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Abstract

Regulation of protein translation is crucial for maintaining cellular homeostasis. Various
factors, such as aberrant mRNA processing, lack of translational components or rare codons,
can cause ribosomal stalling during translation. In the cytosol, the factors that recognize and
clear stalled ribosomes, collectively known as ribosome-associated quality control (RQC), are
well-studied. However, the events following ribosome stalling during co-translational protein
translocation into the endoplasmic reticulum (ER) remained poorly understood. Upon
ribosome stalling at the ER, 60S ribosomal protein RPL26 was shown to be covalently modified
by UFM1 (ubiquitin-fold modifier 1), a ubiquitin-like protein. Still, the precise role of
UFMylation in ER protein quality control and its cross-talk with the RQC machinery have
remained elusive.

In this work, | address this research gap by combining unbiased proteomics with biochemical
and cellular assays. Proteomics of UFMylated ribosomes revealed that the RQC factors NEMF
and LTN1 interacted with UFMylated ribosomes in a stalling-dependent manner.

Using cell biology, | found that, similar to cytosolic ribosomes, ER-stalled ribosomes are
recognized by the E3 ligase ZNF598 and subsequently split by the ASC-1 complex. Importantly,
these steps are necessary prerequisites for RPL26 UFMylation, in which the UFM1 E3 ligase
recognizes post-split 60S-peptidyl-tRNA complexes as canonical substrates. UFMylation of
RPL26 loosens the close interaction between the 60S-peptidyl-tRNA complex and the
translocon, thereby allowing RQC components to access stalled nascent chains. In line with
these results, impaired UFMylation weakens LTN1 binding to 60S-peptidyl-tRNA complexes,
and depletion of either NEMF or LTN1 leads to the accumulation of UFMylated ribosomes,
supporting the idea that these two machineries act on the same pathway and form a direct
link to post-split ribosomal intermediates. Taken together, my work revealed that close
collaboration between the RQC and UFMylation is necessary for the clearance of stalled
ribosomes at the ER, thereby safeguarding cellular protein homeostasis.



Zusammenfassung

Die Regulation der Proteinbiosynthese ist fur die Aufrechterhaltung der zellularen
Homdostase von entscheidender Bedeutung. Verschiedene Faktoren, wie beispielsweise eine
fehlerhafte mRNA-Verarbeitung, das Fehlen von Translationskomponenten oder seltenen
Codons, kdnnen wahrend der Translation zu einem Ribosomenstillstand fiihren. Im Zytosol
sind die Faktoren, die gestaute Ribosomen erkennen und beseitigen — zusammenfassend als
ribosomassoziierte Qualitatskontrolle (RQC) bezeichnet — gut erforscht. Die Ereignisse, die auf
ein Ribosomenstillstand wahrend der co-translationalen Proteintranslokation in das
endoplasmatische Retikulum (ER) folgen, waren jedoch bislang kaum verstanden. Nach dem
Ribosomenstillstand am ER zeigte sich, dass das 60S-Ribosomprotein RPL26 durch UFM1
(Ubiquitin-Fold-Modifier 1), ein Ubiquitin-dhnliches Protein, kovalent modifiziert wird. Die
genaue Rolle der UFMylierung bei der ER-Proteinqualitatskontrolle und ihre Wechselwirkung
mit dem RQC-Apparat blieben jedoch bislang unklar.

In dieser Arbeit schlieRe ich diese Forschungsliicke, indem ich unvoreingenommene
Proteomik mit biochemischen und zelluldren Assays kombiniere. Die Proteomik UFMylierter
Ribosomen zeigte, dass die RQC-Faktoren NEMF und LTN1 in einer vom Stillstand abhangigen
Weise mit UFMylierten Ribosomen interagierten.

