel
et al., 2018). The E3 ligase VHL regulates the transcription factor
HIF-1, and it has been shown that HIF-1 core target genes are
upregulated upon VHL inhibition (Frost et al., 2019). We specu-
lated that the competition between HaloPROTAC3 and the en-
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dogenous VHL targets might lead to increased levels of HIF-1 and
lead to the UPR activation phenotype observed here. To test this,
we checked whether HaloPROTACS treatment results in the up-
regulation of HIF-1 target genes in HCT116 cells. Our transcrip-
tomics data showed that under the tested conditions, the levels of
most of the HIF-1 targets remained similar to control conditions,
while some showed a slight decrease (Frost et al., 2019). These
data indicated that the HIF-1 activation is not the cause of the
HaloPROTAC3-induced UPR activation in HCT116 cells (Figure 6,
A and B; Supplemental Table S1).

Molecular Biology of the Cell
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***P < 0.001; ****P < 0.0001; one-sided Student’s t test.

DISCUSSION

IGF2BPs regulate multiple mRNAs that are important for cell
proliferation and growth, including several transcription factors.
Therefore, their long-term depletion leads to the rewiring of
transcriptional programs making the identification of mRNAs that
are directly regulated by IGF2BPs highly challenging (Jenson et
al., 2014; Conway et al., 2016; Ennajdaoui et al., 2016; Busch et
al. 2016; Huang, Weng et al., 2018). Here, we used a PROTAC-
based strategy for the depletion of IGF2BP3 from HCT116 cells
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using HaloPROTAC3. HaloPROTAC3 treatment led to around
75% depletion of HaloTag-IGF2BP3 in HCT116 cells in around 4
h. Global transcriptomics analyses revealed that HaloPROTAC3
treatment resulted in destabilization of the canonical mRNA
targets of IGF2BP3, indicating that short-term protein depletion is
a viable strategy to study IGF2BP3 function. It also revealed that
HaloPROTAC3 treatment resulted in increased levels of the UPR
target genes and decreased levels of the RIDD target mRNAs of
the UPR sensor IRE1. Validation experiments using an orthogonal
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depletion strategy by siRNA knockdown of IGF2BP3 confirmed
that depletion of IGF2BP3 results in the destabilization of its
canonical target HMGAZ2. However, siRNA depletion of IGF2BP3
did not recapitulate the results on the UPR target genes obtained
by the HaloPROTACS3 strategy. Importantly, HaloPROTACS3 treat-
ment resulted in UPR induction in the parental HCT116 cells that
do not express HaloTag fusion protein and in other mammalian
cell lines of different tissue origin, HelLa and HEK293T. Altogether,
our data revealed an indirect effect of HaloPROTAC3 inducing
mild ER stress independent of IGF2BP3 in mammalian cells.
While we do not know how HaloPROTACS3 induces ER stress,
our transcriptomics data suggest that it is not through interfer-
ence with the VHL-mediated regulation of HIF-1. The genes that
were most significantly upregulated during HaloPROTAC3 treat-
ment mapped to the IRET branch of the UPR. Notably, in HCT116
cells apart from IRE1's transcriptional targets, the RIDD targets were
also substantially down-regulated, even to a similar extent as they
were down-regulated during the treatment of cells with potent ER
stress—inducing drugs such as tunicamycin (Hollien et al., 2009b;
Le Thomas et al., 2021). In contrast, we could not detect ATFé
processing to ATF6N by Western blotting. Therefore, we cannot
conclude whether the increase of ATFé targets (e.g., HSPA5 and
WEFS1) is due to slight activation of ATFé (undetectable by West-
ern blotting) or whether they are induced by IRE1 consistent by
earlier reports (Asada et al. 2011; Kondo et al., 2011). It is plau-
sible that by directly binding to IRE1 or IRE1-specific regulatory
proteins such as ERdj4 (Amin-Wetzel et al., 2017), HaloPROTAC3
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induces its activation. However, further experiments are required
to test these possibilities.

HaloPROTACS3 binds to the E3 ligase VHL with an ICsg of 0.54
+ 0.06 pM and the recommended HaloPROTAC3 concentration
for depletion of endogenous proteins is 300 nM (Buckley et al.,
2015). As IGF2BP3 is a highly expressed protein, we used 500
nM HaloPROTACS in our experiments. In line with the ICsq, the
treatment of cells with 500 nM HaloPROTAC3 enabled 75% de-
pletion of IGF2BP3 from HCT116 cells. Therefore, we performed
all the subsequent analyses under those conditions. The RT-qPCR
and Western blot analyses of XBP1s show that 500 nM HaloPRO-
TAC3 treatment leads to 25% XBP1s levels in HCT116 cells com-
pared with what is achieved by the treatment of cells with 5 pg/m
tunicamycin for 4 h. Our data were reproduced by three different
batches of HaloPROTACS3, indicating that this is not a batch effect
but a reproducible effect of the drug on HCT116 cells.

The HaloPROTACS3 treatment only results in mild ER stress and
does not largely impair the viability. However, induction of mild
ER stress might functionally impact several biological processes.
Moreover, with the depletion of the protein of interest, ER stress
induction might show synergistic or antagonistic effects that either
enhance or mask the phenotypes exhibited by the protein of
interest. Therefore, our findings shall be considered when Halo-
PROTACS is used in future studies (Lin et al., 2009). We anticipate
our data will guide studies that aim to use the HaloPROTACS strat-
egy to deplete proteins and future chemical efforts to engineer
more potent versions or different PROTAC modalities.

Molecular Biology of the Cell



MATERIALS AND METHODS
Request a protocol through Bio-protocol

Cell culture and drug treatment

Parental human colorectal carcinoma HCT116 cells conditionally
expressing Tet-OsTIR1 were obtained from the Masato Kanemaki
lab (Natsume et al., 2016). The cells were tested for Mycoplasma
contamination and Mycoplasma contamination was not detected.
HCT116 WT cells were a kind gift from Prof. Manuela Bac-
carini (Max Perutz Labs). HEK293 Flp-In T-REx cells were obtained
through Invitrogen. Hela cells were a kind gift from Dr. Shotaro Ot-
suka (Max Perutz Labs). The HCT116 cells were cultured in McCoy's
5A (modified) medium (Sigma) with 10% FBS (Life Technologies), 2
mM glutamine (Sigma), 1% Pen/Step (Sigma). HEK293T and Hela
and cells were cultured DMEM (Sigma) with 10% FBS (Life Tech-
nologies), 2 mM glutamine (Sigma), 1% Pen/Step (Sigma). Where
indicated cells were treated with thapsigargin (Sigma), tunicamycin
(Sigma) or HaloPROTACS3 (three orders of: CS2072A01 [batches #
0000441121 and 0000369685] and GA3110, Promega). For siRNA
knockdown, cells were transfected with ONTARGETplus Human
IGF2BP3 (Dharmacon, L-003976-00-0005) SMARTpool siRNAs us-
ing DharmaFECT 2 (Dharmacon, T-2002-01) at 75 nM for 48 hours.
ONTARGETplus nontargeting siRNA #1 (Dharmacon, D-001810-
01-05) was used as a control.

Generation of HCT116 IGF2BP2 KO cells expressing
IGF2BP3 endogenously tagged with HaloTag

Parental cell line origin and culture conditions. For IGF2BP2 KO
cell line generation, gRNA sequence 5-GAGCTGCCGGAGGTCG
TCGG-3' was cloned into the pSpCas? (BB)-2A-GFP (PX458) (plas-
mid #48138, Addgene) (Ran et al., 2013). HCT116 Tet-OsTIR1 cells
were transiently transfected using jetOPTIMUS reagent (Tamar,
101000051), and GFP-positive single-cell clones were FACS sorted
at BD FACSAria lllu at Max Perutz Labs BioOptics FACS Facility.

Cloning of the homology directed repair template for HaloTag-
IGF2BP3. To endogenously tag IGF2BP3 with HaloTag we have
ordered (IDT) the sequence of N-terminal homology arms (629 bp
before and 78 bp after the Cas9 cut site) of IGF2BP3 with Sacl, Sall,
Baml, and Xhol restriction sites. The gene block was amplified us-
ing gene block adapter primers. The IGF2BP3 homology arms were
inserted into the pMK344 plasmid backbone (Addgene #121179)
using Sacl and Xhol restriction sites. HaloTag sequence was am-
plified from pHaloTag-EGFP plasmid (a gift from Thomas Leonard
Lab) using Sall_HaloTag_F forward and BamHI_HaloTag_R reverse
primers and inserted into the plasmid with N-terminal homology
arms of IGF2BP3 using Sall and Baml restriction sites resulting in
the homology directed repair (HDR) template. The PAM sites were
mutated in the HDR template using site-directed mutagenesis with
a primer pair (IGF2BP3_PAM_mut_F and IGF2BP3_PAM_mut_R).

Generation of the HCT116 IGF2BP2 KO HaloTag-IGF2BP3 cell
line. To endogenously introduce the HaloTag-IGF2BP3 into
HCT116 IGF2BP2 KO cells were transiently transfected with an
equimolar mixture of the HaloTag-IGF2BP3 HDR template plasmid
and pSpCas? (BB)-2A-GFP (PX458) (plasmid #48138, Addgene)
(Ran et al., 2013) targeting the first exon of IGF2BP3 gene using
the Fugene HD (Promega) reagent according to the manufacturer’s
instructions. Cells were cultured for additional 3 d, labeled with the
Janelia Fluor 646 (GA1120, Promega) according to the rapid, no-
wash labeling protocol of the manufacturer. The HaloTag-positive
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single-cell clones were FACS sorted at BD FACSAria Illu at Max
Perutz Labs BioOptics FACS Facility.

Genotyping of HCT116 IGF2BP2 KO HaloTag-IGF2BP3 clones.
The initial screening of the HaloTag-positive single-cell clones
was done using Western blot analysis with anti-IGF2BP3 (14642-
1-AP, Proteintech) and anti-GAPDH (10494-1-AP, Proteintech) an-
tibodies. HaloTag-IGF2BP3 positive clones that did not express
the wild-type IGF2BP3 were further characterized with the PCR
from the genomic DNA. The genomic DNA was isolated using
the DirectPCR Lysis-Reagent Cell (Peglab, VWR). To verify the in-
sertion of the HaloTag-IGF2BP3, we used the primer pair target-
ing the 5’'UTR of IGF2BP3 and HaloTag (HalolGF2BP3_5UTR_2_F
and HalolGF2BP3_Halo_1_R). To distinguish between the homozy-
gous and heterozygous insertion, we used the primer pair tar-
geting 5'UTR and CDS of IGF2BP3 (HalolGF2BP3_5UTR_1_F and
HalolGF2BP3_CDS_1_R). All mentioned sequences are listed in
Supplemental File S1.