Mithilfe der Zellbiologie konnte ich feststellen, dass im ER festsitzende Ribosomen — dhnlich
wie zytosolische Ribosomen — von der E3-Ligase ZNF598 erkannt und anschlieBend vom ASC-
1-Komplex gespalten werden. Wichtig ist, dass diese Schritte notwendige Voraussetzungen
fur die UFMylierung von RPL26 sind, bei der die UFM1-E3-Ligase die nach der Spaltung
entstandenen 60S-Peptidyl-tRNA-Komplexe als kanonische Substrate erkennt. Die
UFMylierung von RPL26 lockert die enge Wechselwirkung zwischen dem 60S-Peptidyl-tRNA-
Komplex und dem Translokon und ermoglicht so den RQC-Komponenten den Zugang zu den
angehaltenen Peptidketten. Im Einklang mit diesen Ergebnissen schwacht eine
beeintrachtigte UFMylierung die Bindung von LTN1 an 60S-Peptidyl-tRNA-Komplexe, und der
Abbau von entweder NEMF oder LTN1 fuhrt zur Anreicherung von UFMylierten Ribosomen,
was die Annahme stiitzt, dass diese beiden Mechanismen auf demselben Signalweg wirken
und eine direkte Verbindung zu post-split Ribosomen-Zwischenprodukten herstellen.
Insgesamt hat meine Arbeit gezeigt, dass eine enge Zusammenarbeit zwischen dem RQC und
der UFMylierung flr die Beseitigung blockierter Ribosomen am ER notwendig ist, wodurch die
zelluldre Proteinhomoostase gesichert wird.
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1. Introduction

1.1. Endoplasmic reticulum

Endoplasmic reticulum (ER) is a eukaryotic organelle consisting of a vast network of membrane
sheets and tubules. This membrane-enclosed cellular compartment allows the maintenance
of a specific biochemical environment and the localization of intracellular processes. The ER is
the site of folding and maturation for a third of the proteome, including secretory and
membrane proteins ranging from plasma membrane and other organellar membrane proteins
to antibodies secreted by plasma cells2, Most mRNAs encoding for these proteins are brought
to the ER on translating ribosomes for co-translational folding and maturation®. Nascent
polypeptides that go through the ER before their final functional destination are subjected to
extensive quality control during their maturation inside the ER lumen®. Apart from protein
synthesis, the ER plays a major role in lipid synthesis and metabolism, serving as a cell-wide
lipid reservoir that adjusts to cellular lipid needs®. The ER membrane is in continuity with the
outer nuclear membrane, has extensive contacts with organelles such as mitochondria,
lysosomes, endosomes, and chloroplasts, and serves as the major site for Ca?* storage®.
Therefore, ER is crucial for cellular physiology and homeostasis.

1.1.1. General structure of the ER

The ER is structurally divided into smooth ER, which has a tubular structure, and rough ER,
with sheet-like architecture and ribosomes attached to the outer membrane’. ER sheets have
the role in protein translation, translocation, folding, and maturation®, while ER tubules are
the place of lipid synthesis and formation of membrane contact sites with other organelles,
through which ion transport, signaling, and organellar division are coordinated®. Depending
on the cell type and physiological needs, the ratio of ER sheets to tubules can drastically
change®. Cell types with high protein secretion, such as pancreatic cells secreting digestive
enzymes or B cells actively secreting antibodies, have a vast network of ER sheets stacked by
twisted membrane surfaces, allowing efficient packing in a limited intracellular space'®?2. In
contrast, cells with no high protein secretion need, such as neuronal cells, adrenal cells, and
epithelial cells have highly developed intracellular tubular ER structures?3.

The structural and physiological division of the ER is established through integral membrane
proteins that shape its architecture. For the correct formation of the tubular ER, high
membrane curvature is required. This is done by reticulons and reticulon-like proteins, which
form a hairpin structure from their hydrophobic domains, which are inserted like a wedge in
the outer membrane layer of the ER, displacing the lipids and forming a curvature'#**. The
loss of these proteins causes the reduction of tubular architecture, whereas their
overexpression leads to expansion of ER tubules to longer structures, confirming the role of
reticulons and reticulon-like proteins in shaping the ER tubules®>®,

The proteins shaping the sheet ER architecture are, in contrast to reticulons, much less
studied. The protein that stabilizes ER sheets was recently shown to be SigmaR1'’. The
stabilization of flat membranes is achieved through the insertion of trimeric SigmaR1
complexes into the inner layer of ER membrane, with 6 amphipatic helices lying in a flat
architecture in the membrane and, therefore, supporting the non-curved sheet formation”18,
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In cells depleted of SigmaR1, the levels of ER sheets are reduced, whereas SigmaR1l
overexpression leads to ER sheet expansion!’. Therefore, the ER sheet-to-tubules ratio is
impacted by reticulons, SigmaR1, and membrane lipid composition. This dynamic regulation
of ER structure provides its adaptability to current cellular needs and timely remodeling to
fulfil protein or lipid synthesis demands.