Transcriptomics of IGF2BP2 KO HaloTag-IGF2BP3 HCT116 cells
upon HaloPROTACS3 treatment.

SLAMseq library preparation. For the transcriptomic analysis, two
millioncells were plated per a 6-well plate 2 d before collection.
Cells were treated with 500 nM HaloPROTACS3 for 7 h, DMSO in
1:5000 dilution was used as a control. Transcriptome sequencing
was performed using thiol(SH)-linked alkylation for the metabolic
sequencing of RNA (SLAMseq) protocol (Herzog et al., 2017). The
newly synthesized RNAs were labeled with 250 uM 4-thiouridine
(4SV) (Sigma) for last 2 h of HaloPROTAC3 treatment. Cells and
RNA were protected from light until 4SU was alkylated. Cells
were washed with PBS and collected in 1 ml of peqGOLD Tri-
Fast (Peglab, VWR). A total of 200 pl of chloroform:IAA (Ap-
pliChem) was added and samples were vortexed for 15 s and
centrifuged at 16,000 x g for 15 min to separate the phases.
DTT was added to the aqueous phase to 0.1 mM. RNA was pre-
cipitated by adding isopropanol (Sigma) in 1:1 ratio and 1 pl
of 20 mg/ml glycogen (Thermo Fisher Scientific). RNA was incu-
bated at the room temperature for 10 min, centrifuged at 20,000
x g for 20 min at 4°C and washed with 75% ethanol supple-
mented with 0.1 mM DTT. The RNA pellets were resuspended
in nuclease-free water supplemented with 1T mM DTT and RNa-
seln (N2515, Promega) at 1:50 dilution and incubated for 10 min
at 55°C. A total of 10 pg of RNA was taken for alkylation re-
action (10 pg of RNA, 5 pl of 100 mM iodoacetamide [Sigmal]
in ethanol, 50 mM NaPQO,4 pH 8.0, 50% DMSO) and incubated
at 50°C for 15 min. The reaction was quenched with 1 pl of
1TMDTT.

The RNA was precipitated using ethanol method, washed with
75% ethanol and resuspended in nuclease-free water. The se-
quencing libraries were prepared using QuantSeq 3’ mRNA-Seq
Library Prep Kit FWD with UDI (Lexogen) and sequenced on a No-
vaSeq S1 XP lane at SR100 the Vienna BioCenter NGS facility pro-
ducing ~40 million reads per sample.

SLAMseq data analysis. BCL files were converted to demulti-
plexed fastq files with bcl2fastq v2.20.0.422. The quality of fastq
files was checked with fastgc 0.11.9. The fastq files were trimmed
and aligned to human genome hg38 using the nf-core/slamseq
analysis pipeline v1.0.0 (Neumann et al., 2019, Ewels, 2020 #5564)
with default parameters with the following changes: multimappers
were excluded, T2C reads were called if at least one T2C tran-
sition was detected, and a variant fraction cutoff was 0.2. Total
gene counts for protein coding genes were Relative Log Expression
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(RLE) normalized to calculate the counts per million values (CPM)
and the differential expression analysis was performed with edgeR
(Robinson et al.,, 2010). GO term analysis was performed with
ShinyGo webserver (Ge et al., 2020). The computational results of
this work have been achieved using the Life Science Compute Clus-
ter (LiSC) of the University of Vienna.

RNA isolation and RT-qPCR. For RT-qPCR analyses of HCT116
IGF2BP2 KO cells expressing HaloTag-IGF2BP3 total RNA was iso-
lated using peqGOLD TriFast (Peglab, VWR). Cells were grown
in 24-well plates and collected at ~70% confluency. Cells were
washed with PBS and collected in 0.1 ml of peqGOLD TriFast (Pe-
glab, VWR). A total of 50 pl nuclease-free water and 30 pl of chlo-
roform:IAA (AppliChem) was added and samples were vortexed
for 15 s and centrifuged at 16,000 x g for 15 min to separate the
phases. RNA was precipitated by adding isopropanol (Sigma) in
1:1 ratio and 0.5 pl of 20 mg/ml glycogen (Thermo Fisher Scien-
tific). RNA was incubated at the room temperature for 10 min, cen-
trifuged at 20,000 x g for 20 min at 4°C and washed with 75%
ethanol. RNA pellets were resuspended in 10 pl of DNase | reaction
mix (1x DNase | buffer (NEB), 0.5 pl RNase-free DNase | (NEB), 0.1
pl RNaseln (Promega)) and incubated for 10 min at 37°C. To stop
DNase digestion EDTA was added at final concentration of 5 mM
and the reaction was incubated for 10 min at 70°C. The RNA was
precipitated using isopropanol method, washed with 75% ethanol
and resuspended in nuclease-free water.

For RT-gPCR analyses of nonengineered HCT116 WT, Hela
and HEK293T cells total RNA was isolated using the KingFisher
Flex Purification System (Thermo Fisher Scientific) with the High-
Performance RNA Isolation kit (Molecular Tools Shop, Vienna Bio-
Center). During the isolation, RNA was treated with DNase |
(M0303S, NEB).

cDNA was prepared with LunaScript RT SuperMix (NEB) and
amplified in a qPCR reaction with 2x Hot Start gPCR master mix
(Molecular Tools Shop, Vienna BioCenter) using BioRad CFX 384
Touch machine. The gPCR primers are listed in Supplemental
File S1.

Western blotting. Cells at ~70% confluency were washed with
PBS and lysed using RIPA buffer (25 mM Tris-HCI pH 7.4, 150
mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1x
protease inhibitors cocktail [Roche]), lysed on ice for 20 min and
the lysate was clarified by centrifugation at 20,000 x g for 20
min at 4°C. Proteins were separated by 15% SDS-PAGE, trans-
ferred to nitrocellulose membranes, and detected using Pierce
ECL Western Blotting Substrate (Thermo Fisher Scientific). The fol-
lowing antibodies were used: anti-IGF2BP3 (14642-1-AP, Protein-
tech), anti-GAPDH (10494-1-AP, Proteintech), anti-XBP1s (E9V3E)
(#40435, Cell Signaling Technology), anti-CHOP (L63F7) (#2895,
Cell Signaling Technology), anti-RPS10 (ab151550, Abcam), anti-
ATF6 (24169-1-AP, Proteintech), and anti-Rabbit IgG (H+L), HRP
Conjugate (W4011, Promega).

Data availability

All raw and processed sequencing data generated in this study
have been deposited in the Gene Expression Omnibus database,
https://www.ncbi.nlm.nih.gov/geo/ (accession no. GSE274227).
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Fig. Supp. 1. Genotyping of N-terminally tagged HaloTag-IGF2BP3 fusion alleles.

A. PCR-based genotyping of HaloTag-IGF2BP3 in HCT116 clones. Primer pair A amplifies a
~300 bp fragment from the clones modified with the HaloTag-IGF2BP3 fusion. No PCR product
is expected from the parental cells harboring the WT IGF2BP3 allele. Primer pair B amplifies
the

~500 bp fragment from the WT allele and ~1500 bp fragment from the HaloTag-IGF2BP3
fusion allele. Single ~1500 bp PCR product suggests that both IGF2BP3 alleles are tagged with
HaloTag.

Fig. Supp. 2. RT-qPCR analyses confirms that HaloPROTAC3 treatment activates the
UPR in HaloTag-IGF2BP3 expressing cells.

A. RT-gPCR of HCT116 expressing HaloTag-IGF2BP3 upon HaloPROTAC3 treatment and
ER stress induction with tunicamycin (TM). Cells were treated with 500 nM of HaloPROTAC3
for 9 hours, DMSO was used as a control. In the last 5 hours, DMSO or 5 pg/mL of TM was
added. The Cq values for the indicated mRNAs were normalized to RPL6 mRNA levels and
then to the control condition. n=2 biological replicates. *P < 0.05; one s-sided Student’s t-test.
B. Western blot analyses showing siRNA-mediated depletion of IGF2BP3 in IGF2BP2 KO
HCT116 cells. The anti-IGF2BP3 (14642-1-AP, Proteintech) and anti-GAPDH (10494-1-AP,
Proteintech) antibodies were used. C. Quantification of B, n=2 biological replicates.

Fig. Supp. 3. Non-engineered mammalian cell lines show variability in response to
ER stress-inducing drug tunicamycin.

A. RT-gPCR of non-engineered HCT116, HeLa, and HEK293T cells upon tunicamycin (TM)
treatment. Cells were treated with 0.25 pg/mL or 5.00 ug/mL of TM for 7 hours, DMSO at
1:1000 dilution was used as a control. The Cq values for the indicated mMRNAs were normalized
to RPL6 mRNA levels and then to the control condition. n=4 biological replicates. *P < 0.05;
**P < 0.01;

***P < 0.001; ****P < 0.0001; one s-sided Student’s t-test.



5.2 The coordinated action of UFMylation and ribosome-associated
quality control pathway clears arrested nascent chains at the

endoplasmic reticulum

5.2.1 Preamble

In this work, we investigated the mechanisms of ribosome-associated protein quality
control (RQC) that take place when ribosomes stall at the ER membranes. Ribosome
stalling results in arrested nascent polypeptides that have to be cleared to maintain
proteostasis. How this is achieved has been extensively studied in the cytosol, but how
cells clear stalled ribosomes bound to the translocon on the ER remains unclear. It has
been discovered that the ribosomes stalled at the ER is marked by the ubiquitin-fold
modifier UFM1 at the large ribosomal subunit protein RPL26. Importantly, this has been
shown to facilitate the degradation of the arrested peptides. However, the exact
sequence of events required for clearance of the incomplete peptides at the ER and
the cross-talk between the UFMylation and the RQC machinery has remained unclear.
Here, we show that the UFM1 E3 ligase complex binds to and UFMylates the 60S-
peptidyl-tRNA complex, cooperating with the canonical RQC factors to promote
degradation of arrested polypeptides and ensure proper protein quality control at the
ER.

5.2.2 Contribution statement

| contributed to the conceptualization of this work, experimental work, data analyses,
and editing of the manuscript. | supervised Master’s student loanna Styliara for the
FLAG-UFM1 co-immunoprecipitation mass spectrometry experiments, established
protein depletion conditions and cell lines used in this study, performed depletion
experiments combined with stalling induction using anisomycin, and polysome profiling
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Abstract

Clearance of incomplete nascent polypeptides resulting from ribosomal stalling is essential for
protein homeostasis. While ribosome-associated quality control (RQC) mechanisms that
degrade these polypeptides are well-characterized in the cytosol, how stalled endoplasmic
reticulum (ER)-bound ribosomes are cleared remains poorly understood. Stalled ER-bound
ribosomes are marked by ubiquitin-fold modifier 1 (UFM1) on large ribosomal subunit protein
RPL26, but the precise function and regulation of this process are unclear. Here, we
demonstrate that canonical RQC factors associate with ribosomes stalled at the ER.
Functional cellular assays using ER-targeted stalling reporters reveal that while ribosome
splitting is a prerequisite for UFMylation of RPL26, the UFMylation persists without late RQC
components that are involved in the clearance of arrested nascent chains (NEMF and LTN1).
The UFM1 E3 ligase complex binds to and UFMylates the 60S-peptidyl-tRNA complex and, in
concert with the canonical RQC pathway, facilitates the clearance of arrested polypeptides.
Our findings reveal that UFMylation acts to maintain translational integrity at the ER.

Introduction

To maintain cellular protein homeostasis, protein translation is constantly monitored by quality
control factors. Distinct secondary mRNA structures, incompletely processed mRNAs, rare
codons, or translation into poly(A) tail can lead to prolonged translational pausing and
ribosomal stalling '=. Like a traffic jam, stalled ribosomes lead to ribosomal collisions and
impaired translation ®’. Also, incomplete nascent polypeptides are prone to aggregation,
perturbing homeostasis 2. The highly conserved ribosome-associated quality control (RQC)
pathway recognizes and recycles stalled ribosomes and degrades incomplete nascent chains
to maintain proteostasis.
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Cytosolic RQC mechanisms have been studied in depth (reviewed &'"). Collided ribosomes
are recognized by the E3 ligase ZNF598, which ubiquitinates 40S ribosomal proteins and
halts translation *'2'3, This is followed by the binding of the ribosome splitting factors ASC-1
complex/Pelo that recognize ubiquitinated stalled ribosomes ''° and split the leading
ribosome to release the 60S-peptidyl-tRNA complex. After splitting, the 60S-peptidyl-tRNA
complex is recognized by the NEMF/LTN1 complex. NEMF adds template-independent C-
terminal alanine and threonine extensions (CAT-tails) to the stalled nascent chain, which
facilitates the exposure of the nascent chains out of the ribosome tunnel for ubiquitination by
the E3 ligase LTN1 '°, Subsequently, the nascent chain is released from the ribosome after
tRNA cleavage by ANKZF1, extracted from the 60S ribosomal subunit by AAA ATPase VCP,
and finally targeted for proteasomal degradation 2%, The released 60S subunit is recycled
and ready for translation initiation.

Translation into the endoplasmic reticulum (ER) membrane or the ER lumen poses topological
and steric challenges for the RQC machinery to access the nascent chains on ER-bound
ribosomes upon stalling. They also obstruct the translocon, hindering the synthesis and
maturation of other proteins at the ER, which causes an additional burden on proteostasis 2.
Our understanding of RQC for the ER-bound ribosomes that co-translationally translocate
nascent chains into the ER is less understood %?’. Recent studies showed that ribosomes
stalled at the ER are marked by UFM1 (ubiquitin-fold modifier 1) at the large ribosomal subunit
protein RPL26 2%, Similarly to ubiquitination, UFMylation proceeds through a cascade of
enzymatic reactions catalized by an E1-activating enzyme (UBA5), an E2-conjugating enzyme
(UFC1), and a complex E3-ligating enzyme (UFM1 E3 ligase complex) *°**. The UFM1 E3
ligase complex consists of three components: UFL1, DDRGK1, and CDK5RAP3 (C53), and
is tethered to the ER by the ER-membrane protein DDRGKH1, providing specificity to the ER-
bound ribosomes.

Accumulating evidence supports two, not necessarily mutually exclusive, models that explain
the role of UFMylation in ER-localized translation. The first model suggests that ribosomal
stalling at the ER induces RPL26 UFMylation, and UFMylation is involved in the clearance of
stalled ribosomes and arrested polypeptides resulting from ribosomal stalling 223°. The second
model proposes UFMylation releases 60S ribosomal subunit from the translocon following the
canonical termination of translation at the ER ***". Structural studies show preferential binding
of UFL1 to empty 60S subunit and propose that simultaneous binding of UFL1 and tRNA is
incompatible ***. However, this binding mode does not explain how the depletion of
UFMylation machinery results in the accumulation of nascent arrested polypeptides in cells
2835 To fill this gap in our knowledge, we dissected the interplay between the RQC and
UFMylation machinery in clearing stalled ribosomes at the ER. We show that upon ribosomal
stalling at the ER, UFL1 loads onto the 60S-peptidyl-tRNA complex. Through close
collaboration with the RQC factors NEMF/LTN1, UFM1 E3 ligase complex facilitates clearance
of the stalled peptides. Altogether, our findings underline the crucial role of the UFMylation-
RQC crosstalk for clearing arrested incomplete polypeptides and ER-homeostasis.

Results

RQC factors associate with and act on UFMylated ribosomes
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To discover regulators of UFMylated ribosomes, we purified them from mammalian cells and
performed mass spectrometry (MS) analyses. To efficiently isolate UFMylated ribosomes, we
generated an HCT116 cell line with endogenously tagged FLAG-UFM1 using the CRISPR-
Cas9 gene editing approach. We then pelleted ribosomes by sucrose cushion sedimentation
after inducing ribosomal stalling with anisomycin (ANS), which impairs peptidyl transferase
activity of ribosomes *. UFMylated ribosomes were subsequently enriched by FLAG
immunoprecipitation (Fig. 1A). The MS analyses showed the expected enrichment of UFM1
E3 ligase complex components (UFL1, CDKRAPS53, DDRGK1) in FLAG-immunoprecipitated
samples from FLAG-UFM1 cells treated with anisomycin, compared to the input, and
normalized to untreated cells as control (Fig. 1B, full list in Supplementary table 1).
Additionally, we found that the RQC component NEMF is specifically associated with
UFMylated ribosomes in a stalling-dependent manner (Figure 1B, C).

The association of late RQC components with UFMylated ribosomes suggests that the
cytosolic RQC machinery can also act on ribosomes stalled at the ER. To test whether the
early RQC components recognize and split the ER-stalled ribosomes , we monitored the
translational readthrough of well characterized stalling cytosolic or ER-targeted reporters 2
(Figure 1D) in a fluorescence-activated cell sorting (FACS) assay (Figure 1E, F). The ERK20
reporter consists of N-terminal signal sequence, N-glycosylation site, followed by EGFP and
a poly-lysine stretch that mimics translation into polyA tail, and a C-terminal mCherry; while
CytoK20 reporter has the same domain organization without the ER-targeting signal sequence
and glycosylation site. To test whether early RQC machinery can access the ER-stalled
ribosomes, we used siRNA to deplete ZNF598 and ASCC3, an ASC-1 complex component
(Supplementary figure 1A), as depletion of ASCC3 leads to the 80% destabilization of the
whole complex . Both the cytosolic (as shown earlier '*) and ER stalling reporters showed
increased readthrough upon loss of ZNF598 and ASCC3 (Figure 1E-F). In contrast, control
cytosolic CytoKO and ER-targeted ERKO reporters, which lack a stalling-inducing poly-lysine
sequence, did not show a difference in readthrough upon depletion of the RQC components,
as they don’t recruit the RQC machinery. Importantly, the loss of Pelo, which acts specifically
on ribosomes stalled at the 3’-end of the RNAs ?*%*, did not impact the readthrough of our
internal ribosomal stalling reporters validating our findings (Supplementary figure 1B).
Altogether, these results suggest that early RQC factors ZNF598 and ASCC3 can access and
act on stalled ribosomes at the ER.

RQC factors and UFMylation machinery collaborate to clear stalled peptides at the ER

After showing that early RQC components are essential for recognizing and splitting the ER-
stalled ribosomes, we next tested the interplay between RQC factors and UFMylation
machinery on the clearance of the model ER stalling substrate, ERK20. To deplete RQC
factors, we used RKO cell lines that stably express doxycycline-inducible Cas9 (iCas9). Using
lentiviral transduction, we introduced either specific guide RNAs (gRNAs) targeting the RQC
components (ANKZF1, ASCC3, NEMF, LTN1) or the non-coding control locus AAVS1. In
parallel, we used UFM1 iCas9 cells to impair UFMylation. Treatment of cells with doxycycline
for 48 hours resulted in efficient depletion of the RQC factors or UFM1 (96% ANKZF1, 71%
ASCC3, 75% NEMF and 69% LTN1 and 93% UFM1, Supplementary figure 1C). Importantly,
we found that their depletion significantly stabilized the ER stalling reporter ERK20 (Figure
1G, H). Depletion of ASSC3 did not stabilize ERK20 reporter, since ASC-1 complex acts in
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early RQC. In contrast, as expected, depletion of these genes did not cause accumulation of
the control ER reporter ERKO (Figure 11, J).

We next tested the downstream degradation pathway of cytosolic and ER stalling reporters
through proteasomal inhibition with MG132 and autophagy inhibition with bafilomycin
treatment. Both reporters are stabilized by the inhibition of proteasome and autophagy
machineries, yet the proteasomal inhibition showed a higher accumulation of the reporters
indicating its major contribution to their clearance (Supplementary figure 1D). Taken together,
we show that both the UFMylation and the RQC machinery are involved in clearing arrested
nascent peptides on stalled ribosomes at the ER.