1.1.2. Function of the ER

The vast majority of lipid synthesis enzymes are localized to the ER, making it a central hub
that regulates the lipid levels within membranes in the cell>. Major structural lipids, such as
phosphatidylcholine and phosphatidylethanolamine, but also less abundant lipids involved in
signaling, like phosphatidylinositol and sphingolipids, are all synthesized at the ER>. The lipids
synthesized at the ER are subsequently transported to all other membranes either through
vesicular transport through the Golgi, or directly shuffled to Golgi membrane through vesicle-
associated membrane protein-associated proteins (VAPs) at ER-Golgi membrane contact
sites®. VAPs interact with the FFAT (two phenylalanine in an acidic tract) motifs in proteins
located in the non-ER membranes to facilitate the lipid shuffling®®.

The ER is a major intracellular Ca?* storage. The concentration of Ca?*ions in the cytosol is
around 100 nM, whereas the concentration inside the ER lumen is between 100 and 800 uM?%°.
Calcium gets released from the ER into the surrounding cytosol through inositol-1,4,5-
triphosphate receptors (IPsRs)?%2L. The released calcium ions can be subsequently imported
into mitochondria through voltage-dependent anion-selective channel, or perform their
function in intracellular signaling®°.

All the secretory and membrane proteins go through the ER for their proper folding and
maturation. The following section describes this process in detail.

1.1.3. Protein translation at the ER

The targeting of nascent proteins to the ER mostly occurs co-translationally, after the N-
terminal signaling peptide or the first hydrophobic transmembrane domain (TMD) emerges
from the peptide exit tunnel®. The signal recognition particle (SRP), a highly conserved
ribonucleoprotein complex, recognizes the signal peptide or TMD and targets the actively
translating ribosome to the ER membrane??. SRP’s subunit SRP54 recognizes the 60S
ribosomal subunit, directly binding both the ribosome next to the peptide exit channel and
the signal peptide or the TMD3?2, The Alu domain of SRP then engages the GTPase center of
the ribosome, likely slowing down translation rates during ER targeting®. SRP then hands over
the ribosome-nascent chain complex (RNC) to the SRP receptor at the ER membrane??%3, the
interaction mediated by the GTPase domain of SRP54 and GTPase domain of the a subunit of
SRP receptor (SRa)?4. This binding triggers GTP hydrolysis in both proteins and the subsequent
release of SRP from its receptor?. The RNC subsequently docks on the Sec61a subunit of the
conserved heterotrimeric translocation complex SEC613. Sec61a forms a lateral gate through
which the emerging peptide gets translocated into the ER lumen, and additionally allowing
hydrophobic domains to be directly inserted inside the ER membrane?®.

Apart from the majority of proteins targeted to the ER via an N-terminal signal sequence or
TMD, there is another group of proteins whose single TMD is located near the C-terminus,
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collectively called tail-anchored (TA) proteins3. As their hydrophobic domain is translated only
near the end of translation, TA proteins are targeted to the ER membrane post-
translationally?®. TA proteins can be inserted into ER membrane by two distinct mechanisms:
through guided entry of TA (GET) pathway or through ER membrane protein complex (EMC).
In the GET pathway, nascent TA proteins are captured by SGTA chaperone in the cytosol, get
loaded to another cytosolic chaperone GET3, which interacts with TMD insertase GET1/2 in
the ER membrane, a process dependent on ATP hydrolysis?”?%. The alternative EMC pathway
directly inserts TA proteins into the ER membrane, without the need of a cytosolic factor?.
Disruption of the GET pathway leads to mislocalization of TA proteins to the mitochondrial
membrane3°, underlying the importance of the ER targeting regulation for keeping cellular
proteostasis.