Recognition and splitting of the ER-stalled ribosomes precedes UFMylation

Next, we investigated the crosstalk between the RQC pathway and UFMylation. To reveal the
order of events and the interdependence of these pathways, we first assessed whether the
loss of RQC components impacts UFMylation of the ER-stalled ribosomes. To this end, we
used RKO iCas9 cell lines expressing gRNAs against RQC components (Supplementary
figure 1C). Under steady-state conditions, depletion of ZNF598, ASCC3, or PELO did not
impact UFMylation levels (Figure 2A, lanes 1-4, Figure 2B). However, upon ANS treatment,
we noticed a significant decrease in UFMylation levels upon depletion of ZNF598, ASCC3, or
Pelo compared to control (AAVS1) (Figure 2C, lanes 1-3, Figure 2D). These results were
corroborated in HCT116 cell line using siRNA depletion of RQC components (Supplementary
figure 2A, B).This data indicated that ribosome splitting is required for UFMylation of
ribosomes at RPL26. Additionally, we detected ZNF598-dependent ubiquitination of 40S
ribosome protein RPS10 on disomes by polysome profiling in HCT116 cells treated with ANS,
while UFMylation was mainly enriched in 60S fractions, suggesting that early RQC-mediated
ubiquitination and UFMylation have different substrates (Supplementary figure 2C).

Notably, the depletion of RQC factors NEMF and LTN1, which facilitate ubiquitination and
clearance of the nascent chain, increased RPL26 UFMylation levels under steady-state
conditions (Figure 2A, lanes 5,6, Figure 2B), suggesting that RQC continuously surveils
aberrant translation. We anticipate that depletion of NEMF and LTN1 impairs the clearance of
the stalled ribosomes at the ER (as we showed in Figure 1G, H), leading to the accumulation
of the UFMylated 60S-peptidyl-tRNA complex intermediates. Surprisingly, NEMF and LTN1
depletion did not largely impact RPL26 UFMylation upon ANS treatment (Figure 2C, lanes 5,6,
Figure 2D). Compared to steady-state conditions in Figure 2A, this difference could be due to
cell-wide ribosomal stalling induced by ANS treatment exhausting the UFMylation machinery.
These data suggest that the UFMylation machinery acts at capacity, therefore, the depletion
of NEMF and LTN1 during ANS treatment does not lead to a further increase.

To uncover ER-specific cross-talk between the RQC and UFMylation machinery, we induced
ribosomal stalling in a more specific manner by expressing cytosolic or ER stalling reporters
ERK20 and CytoK20 in HCT116 cells. As shown before 28, while ERK20 expression increased
RPL26 UFMylation, CytoK20 did not (Figure 2E). The siRNA-mediated knockdowns of
ZNF598, and ASCCS3 resulted in a significant decrease in RPL26 UFMylation levels in cells
expressing ERK20, compared to control siRNA, while PELO knockdown did not impact
UFMylation (Figure 2E, lanes 1-4, Figure 2F). In contrast, cells expressing CytoK20 showed
no difference in RPL26 UFMylation levels upon knockdowns of early RQC components
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ZNF598, and ASCC3 (Figure 2E, lanes 5-8, Figure 2G). Similarly, their depletion did not
impact UFMylation levels in cells expressing control ERKO reporter (Supplementary figure 2D,
E). Therefore, the depletion of ZNF598 and ASC-1 complex decreases UFMylation,
specifically in cells expressing ER stalling reporter ERK20. We also noticed an increase in
UFMylation upon NEMF depletion in RKO iCas9 cells expressing ERK20 reporter (Figure 2H,
I) showing that UFMylation of RPL26 is not dependent on NEMF-.

Given the conservation of the UFMylation system across eukaryotes, we proceeded to
investigate the evolutionary conservation of this mechanism in plants. To this end, we
evaluated the effect of RQC machinery on RPL26 UFMylation using Arabidopsis thaliana
mutant lines. UFMylation levels were assessed upon ANS treatment in ascc3, pelota, ltn1,
and nemf mutant lines compared to wt (Columbia Col-0 ecotype). Knocking out ascc3 and
pelota significantly decreased UFMylation levels upon stalling induction by ANS treatment
compared to the wild-type (Figure 2J, K). Additionally, we noticed a slight decrease in nemf
mutant line (Figure 2J, K). These results confirm our hypothesis that the order of events upon
ribosome stalling at the ER is conserved across eukaryotes.

To sum up, we show that upon stalling at the ER, ribosomes are recognized by ZNF598 and
split by ASC-1 complex. The ribosome splitting precedes and is required for UFMylation of the
ER-bound ribosomes upon stalling. At the same time, the depletion of the late RQC
components NEMF and LTN1, which are involved in the clearance of the arrested peptides on
the 60S, does not impair the UFMylation of RPL26. These results indicate that the nascent
polypeptide release is not necessary for the UFM1 E3 ligase complex to access and UFMylate
the 60S. Taken together, we mechanistically show that translational stalling at the ER induces
UFMylation of post-splitting 60S-peptidyl-tRNA complexes, and this mechanism is
evolutionarily conserved in plants and mammals.

UFM1 E3 ligase complex binds nascent chain-associated 60S-peptidyl-tRNA complex
at the ER

The cryo-electron microscopy structures of UFL1 complex bound to 60S ribosomes revealed
that UFM1 E3 ligase complex forms extensive contacts with the 60S in a clamp-like
architecture extending from tRNA-binding sites to the peptide exit tunnel with all the three
subunits of complex contributing to this interaction %**”. Based on these structures, it was
proposed that UFL1 binding blocks the tRNA-binding site and these two binding events are
mutually exclusive. However, those structures cannot explain how the loss of the components
of the UFM1 E3 ligase leads to the accumulation of ER stalling reporters. Namely, it is not
clear how machinery that only works on post-termination ribosomes could result in the
accumulation of the arrested nascent polypeptides (Fig. 1G, H). To this end, we next dissected
whether binding of the UFM1 E3 ligase complex occurs before or after nascent chain release
from ER-bound 60S subunits.

Depletion of the RQC factors involved in the nascent chain clearance increased UFMylation
of RPL26, suggesting that the UFM1 E3 ligase complex can access and UFMylate nascent
chain-associated 60S subunits (Figure 2A, B, H, I). The catalytic component of the UFM1 E3
ligase complex, UFL1, forms the central scaffold of the UFM1 E3 ligase complex and forms
extensive contacts with both other components of the E3 ligase complex as well as the 60S.
The structural model of UFL1 displays a short N-terminal a-helix followed by one partial
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winged-helix (pWH), five WH motifs, a bipartite coiled-coil (CC) domain with a disordered
region and a C-terminal globular domain (CTD), which contacts the 28S ribosomal RNA
(rRNA) occluding all three tRNA-binding sites (Figure 3A, B). Based on our data and data from
others **% we hypothesized that the extensive contacts formed between the UFM1 E3 ligase
complex and the 60S would allow for sufficient affinity for this interaction to occur even though
the tRNA site is occupied. Notably, the structural models of the UFL1 show that CTD displays
high degree of conformational freedom due it being connected to the rest of the protein with a
disordered segment (Figure 3A). Overlaying the published structures of 60S ribosomes with
UFL1 complex and NEMF/LTN1 shows a possibility of a hybrid state with a possible
rearrangement of the CTD of UFL1 and NEMF/LTN1 at the P-site (Figure 3B). Supporting our
data, deletion of the CTD of UFL1 does not entirely abolish UFMylation of the RPL26 in cells
% Therefore, we speculated that UFL1 could undergo conformational rearrangements to
enable its binding to 60S-peptidyl-tRNA complex (Figure 3B).

To experimentally test this model, we assessed whether the UFL1 complex associates with
the 60S-peptidyl-tRNA complex following ribosome splitting. To this end, we enriched nascent
chain-bound ribosomes by immunoprecipitating ER stalling reporter ERK20 or control ER
reporter ERKO in RKO cells (Figure 3C). To enrich for the ribosome-associated nascent
chains, we first isolated ribosomes via sucrose cushions and performed immunoprecipitation
(Figure 3C). We found that UFL1 specifically associates with ERK20 on the nascent chain-
bound ribosomes, while we did not observe UFL1 binding to ERKO (Figure 3D). Quantification
of three replicates showed a significant difference in binding between ERKO and ERK20,
showing that UFL1 binding depends on ribosome stalling at the ER (Figure 3E). Importantly,
we also observed an enrichment of the UFMylated RPL26 in the eluates from ERK20-
expressing cells (Figure 3D, lanes 3-5). These data indicated that UFL1 can bind and actively
UFMylate 60S-peptidyl-tRNA complex with the arrested nascent chains at the ER.

To test whether the association of NEMF/LTN1 with the 60S is required for UFL1 binding to
the 60S-peptidyl-tRNA complex at the ER, we conducted similar experiments upon NEMF
depletion in RKO iCas9 cells expressing CytoK20 or ERK20 reporters (Figure 3C). IP analyses
showed specific interaction of UFL1 with the ERK20-stalled ribosomes while it did not
associate with the ribosomes stalled in the cytosol (CytoK20) (Figure 3F, G). Moreover, UFL1
binding was unaffected by NEMF depletion, supporting the evidence that UFMylation
precedes the activity of the late RQC components (Figure 3G, right panel). Notably, upon
NEMF depletion, EK20 pulldowns displayed higher levels of UFMylated RPL26, further
supporting our model that UFL1 binds to and UFMylates 60S-peptidyl-tRNA complex before
nascent chain release (Figure 3F, lanes 10,11). The UFM1 depletion did not impair association
of UFL1 with ERK20 expressing ribosomes, indicating that this step precedes stabilization of
UFL1-ribosome complexes via UFM1 attachment (Figure 3F, lanes 10, 12). We also noticed
a NEMF-dependent association of LTN1 to the 60S-peptidyl-tRNA complexes both for
cytosolic and ER-stalled ribosomes (Figure 3H), in accordance with previous data “°.
Interestingly, we show that LTN1 binding decreases upon UFM1 KO for ER-stalled ribosomes
(Figure 3H). This can be explained by destabilization of the translocon-60S association by
UFMpylation of the 60S-peptidyl-tRNA complexes, thus allowing better access of LTN1 to the
nascent chain (Figure 3B). In summary, we demonstrate that the UFM1 E3 ligase complex
binds to 60S-peptidyl-tRNA on the ER following ribosomal stalling. This interaction does not
depend on binding of the NEMF/LTN1 complex and facilitates the clearance of arrested
polypeptides on ER stalled ribosomes.
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Discussion

The best-described substrate of the UFMylation machinery is the large ribosomal subunit
protein RPL26, initially discovered to be increasingly UFMylated upon ribosomal stalling at the
ER %2° However, the primary function of this event has remained poorly understood. Recent
cryo-EM structures uncovered a novel function of the UFMylation machinery in recycling the
60S subunits after translational termination at the ER by releasing them from the translocon
%37 These structures also showed that UFL1 occupies the tRNA binding sites at the 60S,
suggesting that the UFM1 E3 ligase binds to 60S subsequent to translation termination
%37 Therefore, the role of UFMylation in clearing ER-stalled ribosomes remained unclear.