1.1.4. Unfolded protein response

Disbalance of ER function in folding and maturation of secretory and membrane proteins can
cause the accumulation of partially unfolded or misfolded proteins, a condition termed ER
stress3!. ER stress can result from external stressors, such as oxidative stress, physical or
chemical stressors, calcium depletion, or internal disruptions in protein folding3?. It is the
underlying cause of many pathophysiological processes and disease development, such as
cystic fibrosis®® and cancer3*. A conserved set of signaling cascades that regulate ER
homeostasis and, upon protein folding imbalance, activate the restoring mechanisms, are
collectively called unfolded protein response (UPR)3>:3,

UPR consists of three branches: the inositol-requiring enzyme 1 (IRE1), PKR-like kinase (PERK),
and the activating transcription factor 6 (ATF6)*. IRE1 is a transmembrane protein consisting
of an ER luminal domain and cytosolic kinase and RNase domains. Upon accumulation of
misfolded proteins in the ER lumen, IRE1 oligomerizes, activating its kinase domain®’. The
trans-autophosphorylation allosterically activates the RNase domain, which initiates the
unconventional splicing of its main target mRNA XBP1 by cleaving two similar stem-loop
endomotifs, removing its intron3’. The cleaved 5'- and 3'-ends of XBP1 mRNA are then ligated
by the RtcB complex, generating XBP1 spliced mRNA38, The spliced XBP1 encodes for a
transcription factor that activates the expression of ER chaperons, lipid remodeling enzymes
and ER protein degradation factors, through which the folding burden gets alleviated®®.

The second conserved branch of the UPR is through PERK signaling. PERK is an ER
transmembrane kinase with a structurally similar ER luminal sensor domain as IRE1%. Similarly
to IRE1 activation mechanism, upon ER stress PERK oligomerizes, which activates its trans-
autophosphorylation and subsequent activation®®. PERK then phosphorylates the eukaryotic
translation initiation factor elF2a, leading to a cell-wide temporary translational shutdown**.
This downregulation of cellular translation levels provides increased time span for the
restorative mechanisms to take place, while decreasing the protein synthesis load into the ER.
The phosphorylation of elF2a drives the selective translation of transcription factor ATF4,
which in turn activates the expression of amino acid synthesizing enzymes and transporters,
chaperons such as heat shock proteins, and autophagy genes*.

The last branch of UPR is mediated through ATF6. Upon ER stress, the disulfide bridges in the
ATF6 dimers get reduced, causing a change in localization of ATF6 from the ER membrane to
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the Golgi®3. In the Golgi, the transmembrane domain of ATF6 is proteolytically cleaved by Site
1P and Site 2P proteases, releasing the leucine zipper transcription factor domain, ATF6(N)*4.
Upon subsequent translocation to the nucleus, ATF6(N) drives the expression of UPR target
genes, including ER chaperons, lipid synthesis enzymes, and XBP1%°.

1.2. Ribosome-associated quality control

Various factors during protein translation can induce elongating ribosomes to stall. The
translational arrest can be caused by aberrant mRNA processing, with excessive secondary
structures?®®, rare codons*’, or truncated mRNAs*®4°, by a lack of translational components®°,
a lack of stop codons causing translation into poly(A) tail°'>2, or oxidative damage to mRNAs>3,
The resulting stalled ribosomes have to be promptly recognized and cleared, since the
incomplete peptides have a high tendency for misfolding and aggregation*.

Depending on the localization of the stalled ribosomes on the mRNA, namely at the truncated
3’-end of mRNAs or internally within the coding sequence, two distinct recognition
mechanisms can take place. During canonical translation termination, the stop codon in the
A-site is recognized by eukaryotic release factor 1 (eRF1), which catalyzes the peptide-tRNA
cleavage, therefore releasing the nascent protein®>. eRF1’s translational termination is
dependent on eRF3’s GTPase activity®. Since the truncated mRNAs lead to stalled ribosomes
with an empty A-site*’, the same release factors can’t recognize these ribosomes. Instead, the
eRF1 homolog is recruited to stalled ribosomes with an empty A-site is Pelota (Dom34 in
yeast)*®>’, This recruitment depends on an eRF3 homolog, GTPase HbslL (Hbs1 in yeast)®.
Similar to canonical translation termination, the subsequent ribosome splitting is mediated by
ATPase ABCE1 (RIil in yeast)®’. An important distinction from the termination is that Pelota,
unlike eRF1, is incapable of cleaving the tRNA from the nascent polypeptide due to its lack of
GGQ (Gly-Gly-GIn) motif, resulting in a 60S-peptidyl-tRNA complex after ribosome splitting by
ABCE1. Therefore, the presence of 60S-peptidyl-tRNA is a unique signal for initiation of
downstream quality control.