Here, using IP-MS analyses, we found that RQC components are associated with the
UFMylated ribosomes (Figure 1B, C). To confirm the role of RQC factors on clearing ER stalled
ribosomes, we used genetic depletion of RQC machinery and found that ribosomes stalled
upon ERK20 expression recruit the RQC E3 ligase ZNF598 and the ribosome splitting factor
ASC-1 complex (Figure 1E, F, Figure 2E-I). Similar to RQC events upon cytosolic stalling, the
stalled ribosomes at the ER required the activity of ANKZF1, NEMF and LTN1 for clearance
of arrested polypeptides since the loss of these components stabilized the ER stalling reporter
(Figure 1G, H). Likewise, impaired UFMylation specifically stabilized ERK20 substrate in line
with the published work (Figure 1G, H) 28, indicating that both the RQC and the UFMylation
machinery are involved in the clearance of the stalled ribosomes at the ER.

After demonstrating the role of the RQC and the UFMylation machinery in the clearance of the
ER-stalled ribosomes, we assessed the sequence of events and interdependence of these
pathways by testing the impact of the loss of RQC factors on RPL26 UFMylation upon
ribosome stalling. The RPL26 UFMylation levels decreased upon knockdown or knockout of
ZNF598 or ASCC3 in cells treated with anisomycin, a drug inducing ribosomal stalling (Figure
2 C, D, Supplementary figure 2A, B) as well as upon expression of the specific ER stalling
reporter ERK20 (Figure 2E-l). Experiments performed in plants (Arabidopsis thaliana)
validated those findings (Figure 2J, K), concluding that UFMylation happens on post-split 60S
ribosomes upon ribosomal stalling at the ER and that this mechanism is conserved from plants
to mammals.

Previous structural data showed that UFL1 mainly binds to the 60S ribosomal subunitin a way
that excludes the binding of the 40S subunit, translocon, or tRNA 3¢’ These data cannot be
reconciled with the data showing increased UFMylation of RPL26 upon ribosome stalling. We
showed that UFL1 associates with ribosomes expressing ER stalling reporter ERK20, but
not the cytosolic stalling reporter CytoK20 or the ER-targeted control reporter ERKO (Figure
3D, E). Immunoprecipitation of the ribosome-attached ERK20 stalling reporter showed that
these ribosomes were already UFMylated at RPL26, demonstrating that UFM1 E3 ligase can
act on nascent chain-loaded ribosomes, contradicting the previous model (Figure 3D, E) 363",
Importantly, the depletion of NEMF and UFM1 did not impact UFL1 binding to the nascent
chain-containing ribosomes (Figure 3F, G). Moreover, we readily detected UFMylated RPL26
in the nascent chain immunoprecipitates from NEMF KO cells, showing that UFMylation
happens independently of NEMF binding (Figure 3F). Supporting our findings, single particle
cryo-electron microscopy studies of the native UFM1 E3 ligase complexes isolated from cells
showed a small population of 60S with a weak extra density in the peptide exit tunnel, which
could possibly represent a nascent polypeptide chain *. To sum up, we found that the 60S-
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peptidyl-tRNA complex formed upon ribosome splitting can serve as a substrate for UFM1 E3
ligase complex and that the NEMF/LTN1-dependent release of the nascent chain is not
necessary for RPL26 UFMylation.

In cytosolic ribosomes, LTN1 binds close to the ribosome exit tunnel in the vicinity of the stalled
nascent polypeptides emerging from the ribosome “°. In the ER-bound ribosomes exit tunnel
is occupied by the translocon *“2, The RQC pathway was proposed to act on ER-stalled
ribosome through exposure of the nascent polypeptide in the cytosol at the ribosome-
translocon contact site **. As depletion of the UFMylation machinery stabilizes the arrested
nascent chains, and the binding of LTN1 to 60S at the ER is enhanced by UFMylation (Figure
3F, H), we speculate that, similar to what has been proposed for the post-termination empty
60S subunits, binding of the UFM1 E3 ligase complex destabilizes the 60S-translocon
interactions and allows the E3 ligase LTN1 to access the arrested nascent chain for
ubiquitination and subsequent degradation (Figure 3B).

Both ubiquitin proteosome system and lysosomal degradation was proposed be involved in
clearance of stalled nascent peptides at the ER %333, Notably, the previous work on the
ERK20 reporter used here showed that it is mainly degraded by lysosomes and neither
proteosome inhibition nor NEMF depletion stabilized the reporter 2. However, we show a
clear stabilization of the same reporter preferentially by proteosome inhibition (Supplementary
figure 1D), and NEMF depletion (Figure 1G, H). Supporting our results, an alternative ER
stalling reporter containing a folded VHP domain and a poly-lysine stretch, was degraded
primarily by the proteasome, and showed a NEMF-dependent stabilization . We therefore
conclude that while RQC and ubiquitin proteosome system play the major role to clear stalled
ribosomes, depending on the cell type and the expression level, the arrested polypeptides at
the ER can be cleared by complementary degradation pathways including ER-phagy and
lysosomal pathways 2233,

Altogether, our data converge on the following model: stalling of the ER-bound ribosomes
recruits canonical ribosome-associated quality control machinery. First, the E3 ligase ZNF598
recognizes the collided ribosomes and stabilizes them by ubiquitinating small subunit proteins
'*. This is followed by the binding of the ASC-1 complex that splits the leading ribosome,
leaving a 60S-peptidyl-tRNA complex (Figure 4). The 60S-peptidyl-tRNA complex is then
recognized and UFMylated by UFM1 E3 ligase independently of downstream RQC
components’ activities. RPL26 UFMylation allows better access of LTN1 to the nascent chain
that gets ubiquitinated and targeted for downstream proteasomal degradation to restore
cellular proteostasis. This process shows high evolutionary conservation in plants and
mammals and highlights the importance of fine regulation and complementarity of ribosomal
quality control processes.
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Figure Legends

Figure 1. RQC and UFMylation machinery are needed to clear stalled peptides at the ER
(A) Scheme of mass spectrometry analysis of UFMylated ribosomes. (B) Scatter plot of
proteins enriched with UFMylated ribosomes upon 3h 4uM ANS treatment compared to
untreated HCT116 FLAG-UFM1 cells. (C) Enrichment of FLAG-eluates from ANS treated
HCT116 FLAG-UFM1 cells over FLAG-eluates from untreated control HCT116 FLAG-UFM1
cells normalized to respective cushion samples, shown as log. fold change, identified by mass
spectrometry experiment from (A). (D) Schematic representation of control (KO) and stalling
(K20) cytosolic and ER reporters. (E and F) Readthrough of reporters from (D) shown by
mCherry/GFP ratio measured by FACS after 24h expression in HCT116 cells upon siRNA-
mediated knockdown of ZNF598 (E) or ASCC3 (F) compared to non-targeting control siRNA.
(G and 1) Reporter accumulation shown by FLAG immunoblot in RKO iCas9 KO cell lysates
upon 48h dox treatment to induce AAVS1 (non-targeting control), ANKZF1, ASCC3, UFM1,
NEMF or LTN1 knockout, upon 24h ERK20 (G) or ERKO expression (I) normalized to RPS10
loading control. AP — arrested peptide, g — glycosylation, * - degradation products. (H)
Quantification of (G). (J) Quantification of (I).

Figure 2. RPL26 is UFMylated on post-split 60S subunit upon ribosomal stalling at the

ER (A and C) UFMylation levels visualized by UFM1 immunoblot in RKO iCas9 cells upon 48h
dox treatment to induce RQC components or non-targeting AAVS1 knockout in untreated (A)
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or 1Th 4uM ANS treated cells (C). (B) Quantification of (A). (D) Quantification of (C). (E)
UFMpylation levels visualized by UFM1 immunoblot in HCT116 cells upon 72h siRNA-mediated
knockdown of RQC components or non-targeting control, and 24h expression of ERK20 or
CytoK20. (F and G) Quantification of (E) for cells expressing ERK20 (F) or CytoK20 (G) shown
by FLAG signal normalized to loading control. (H) UFMylation levels visualized by RPL26
immunoblot in RKO iCas9 cells upon 48h dox treatment to induce non-targeting AAVS1 or
NEMF knockout upon 24h expression of ERK20 reporter. (I) Quantification of (H). (J) 7-day-
old Arabidopsis seedlings of wildtype (Col-0) and RQC component mutant (ascc3, pelota, Itn1,
nemf, rqc1, edf1) were treated with either DMSO or 100 uM ANS for 16 hours. The UFMylation
level was tested via immunoblotting using anti-UFM1 antibody, with UGPase was introduced
as loading control. The data shown are representative of three biological replicates. (K)
Quantification of (J) for ANS-treated samples. FL — full length, AP — arrested peptide, g —

30 *

glycosylation, # - UFC1-UFM1 complex *°, * - degradation products.

Figure 3. UFL1 UFMylates nascent chain-bound 60S subunits (A) The cryostructural
model of UFM1 E3 ligase complexes shows flexibility around the CTD region of UFL1 (pbd:
8ohd). (B) Left: The structure of UFM1 E3 ligase complex bound to 60S subunit (pbd: 8ohd),
right: the structure of NEMF/LTN1 complex bound to peptidyl-tRNA-60S complex (pdb: 3j92,
8agw) docked on translocon (pdb:3j7r), middle: overlay of two structures shows a possible
hybrid state with conformational rearrangements of UFL1 and DDRGK1. (C) Experimental
approach for detecting interactors of nascent chain-associated ribosomes. (D) Ribosomal
pellet was obtained by sucrose cushion centrifugation followed by GFP immunoprecipitation
from RKO iCas9 parental cell line upon 24h expression of ERKO or ERK20 reporter. Protein
levels are analyzed by immunoblotting. (E) Quantification of UFL1 association normalized to
eluate nascent chain levels from (D). (F) Ribosomal pellet was obtained by sucrose cushion
centrifugation followed by GFP immunoprecipitation from RKO iCas9 AAVS1 (non-targeting
control), NEMF or UFM1 KO cell line upon 24h expression of CytoK20 or ERK20 reporter.
Protein levels are analyzed by immunoblotting. (G) Quantification of UFL1 association
normalized to eluate nascent chain levels from (F) for cells expressing CytoK20 or ERK20.
(H) Quantification of LTN1 association normalized to eluate nascent chain levels from (F). FL
— full length, AP — arrested peptide, # - UFC1-UFM1 complex *°, * - degradation products.

Figure 4. UFMylation machinery acts together with RQC to clear arrested peptides at
the ER Upon ribosomal stalling at the ER, ZNF598 recognizes and ubiquitinates 40S proteins,
followed by ASC-1 complex-mediated splitting of the leading ribosome. The remaining 60S-
peptidyl-tRNA complex is recognized and UFMylated by the UFM1 E3 ligase complex,
independently of downstream RQC factors. UFMylation allows easier access to nascent chain
that gets ubiquitinated by LTN1 with the help of NEMF. The nascent chain gets degraded by
the proteasome and the 60S subunit is recycled.

Supplementary Figure 1. (A) Scatter plot of proteins enriched with UFMylated ribosomes
upon 3h 4uM ANS treatment compared to untreated HCT116 FLAG-UFM1 cells, shown as
logz fold change of eluates over ribosome cushions (second replicate from Figure 1B). (B)
Immunoblots showing knockdowns of RQC proteins Pelota, ASCC3, or ZNF598 upon 72h
siRNA treatment in HCT116 cells. GAPDH is used as a loading control. (C) Readthrough of
reporters from Fig. 1D shown by mCherry/GFP ratio measured by FACS after 24h expression
in HCT116 cells upon siRNA-mediated knockdown of Pelota compared to non-targeting
control siRNA. (D) Immunoblots showing knockouts of RQC proteins NEMF, LTN1, ASCC3,
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ANKZF1, or UFM1 knockout upon 48h dox treatment in RKO cells. GAPDH or eEF2 are used
as a loading control. (E) Immunoblots showing reporter accumulation upon 24h expression of
CytoK20 or ERK20 in HCT116 cells after treatment with either 20 nM MG132 for 3h, 10 nM
Baf for 16h, or untreated as a control. AP — arrested peptide, * - degradation products.

Supplementary Figure 2. (A) UFMylation levels visualized by UFM1 immunoblot in untreated
or 1h 4uM ANS treated HCT116 cells upon 72h siRNA-mediated knockdown of RQC
components or non-targeting control. (B) Quantification of (A). (C) Top: polysome profiles from
HCT116 cells upon 72h knockdown of ZNF598 (right panel) or control siRNA (left panel).
Bottom: immunoblots showing RPL26 and RPS10 protein levels from corresponding fractions.
(D) UFMylation levels visualized by UFM1 immunoblot in HCT116 cells upon 72h siRNA-
mediated knockdown of RQC components or non-targeting control, and 24h expression of
ERKO. (E) Quantification of (D). # - UFC1-UFM1 complex, * - degradation products.

Materials and Methods

Mammalian cell culture

HCT116 tetON (doxycycline-inducible) OsTIR1 cells obtained the Masato Kanemaki
lab 44 were cultured in McCoy’s 5A (modified) medium (Sigma, M9309) supplemented
with 10% fetal bovine serum (Gibco, 10437028), 2 mM L-Glutamine (Sigmam, G7513),
1% Pen/Step (Sigma, P0781). RKO-Dox-Cas9 cells (expressing doxycycline-inducible
Cas9), a kind gift from from Johannes Zuber lab 4° were cultured in RPMI-1640 media
(Sigma, R8758) supplemented with 10% fetal bovine serum (Gibco, 10437028), 2 mM
L-Glutamine (Sigmam, G7513), 1% Pen/Step (Sigma, P0781), 1x non-essential amino
acids (Thermo Scientific, 11140050), and 1 mM sodium pyruvate (Gibco, 11360070).
Cell lines were grown in a humidified incubator at 37°C and 5% CO:.. All cell lines were
regularly tested for Mycoplasma infection with the EZ-PCR™ Mycoplasma Detection
Kit (Biological Industries).

Mammalian cell line generation

RKO-Dox-Cas9 (iCas9) cell lines for doxycycline inducible knockout of the genes
encoding RQC components were established using lentiviral transduction with
lentiviral particles (produced as described in 46 containing Dual-sgRNA_hU6-mU6
vectors described in 45 expressing two sgRNAs (Supplementary table 2) from human
and mouse U6 promoters and eBFP2 from a PGK promoter. The eBFP2-positive cells
were FACS sorted at BD FACSMelody™ Cell Sorter at Max Perutz Labs BioOptics
FACS Facility.

To endogenously tag UFM1 with N-terminal 3xFLAG sequence human UFM1 N-
terminal homology arms sequence was amplified using Hindlll_UFM1_N_HAs F and
Xhol_UFM1_N_HAs R primers. The UFM1 homology arms were inserted into the
pMK344 plasmid backbone (Addgene #121179) using Hindlll and Xhol restriction
sites. To remove the BamHI site the plasmid was treated with Hindlll and Xbal
restriction enzymes and ligated through annealed overlapping oligos
(PMK344 oligo_Hindlll_Xbal_F/R). The BamHI| and Sall restriction sites were
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introduced to the homology arms using BamHI_UFM1_N-HA and Sall_UFM1_N-HA
primers. The BSD-P2A-3xFLAG sequence was cloned using the pMK347 (BSD-P2A-
mAID) plasmid (Addgene #121181) which was digested with the Esp3l and BamHI
enzymes to remove P2A-mAID and ligated using P2A-3xFLAG template made from
annealed oligos (3xFLAG_pMK347_F/R) with cohesive ends. The BSD-P2A-3xFLAG
sequence was inserted into the plasmid with N-terminal homology arms of UFM1 using
Sall and Baml restriction sites resulting in the HDR template. The PAM sites were
mutated in the HDR template using site-directed mutagenesis with a primer pair
UFM1_gRNA 517 _PAM_mut_F/R. To clone the Hygro-P2A-3xFLAG HDR template
Hygro-P2A-3xFLAG was amplified from pMK344 with KS F and
P2A_3xFLAG_BamHI_R primers and cloned to replace the BSD-P2A-3xFLAG in the
final UFM1 HDR template with mutated PAM sites. All primer sequences are listed in
Supplementary table 2.

To introduce the 3xFLAG tag to the N-terminus of the endogenous UFM1 HCT116
tetON OsTIR1 cells ** were transiently transfected with 1:1:2 ratio mixture of the BSD-
P2A-3xFLAG HDR, Hygro-P2A-3xFLAG HDR template plasmids and pSpCas9 (BB)-
2A-GFP (PX458) (plasmid #48138, Addgene) 4’ targeting the first exon of the UFM1
gene (Supplementary table 2) using the Fugene HD (Promega) reagent according to
the manufacturer’s instructions. 24 hours after transfection cell were collected by
trypsinization and plated in 1:200 dilution in standard culture media (McCoy’s 5A
(modified) with 10% FBS, 2 mM L-Glutamine, 1% Pen/Step). On the next day the
media was supplemented with 100 pg/mL of Hygromycin B Gold (InvivoGen, #ant-hg)
and 10 ug/mL of Blasticidin S Hydrochloride (InvivoGen, #ant-bl-05). Cells were grown
in selection media until visible colonies were formed and expanded in 96-well plates.
The homozygous insertion was verified using western blotting with anti-UFM1
(ab108062, Abcam) and anti-GAPDH (10494-1-AP, Proteintech) antibodies and
genotyped using DirectPCR Lysis-Reagent Cell (Peglab, VWR) with hsUFM1_HAs_F,
hsUFM1_HAs_ R, HygR_F, and BSDR_F primers.

Co-Immunoprecipitation mass spectrometry of 3xFLAG-UFM1

For mass spectrometry of 3xFLAG-UFM1 co-immunoprecipitation (co-IP) ten 15 cm
(diameter) dishes of 80% confluent 3xFLAG-UFM1 HCT116 per condition were used.
Cell culture media was exchanged to fresh one 16 hours prior collection. To induce
ribosome stalling cells were treated with 4 uM anisomycin for 3 h. Cells were washed
with warm (37°C) PBS supplemented with 100 pg/mL cycloheximide, lysed on the
plate with ice-cold lysis buffer (20 mM HEPES pH 7.3, 150 mM KCI, 5 mM MgClz, 1%
Triton X-100, 100 mg/mL cycloheximide, 1 mM DTT, 1x EDTA-free protease inhibitor
cocktail), scraped, and transferred to 2 mL RNase-free tubes. Cell lysates were further
incubated on ice for 10 min with intermittent vortexing, passed three times through the
27G needle, and clarified on a table-top centrifuge at maximum speed (20,000 g) for
20 min at 4°C. Total RNA concentration in the lysate was estimated using OD A260
measurement on Nanodrop. The lysate concentrations were equalized and brought to
1.5 mL with lysis buffer. Polysomes were digested with 2.5 uyg RNase A (Thermo
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Scientific, EN0531) per 750 ng total RNA for 20 min at 25°C at 750 rpm. The reaction
was quenched with 0.4 mg/mL heparin. 3 mL of the lysate was layered on top of 9 mL
25% sucrose cushion in gradient buffer (25% sucrose, 20 MM HEPES pH 7.3, 150 mM
KCI, 5 mM MgClz, 100 mg/mL cycloheximide, 1x EDTA-free protease inhibitor cocktail).
Ribosomes were pelleted by centrifugation at 100,000 g overnight at 4°C in a SWA40Ti
rotor. After the supernatant was removed, the ribosomal pellet was resuspended with
600 L of resuspension buffer (10% glycerol, 20 MM HEPES pH 7.3, 150 mM KCl,
5 mM MgClz, 0.1% NP-40, 100 mg/mL cycloheximide, 1x EDTA-free protease inhibitor
cocktail).