In the alternative case of ribosomes stalled internally within the mRNA coding sequence,
Pelota cannot be recruited to the stall site due to the occupied A-site. The first factor that
recognizes these stalled ribosomes, more specifically their 40S-40S collided interface, is E3
ligase ZNF598 (Hel2 in yeast>?)®%61 represented in Figure 1. 40S ribosomal proteins RPS10 and
RPS20 are primary ubiquitination targets of ZNF598, both positioned at the collided ribosomal
interface®. This ubiquitination is required for terminal stalling of the ribosomes and is a
necessary prerequisite for the activation of the downstream quality control pathways®®. Upon
40S ribosomal protein ubiquitination by ZNF598, the ASC-1 complex gets recruited to the
stalled ribosomes (RQT complex in yeast®?)%3, ASC-1 complex consists of helicase ASCC3 (Slh1
in yeast), zinc-finger protein ASC-1 or TRIP4 (Rqt4 in yeast), ubiquitin-binding protein ASCC2
(Cue3 in yeast) and ASCC1 (no known homolog in yeast)®%%3, ASC-1 complex splits the leading
ribosome in a reaction dependent on ATP and ASCC3’s activity®3. This ribosomal splitting
happens only after collided ribosomes have been recognized and ubiquitinated by ZNF598,
while the splitting by Pelota-Hbsl and ABCE1 happens only upon stalling at truncated
mRNAs®. Both pathways release 60S-peptidyl-tRNA, a complex recognhized by the
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downstream components, collectively termed the ribosome-associated quality control (RQC)
machinery.

The splitting of the ribosome upon stalling leaves the P-site occupied with tRNA connected to
the nascent polypeptide, unlike the post-termination empty 60S subunit. This specific
interface is recognized by NEMF (Rqgc2 in yeast), whose binding facilitates the recruitment of
E3 ligase LTN1484864 NEMF catalyzes the extension of nascent polypeptide by adding non-
templated C-terminal alanine and threonine extensions (CAT-tails)®®. The role of CAT-tails is
to, by extension of the polypeptide length, expose the lysines (Lys) which can potentially be
buried within the peptide exit channel of the ribosome, and increase the likelihood of finding
a target Lys residue for ubiquitination by LTN1%. LTN1 then binds to the 60S-peptidyl-tRNA
complexes in a way that its catalytic RING domain is positioned close to the ribosome exit
tunnel, in proximity to the target nascent peptide®#%6, The formation of K48-linked ubiquitin
chains is promoted by TCF25 (Rqcl in yeast)®’. The resulting poly-ubiquitinated nascent chains
are cleaved from the 60S subunit by the endonuclease ANKZF1 (Vms1 in yeast)®®%°, extracted
by ATPase VCP (Cdc48 in yeast), and further degraded by the proteasome’®’?,
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Figure 1. Schematic representation of ribosome-associated quality control process upon
internal ribosome stalling

Compared to the extensively studied cytosolic RQC, the required factors for recognition and
clearance of the ribosomes stalled during co-translational targeting to the ER are not well
understood. In case of ribosome stalling at the ER, the target of RQC, incomplete nascent
chain, is physically separated in the ER lumen from the cytosolic quality control factors.
Additionally, since the nascent chain is threaded through the translocon embedded inside the
ER membrane, the complex is more rigid and could be more challenging to access by the
canonical machinery. Therefore, the mechanism and players responsible for the clearance of
ER-bound stalled ribosomes are unclear.

1.3. UFMylation

Ubiquitin-like proteins (Ubl’s) are a protein family that shares the ubiquitin fold and is
evolutionarily related to ubiquitin’2. The conjugation of Ubl’s to target proteins or lipids alters
their stability, activity, subcellular localization, or protein interactions’2.
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UFM1 (ubiquitin-fold modifier 1) is a Ubl that covalently modifies its targets through a process
termed UFMylation?3. In a similar fashion to ubiquitin conjugation, UFMylation happens in an
enzymatic sequence catalyzed by E1 activating enzyme (UBA5), E2 conjugating enzyme (UFC1)
and E3 ligating enzyme (a complex consisting of UFL1, DDRGK1, and CDK5RAP3). In contrast
to the variety of E1 (~10), E2 (~50), and especially E3 enzymes (~600) in the ubiquitin-
conjugating system’47>, the UFMylation cascade consists of single enzymes for each step.