For co-IP 100 pg of Monoclonal ANTI-FLAG® M2 antibody (Sigma, F1804) was
coupled to the 400 uL of protein G Dynabeads (Invitrogen) in 1 mL of lysis buffer
without DTT and cycloheximide for 20 min rotating at room temperature, washed three
times with 1 mL of 25% sucrose in gradient buffer supplemented with 0.1% NP-40,
resuspended in the original bead volume and added to 500 pL of resuspended
ribosomal pellet. The IP was incubated on a rotator at +4°C for overnight, washed 4
times with wash buffer (10% glycerol, 20 mM HEPES pH 7.3, 150 mM KCI, 5 mM
MgCl,, 0.01% NP-40, 100 mg/mL cycloheximide, 1x EDTA-free protease inhibitor
cocktail), followed by 5 washes with (20mM HEPES, KCI 150mM). The samples were
eluted from beads using tryptic digestion and the peptides were submitted for mass
spectrometry at Vienna BioCenter Proteomics Core Facility.

100 pL aliquot of ribosomal pellet sample was taken as an IP input control. It was filled
with dH20 up to 1 mL, 10 pyL of 10% sodium deoxycholate were added and vortexed.
Proteins were precipitated on ice for 10 min after addition of 200 uL of 50% TCA and
centrifuged at 20,000 g for 20 min at 4°C. Pellet was washed twice with 1 mL of 100%
acetone, all supernatant was discarded and the pellet was vacuum-dried briefly for 5
min at 45°C vacuum evaporator. Samples were prepared and tryptic digested, using
the iST kit (PO 00001, PreOmics) according to the manufacturer's instructions. 250 ng
of each peptide sample were submitted for mass spectrometry at Vienna BioCenter
Proteomics Core Facility. For the IP analyses, we used a cut off of at least 10%
coverage of a protein of interest.

Mammalian siRNA and plasmid transfections

For reporter accumulation experiments, RKO iCas9 cells were seeded in 6-well plates
and treated with 450 nM doxycycline for 48 h to induce expression of Cas9. The cells
were then transfected with 2 ug plasmid using jetOPTIMUS® reagent according to the
manufacturer’s instructions (Avantor, 101000051). Cells were washed with cold PBS
buffer and collected on plate in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% Sodium
deoxycholate, 0.1% SDS, and 25mM TRIS pH 7.4) with 1x EDTA-free protease
inhibitor cocktail (Roche, 11873580001). Cell lysate was clarified on a table-top
centrifuge at maximum speed (20,000 g) for 20 min at 4°C.

To test the effect of RQC components’ loss on UFMylation, HCT116 tetON OsTIR1
cells were seeded in 24-well plates and transfected with Dharmacon ON-TARGETplus
Human siRNA SMARTpools at 10 nM against ASCC3 (L-012757-01-0005) and at 25
nM against PELO (L-019068-01-0005) and ZNF598 (L-007104-00-0005). ON-
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TARGETplus Non-targeting Control Pool (D-001810-10-05) at 25 nM was used as a
control. Cells were passed to 6-well plates and either transfected with 2 ug of plasmids
containing CytoKO, CytoK20, ERKO, or ERK20 reporters 2 for 24 h using
jetOPTIMUS® reagent (Avantor, 101000051) according to the manufacturer's
instructions or treated with 4 yM anisomycin dissolved in DMSO for 1 h before
collection.

RKO iCas9 cells were seeded in 10-cm dishes in media supplemented with 450 nM
doxycycline for 48h to induce expression of Cas9. Cells were then either transfected
with 10 ug of plasmids containing CytoK0, CytoK20, ERKO, or ERK20 reporters 28 for
24 h using jetOPTIMUS® reagent according to the manufacturer’s instructions
(Avantor, 101000051), or treated with 4uM anisomycin dissolved in DMSO for 1 h
before collection.

Flow cytometry analysis

HCT116 tetON OsTIR1 cells were seeded in 24-well plates and transfected with
Dharmacon ON-TARGETplus Human siRNA SMARTpools for 72 h total as described
in “Mammalian siRNA and plasmid transfections”. Cells were passed to 6-well plates
and transfected with 2 ug of pPEGFP-N1 plasmid containing CytoKO0, CytoK20, ERKO,
or ERK20 reporters 28 for 24 h using jetOPTIMUS® reagent according to the
manufacturer’s instructions (Avantor, 101000051). Cells were harvested in trypsin,
resuspended in full media and analysed by flow cytometry (BD LSRFortessa™ Cell
Analyser). Data was analysed in FlowJo software.

Cell lysis and immunoblotting

Clear cell lysates were collected in RIPA buffer with 1XEDTA-free protease inhibitor
cocktail (Roche, 11873580001), clarified on a table-top centrifuge at maximum speed
(20,000 g) for 20 min at 4°C, and analysed on 10%, 12% or 15% SDS-polyacrylamide
gels, followed by a semi-dry transfer (BioRad blotter) or wet transfer (120V, 1 h 20 min
on a BioRad blotter) on a 0.2 ym nitrocellulose membrane. Membrane was blocked in
1xTBS buffer with 0.1% Tween containing 5% milk for 1 h at room temperature.
Primary antibody (listed in Supplementary table 2) was diluted in 2.5% milk 1x TBS-
0.1% Tween buffer and incubated either 1 h at room temperature or at 4°C overnight,
followed by three washes with 1x TBS-0.1% Tween buffer. Secondary antibody
conjugated with horseradish peroxidase (Promega) was diluted in 2.5% milk 1x TBS-
0.1% Tween buffer and incubated for 1 h at room temperature, followed by three
washes with 2.5% milk 1x TBS-0.1% Tween buffer. The blots were developed using
chemiluminescent detection on iBright ThermoFisher machine and quantified in iBright
Analysis Software (ThermoFisher).

Immunoprecipitations

For detecting UFL1 binding to nascent chain-containing 60S ribosomes, RKO iCas9
cell lines expressing gRNA against AAVS1 (non-targeting control), NEMF, or UFM1
(gRNA sequences are listed in Supplementary table 2) were seeded in 10-cm dishes
(2 dishes per condition) in media supplemented with 450 nM doxycycline for 48h to
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induce expression of Cas9. Cells were then transfected with 10 pg of plasmids
containing CytoK20, or ERK20 reporters 22 for 24 h using jetOPTIMUS® reagent
according to the manufacturer’s instructions (Avantor, 101000051). Cells were then
washed in cold PBS supplemented with 100 ug/mL cycloheximide, lysed on the plate
with ice-cold lysis buffer (20 mM HEPES pH 7.3, 120 mM KCI, 5 mM MgClz2, 1% NP-
40, 100 ug/mL cycloheximide, 0.5 mM DTT, 1x EDTA-free protease inhibitor cocktail).
Cell lysates were further incubated on ice for 10 min with intermittent vortexing, passed
three times through the 27G needle, and clarified on a table-top centrifuge at maximum
speed (20,000 g) for 20 min at 4°C. 700 uL of the lysate was layered on top of 233 uL
of sucrose cushion (1 M sucrose, 20 mM HEPES pH 7.3, 120 mM KCI, 5 mM MgCly,
100 ug/mL cycloheximide, 0.5 mM DTT). Ribosomes were pelleted by centrifugation
at 100,000 g for 1,5 h at 4°C in a TLA100.3 rotor. After the supernatant was removed,
the ribosomal pellet was resuspended with 150 uL of lysis buffer.
Immunoprecipitations were performed with 40 pyL of resuspended GFP-Trap®
Magnetic Particles (ChromoTek, gtd-20) per condition, the mixture was incubated on
a rotator at +4°C for 1 h, washed 3 times with wash buffer (20 mM HEPES pH 7.3,
195 mM KCI, 5mM MgCl,, 0.5% NP-40, 100 pyg/mL cycloheximide, 0,1 mM DTT, 1x
EDTA-free protease inhibitor cocktail), and eluted in 30 uL of 1xSDS sample buffer
without DTT. Samples were incubated at 70°C for 10 min, the eluate was separated
from the magnetic particles, DTT was added to the final concentration of 10 mM,
samples were incubated at 95°C for 5 min and loaded on a SDS-PAGE gel followed
by Western blotting.

Plant experiments

All Arabidopsis thaliana lines used in this study originate from the Columbia (Col-0)
ecotype. Mutant lines used in this study are listed in Supplementary table 2. Seedlings
were grown in liquid 1/2 MS medium containing 1% sucrose under 16 h light/8 h dark
photoperiod for 7 days with shaking at 80 rpm. 7-day-old seedling grown in liquid 1/2
MS medium were treated with 100 uM anisomycin (ANS) for 16 hours under
continuous light with shaking at 80 rpm. An equal volume of pure dimethyl sulfoxide
(DMSO) was added as control. Subsequently, seedlings were then frozen in liquid
nitrogen after chemical treatment and homogenized for western blotting. The total
protein was extracted with Grinding Buffer (50 mM Tris-HCI, 150 mM NaCl, 1 %
Glycerol, 0.5 % NP-40, 1.5 mM MgCl., 1x protease inhibitor cocktail). The SDS loading
buffer was added to lysates, and the samples then were boiled at 95°C for 10 minutes.
10 ug of sample was loaded per lane. SDS-PAGE was performed using gradient 4—
20% Mini-PROTEAN TGX Precast Protein Gels (BioRad). Blotting on nitrocellulose
membranes was performed using a semi-dry Turbo Transfer Blot System (BioRad).
The membranes were blocked with 5 % skimmed milk in TBS and 0.1 % Tween 20
(TBS-T) for 1 hour at room temperature. Subsequently, the membranes were
incubated with primary antibody, followed by incubation with secondary antibody
conjugated to horseradish peroxidase (HRP). After three times 10 minutes washes
with TBS-T, the immune-reaction was developed using ECL SuperSignal West Femto
(Thermo) and detected with iBright Imaging System (Thermo). Protein bands intensity
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was quantified using the iBright Imaging analysis System (Thermo). The average
relative intensities and a standard error were calculated from three biological
replicates.

Statistical analysis and reproducibility

All experiments were performed at least 3 times unless otherwise indicated in figure
legends. Statistical analysis was performed in GraphPad Prism 10 software using
Student t-test.
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Figure 1. RQC and UFMylation machinery are needed to clear stalled peptides at the ER
(A) Scheme of mass spectrometry analysis of UFMylated ribosomes. (B) Scatter plot of
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proteins enriched with UFMylated ribosomes upon 3h 4uM ANS treatment compared to
untreated HCT116 FLAG-UFM1 cells. (C) Enrichment of FLAG-eluates with 10% coverage
cut-off from ANS treated HCT116 FLAG-UFM1 cells over FLAG-eluates from untreated control
HCT116 FLAG-UFM1 cells normalized to respective cushion samples, shown as log. fold
change, identified by mass spectrometry experiment from (A). (D) Schematic representation
of control (KO) and stalling (K20) cytosolic and ER reporters. (E and F) Readthrough of
reporters from (D) shown by mCherry/GFP ratio measured by FACS after 24h expression in
HCT116 cells upon siRNA-mediated knockdown of ZNF598 (E) or ASCC3 (F) compared to
non-targeting control siRNA. (G and |) Reporter accumulation shown by FLAG immunoblot in
RKO iCas9 KO cell lysates upon 48h dox treatment to induce AAVS1 (non-targeting control),
ANKZF1, ASCC3, UFM1, NEMF or LTN1 knockout, upon 24h ERK20 (G) or ERKO expression
() normalized to RPS10 loading control. AP — arrested peptide, g — glycosylation, * -
degradation products. (H) Quantification of (G). (J) Quantification of (1).
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Figure 2. RPL26 is UFMylated on post-split 60S subunit upon ribosomal stalling at the
ER (A and C) UFMylation levels visualized by UFM1 immunoblot in RKO iCas9 cells upon 48h
dox treatment to induce RQC components or non-targeting AAVS1 knockout in untreated (A)
or 1Th 4uM ANS treated cells (C). (B) Quantification of (A). (D) Quantification of (C). (E)
UFMpylation levels visualized by UFM1 immunoblot in HCT116 cells upon 72h siRNA-mediated
knockdown of RQC components or non-targeting control, and 24h expression of ERK20 or
CytoK20. (F and G) Quantification of (E) for cells expressing ERK20 (F) or CytoK20 (G) shown
by FLAG signal normalized to loading control. (H) UFMylation levels visualized by RPL26
immunoblot in RKO iCas9 cells upon 48h dox treatment to induce non-targeting AAVS1 or
NEMF knockout upon 24h expression of ERK20 reporter. (1) Quantification of (H). (J) 7-day-
old Arabidopsis seedlings of wildtype (Col-0) and RQC component mutant (ascc3, pelota, lin1,
nemf, rqc1, edf1) were treated with either DMSO or 100 uM ANS for 16 hours. The UFMylation
level was tested via immunoblotting using anti-UFM1 antibody, with UGPase was introduced
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as loading control. The data shown are representative of three biological replicates. (K)

Quantification of (J) for ANS-treated samples. FL — full length, AP — arrested peptide, g —

glycosylation, # - UFC1-UFM1 complex *°, * - degradation products.
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Figure 3. UFL1 UFMylates nascent chain-bound 60S subunits (A) The cryostructural model
of UFM1 E3 ligase complexes shows flexibility around the CTD region of UFL1 (pbd: 8ohd).
(B) Left: The structure of UFM1 E3 ligase complex bound to 60S subunit (pbd: 8ohd), right: the
structure of NEMF/LTN1 complex bound to peptidyl-tRNA-60S complex (pdb: 3j92, 8agw)
docked on translocon (pdb:3j7r), middle: overlay of two structures shows a possible hybrid
state with conformational rearrangements of UFL1 and DDRGK1. (C) Experimental approach
for detecting interactors of nascent chain-associated ribosomes. (D) Ribosomal pellet was
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obtained by sucrose cushion centrifugation followed by GFP immunoprecipitation from RKO
iCas9 parental cell line upon 24h expression of ERKO or ERK20 reporter. Protein levels are
analyzed by immunoblotting. (E) Quantification of UFL1 association normalized to eluate
nascent chain levels from (D). (F) Ribosomal pellet was obtained by sucrose cushion
centrifugation followed by GFP immunoprecipitation from RKO iCas9 AAVS1 (non-targeting
control), NEMF or UFM1 KO cell line upon 24h expression of CytoK20 or ERK20 reporter.
Protein levels are analyzed by immunoblotting. (G) Quantification of UFL1 association
normalized to eluate nascent chain levels from (F) for cells expressing CytoK20 or ERK20. (H)
Quantification of LTN1 association normalized to eluate nascent chain levels from (F). FL —full
length, AP — arrested peptide, # - UFC1-UFM1 complex *°, * - degradation products.
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Figure 4

Step 1: stalled ribosome recognition, Step 2: UFM1 E3 ligase and NEMF/LTN1 Step 3: RPL26 UFMylation allows better
ubiquitination and splitting binding 60S-peptidyl-tRNA LTN1 access to nascent chain

ER lumen

ZNF598 DDRGK1 @™
—
ASC-1
complex

UFLA UFL1

Figure 4. UFMylation machinery acts together with RQC to clear arrested peptides at the
ER Upon ribosomal stalling at the ER, ZNF598 recognizes and ubiquitinates 40S proteins,
followed by ASC-1 complex-mediated splitting of the leading ribosome. The remaining 60S-
peptidyl-tRNA complex is recognized and UFMylated by the UFM1 E3 ligase complex,
independently of downstream RQC factors. UFMylation allows easier access to nascent chain
that gets ubiquitinated by LTN1 with the help of NEMF. The nascent chain gets degraded by
the proteasome and the 60S subunit is recycled.
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Supplementary Figure 1. (A) Scatter plot of proteins enriched with UFMylated ribosomes
upon 3h 4uM ANS treatment compared to untreated HCT116 FLAG-UFM1 cells, shown as
logz fold change of eluates over ribosome cushions (second replicate from Figure 1B). (B)
Immunoblots showing knockdowns of RQC proteins Pelota, ASCC3, or ZNF598 upon 72h
siRNA treatment in HCT116 cells. GAPDH is used as a loading control. (C) Readthrough of
reporters from Fig. 1D shown by mCherry/GFP ratio measured by FACS after 24h expression
in HCT116 cells upon siRNA-mediated knockdown of Pelota compared to non-targeting control
siRNA. (D) Immunoblots showing knockouts of RQC proteins NEMF, LTN1, ASCC3, ANKZF1,
or UFM1 knockout upon 48h dox treatment in RKO cells. GAPDH or eEF2 are used as a
loading control. (E) Immunoblots showing reporter accumulation upon 24h expression of
CytoK20 or ERK20 in HCT116 cells after treatment with either 20 nM MG132 for 3h, 10 nM
Baf for 16h, or untreated as a control. AP — arrested peptide, * - degradation products.
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Supplementary Figure 2. (A) UFMylation levels visualized by UFM1 immunoblot in untreated
or 1h 4uM ANS treated HCT116 cells upon 72h siRNA-mediated knockdown of RQC
components or non-targeting control. (B) Quantification of (A). (C) Top: polysome profiles from
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HCT116 cells upon 72h knockdown of ZNF598 (right panel) or control siRNA (left panel).
Bottom: immunoblots showing RPL26 and RPS10 protein levels from corresponding fractions.
(D) UFMylation levels visualized by UFM1 immunoblot in HCT116 cells upon 72h siRNA-
mediated knockdown of RQC components or non-targeting control, and 24h expression of
ERKO. (E) Quantification of (D). # - UFC1-UFM1 complex, * - degradation products.
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7 Abbreviations

ABCB1
ACTB
ActD
AGO2
AT1R
ATF3
ATF4
ATF6
BiP
BLOC1S1
BTRC
bZIP
CCR4-NOT

ATP binding cassette subfamily B member 1

actin beta

actinomycin D

Argonaute 2

angiotensin Il type 1 receptor

activating transcription factor 4

activating transcription factor 4

activating transcription factor 6

binding immunoglobulin protein

biogenesis of lysosomal organelles complex-1 subunit 1
B-transducin repeat containing E3 ubiquitin protein ligase
basic leucine zipper

Carbon Catabolite Repression 4 - Negative On TATA-less

deadenylase complex

CD44
CD59
CHOP
CREB3L2
DCP1A
DCP2
DDIT3
EDC3
EDC4
elF2a
EIF4E-BP2
ER

ERAD
FOSL2
GFP
HMGA2

CD44 molecule (Indian blood group)

CD59 glycoprotein

C/EBP homologous protein

cAMP responsive element binding protein 3 like 2
mRNA decapping enzyme 1A

MRNA decapping enzyme 2

DNA damage inducible transcript 3 (CHOP)
enhancer of mMRNA decapping 3

enhancer of mMRNA decapping 4

eukaryotic translation initiation factor 2 alpha
eukaryotic translation initiation factor 4E binding protein 2
endoplasmic reticulum

ER-associated degradation

FOS like 2, AP-1 transcription factor subunit
green fluorescent protein

high mobility group AT-hook 2
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HSPAS
IDR
IGF2
IGF2BP
IRE1

IR-PAR-CLIP

KRAS
MAPK
mAID
miRNA
MmRNP
MITF
MYC
mMO6A
m7G
OsTIR1
P-bodies
PAR-CLIP

immunoprecipitation

PERK
PROTAC
RBP
RIDD
RIP-seq
RISC
RNase
RPL26
RQC
RT-gPCR
s4U

SG

heat shock protein family A (Hsp70) member 5
intrinsically disordered region

insulin-like growth factor 2

insulin-like growth factor 2 mRNA-binding protein

inositol-requiring enzyme 1

infrared photoactivatable-ribonucleoside-enhanced crosslinking
and immunoprecipitation

Kirsten rat sarcoma viral oncogene homolog
mitogen-activated protein kinase

mini auxin-inducible degron

microRNA

messenger ribonucleoprotein
microphthalmia-associated transcription factor
myelocytomatosis oncogene
N6-methyladenosine

N7-methylguanosine

Oryza sativa TIR1 (auxin receptor)
processing bodies

photoactivatable-ribonucleoside-enhanced  crosslinking

PKR-like ER kinase
proteolysis-targeting chimera
RNA-binding protein

regulated IRE1-dependent decay
RNA immunoprecipitation sequencing
RNA-induced silencing complex
ribonuclease

ribosomal protein L26
ribosome-associated quality control
reverse transcription quantitative PCR
4-thiouridine

stress granule
226

and



SLAMseq thiol(SH)-linked alkylation for the metabolic sequencing of RNA

SRF serum response factor
TGOLN2 trans-Golgi network protein 2
T-C thymidine-to-cytidine (conversion)
UCP1 uncoupling protein 1

UFM1 ubiquitin-fold modifier 1

UPR unfolded protein response
UTR untranslated region

VHL von Hippel-Lindau (E3 ligase)
XBP1 X-box binding protein 1
XBP1s spliced XBP1

XBP1u unspliced XBP1

ZFP36L1 zinc finger protein 36 like 1
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