The UFMylation system is highly conserved in eukaryotes, except in fungi’®. UFM1 post-
translationally modifies a wide range of substrates, therefore modifying various cellular
processes such as endoplasmic reticulum (ER) homeostasis’’®!, translation initiation®?, DNA
damage®3®*, hematopoiesis®, and possibly many more to be discovered in the future.
Complete loss of components of the UFMylation cascade (UFM1, UBA5, UFL1, CDK5RAP3,
DDRGK1) is lethal in mice, underlining their indispensability in hematopoietic development?>-
8  Mutations in UFMylation cascade give rise to pathologies in humans including
neurodevelopmental disorders®-92, skeletal dysplasia®*®%, and cancer®°. Therefore, it is of
high importance to understand the molecular mechanisms upon target protein UFMylation.

The main target of UFMylation is 60S ribosome protein RPL267%8%°7, Mammalian cells in
homeostatic conditions show a low baseline level of RPL26 UFMylation, with a strong increase
upon ribosome stalling at the ER’®%’. This modification is necessary for the degradation of
arrested peptides at the ER, as the inability to UFMylate RPL26, either through UFM1 KO, or
through deletion of the C-terminus of RPL26, which contains UFMylation sites, stabilizes the
ER stalling reporter®’. This modification is important for maintaining ER homeostasis;
however, the precise role, regulation, and the mechanistic details of RPL26 UFMylation
remained elusive.

1.3.1. The UFMylation cascade and mechanism

UFM1 gets covalently attached to target substrates through an enzymatic cascade which is
conceptually similar to the ubiquitination enzymatic mechanism (Figure 2). UFM1 gets
synthesized in a pro-form and it requires proteolytic cleavage of the last 2 amino acids, Ser®-
Cys®, on the C-terminus in order to be conjugation-competent. The cysteine proteases that
are a part of UFMylation system are UFSP1 and UFSP2. UFSP1 is the main protease that
catalyzes the C-terminal amino acid cleavage for UFM1 maturation, and it also removes UFM1
from UFC1, serving as a release of an autoinhibitory mechanism®. In contrast, UFSP2’s main
role is in cleaving UFM1 from the substrate, however it can also contribute to the proteolytic
cleavage of pro-UFM1%°. Cells with UFSP2 KOs show increased UFMylation due to their
inability to recycle UFM1 upon UFMylation’®.

UFMylation cascade involves 3 steps: the activation step by E1 enzyme UBAS5 (UFM1-activating
enzyme 5), the conjugating step by E2 enzyme UFC1 (UFM1-conjugating enzyme 1), and the
ligating step by UFM1 E3 ligase, the ER-tethered complex consisting of UFL1 (UFM1 specific
ligase 1), DDRGK1, and CDK5RAP373.77.78,
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Initially named due to its homology to ubiquitin E1 enzyme UBA1, UBA5 consists of
adenylation domain, which contains the catalytic cysteine that activates UFM1 and the ATP-
binding site, UFM1-interacting motif (UFIM), and E2 recognition site (UFC1-binding sequence,
UBS)00-192  Dimerization of UBAS is necessary for UFM1 activation, and the active complex
consists of two UBA5 and two UFM1 molecules'®. Each UFM1 interacts with both UBA5
molecules in a homodimer, through the UFIM domain on one, and the adenylation domain in
the other subunit'®®. The activation mechanism, therefore, happens in trans with one UBA5
subunit binding UFM1 and the other subunit catalyzing its activation and subsequent transfer
to the E2 enzyme UFC11%3,

UFM1 UFM1

9
=10
.—Géc UFSP1 .—G
— UEMA ( UBAS ) UBAS )
UFSP2

uBs | UFC1

(UBAS ) UBAS )

C53

UFL1

Figure 2. Schematic representation of the UFMylation cycle

Interestingly, the binding surface of UFC1 that is responsible for its interaction with UBA5
doesn’t exist in other E2 enzymes, making the transfer of UFM1 specific from UBA5 to
UFC1731%1 UFC1 contains an N-terminal helix and a core UBC (ubiquitin-conjugating)
domain?®l, In order to accept the activated UFM1, UFC1 binds the (UBA5),-(UFM1), tetramer,
in a trans-binding mechanism where UFC1 binds one UBA5 subunit and acquires activated
UFM1 from the other UBAS subunit!®?, The binding surface of UFC1 to E2 recognition UBS site
on UBAS is a hydrophobic pocket opposite of a catalytic Cysteine!!®, a unique pocket that
ensures UFM1 E1/E2 specificity and incompatibility with other E2 enzymes in the ubiquitin
pathway0?,

The UFM1 E3 ligase complex consists of three proteins: UFL1, the catalytic subunit, DDRGK1
(also known as UFBP1), and CDK5RAP37778, The complex is tethered through DDRGK1 to the
ER-membrane, keeping it in close proximity to the main UFMylation target, RPL26 upon
ribosome stalling at the ER7®971%4 UFM1 E3 ligase acts similarly to scaffold-type RING E3
ligases, with the UFM1 transfer happening directly from UFC1, the E2 enzyme, to target
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proteinsi®, UFL1 consists of a short N-terminal helix, followed by a partial winged-helix
(PWH), five winged-helix (WH) motifs, a disordered region consisting of a bipartite coiled-coil
(CC) domain and a PTC (peptidyl transferase center) loop, and the C-terminal globular domain.
DDRGK1 contains a transmembrane domain (TM) on the N-terminus, followed by a flexible
linker region, a long a-helix, a WH and a pWH motif. Finally, CDK5RAP3 consists of N-terminal
globular domain, a CC domain and another globular domain intersected by a disordered
region’”78,

The minimal requirement for UFM1 E3 ligase activity is UFL1-DDRGK1 complex!%. The C-
terminal partial WH motif combines with N-terminal pWH motif of UFL1 to form a full WH
motif and stabilize the core complex’’. UFM1 binds DDRGK1 directly through its UFM1-
interacting motif (UFIM)”’. Recent structural data show that the UFM1 E3 ligase complex
forms a C-shape around the empty 60S subunits in a manner that is incompatible with the
binding of tRNA, 40S subunit, or the translocon’”’8. However, whether this way of binding is
the only canonical ribosomal state recognized by the UFM1 E3 ligase remains to be discovered.

1.3.2. Insights from functional studies

UFMylation has been implicated in a vast variety of developmental processes and
physiological functioning of many tissues and organs. Here | present an overview of the main
functional roles of the UFMylation machinery.

Uba5 is essential for development of erythroid cell lineage, with the Uba5 knockout mice
exhibiting embryonic lethality due to severe anaemia®’. In addition, loss of Ddrgkl or Ufll
show the same phenotype of impaired erythroid development and hematopoiesis,
mechanistically through increased ER stress and unfolded protein response (UPR) activation,
leading to hematopoietic progenitor cell death8>88 The lethal outcome of the loss of
UFMpylation machinery in mice is largely associated with the impaired hematopoietic
development, underlying its major role in development.

Mice with neuron-specific loss of Ufl1 and Ddrgkl develop microcephaly, significant cortical
and hippocampal neuronal loss and cell death!®. Loss of these two proteins also led to an
increased inflammatory response!®. Neuronal-specific deficiency of Cdk5rap3 in mice
similarly led to encephalo-dysplasia, abnormal brain structure and neuronal death, resulting
in lethality during lactation period*°®.

Liver-specific knockout of UFM1 E3 ligase components (Ufl1 and Ddrgk1) in mice causes early
liver damage, progressive fibrosis and hepatocyte steatosis'?’. In addition, over 50% of the
mice exhibited spontaneous hepatocellular carcinoma??’. In another study, liver-specific loss
of Cdk5rap3 decreases hepatocyte proliferation and maturation, leading to liver hypoplasia in
mice®. These findings underline the importance of the UFMylation system in liver
development and homeostasis.

Loss of Ddrgkl in early mesenchymal cells resulted in severe limb shortening and limb
deformations in mice, due to abnormal growth plate development!®, Additionally, Ddrgk1
conditional knockout in the intervertebral disc reduced spinal development and induced disc
degeneration!®,
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Findings from cardiomyocyte-restricted Ufl1 knockout mice show that Ufl1 is necessary for
physiological cardiac growth and maintenance of cardiac function'!®. Also, Ufl1 has a
protective role against pathological remodeling of the heart due to pressure overload, and
therefore protects against heart failure*°,

Taken together, the findings from multiple studies in murine models show that UFMylation
machinery is indispensable for embryogenesis and the development of multiple tissues and
organs, and crucial for adult cellular homeostasis of neurons, hepatocytes, erythrocytes, and
skeletal cells.

1.3.3. UFMylation substrates

The main substrate of UFMylation is ribosomal protein RPL267°°7. RPL26 is UFMylated at its
C-terminus, on two conserved lysines, K132 and K1347°7, Interestingly, K132 substitution to
arginine abolished di-UFMylation and did not affect the mono-UFMylation, while the K134R
substitution greatly decreased both UFMylated RPL26 species’®’, showing that K134
UFMpylation might be a prerequisite for K132 modification. RPL26 was shown to be strongly
UFMylated upon ribosome stalling at the ER®%°7 and the deletion of C-terminal tail of RPL26,
which abrogates RPL26 UFMylation, stabilized the incomplete nascent chains at the ER®,
Therefore, RPL26 UFMylation is indispensable for protein quality control at the ER.

UFM1 E3 ligase was shown to be recognizing empty 60S subunits upon translation termination
at the ER’778. The role of UFMylation upon the termination of ER-localized translation is to
recycle the empty 60S subunits from the ER membrane, in order to make them available for
next cycle of translation’”78. In particular, DDRGK1’s a-helix is positioned at the ribosome exit
tunnel, which dislocates the 60S subunit from the tight interaction with the translocon and,
therefore, releases the 60S from the ER membrane”’/’8,

This role of UFMylation and mode of binding of UFM1 E3 ligase did not explain the phenotype
of incomplete nascent chain accumulation at the ER in cells with impaired UFMylation8%%7,
From this data, an alternative role in protein-associated quality control and, potentially, a
distinct mode of binding is highly likely, but so far has not been studied.

Apart from the main UFMylation target RPL26, there have been other ribosomal proteins
reported to be UFMylated. Upon His-UFM1 overexpression and IP-MS analysis, uS3 and uS10
were identified to be UFMylation substrates!!l. These 40S ribosomal proteins are solvent-
exposed and in close proximity of RPL26, but the role of their UFMylation is yet to be
elucidated.

Since the UFML1 E3 ligase is tethered to the ER, the mechanism of UFM1 transfer to non-ER-
resident targets (further discussed in Chapters 1.3.5, 1.3.6, and 1.3.7) is not properly
understood. Given that some of the confirmed targets include the nuclear-resident histone
H48* and double strand break repair protein MRE1123 (the role of UFMylation in DNA damage
response explained further in Chapter 1.3.6), and that the minimal active UFM1 E3 ligase
complex consists of UFL1 and DDRGK1'%, both attached to the ER membrane, there is a
localization incompatibility of the catalytic E3 ligase and its targets. Even though UFM1 itself
was shown to have a predominantly nuclear localization’3, for the efficient modification, the
E3 ligase has to simultaneously bind UFM1 and the target protein, however brief that
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interaction might be. Apart from localization, the UFM1 E3 ligase complex recognizes 60S
ribosomal subunits by many points of contact along all three components of the ligase
complex’”78, raising the question of target recognition of non-ribosomal proteins.

The next 4 sections provide an overview of UFMylation targets apart from RPL26 and the
physiological consequences of their UFMylation.

1.3.4. Link to autophagy and secretory pathways

An unbiased ER-phagy CRISPRi screen identified UFMylation pathway as its positive
regulator!!?, Specifically, the loss of DDRGK1 or UFL1 impairs the starvation-induced
autophagy of ER sheets, through the sheet-localized autophagy receptor FAM134B!!?,
Additionally, COK5RAP3 was identified as an ER-phagy receptor, interacting with ATGS8 by a
non-canonical shuffled ATG8 interacting motifs both in mammalian and plant cells'3.
CDK5RAP3-mediated ER-phagy is activated through phosphate starvation!'# and subsequent
induction of ER stress!!3. In contrast to DDRGK1 and UFL1'*?, the CDK5RAP3-mediated ER-
phagy was not induced by carbon or nitrogen starvation!!3. Therefore, the UFMylation
machinery is a positive regulator of ER-phagy and serves as an important protector against ER
stress.

The main substrate of UFMylation machinery is RPL26, which gets modified upon ribosome
stalling at the endoplasmic reticulum’®8%%7_ |t is of high importance that the aggregation-
prone incomplete nascent chains at the stalled ribosomes are promptly degraded, so that the
risk of possible aggregation-induced homeostasis perturbation is alleviated. These incomplete
peptides at the ER-localized translation have been reported to be degraded mainly in a
proteasome-dependent manner®!5 but lysosomal degradation inhibitors also had a
stabilizing effect®”!15, Additionally, Brefeldin A treatment, which impairs ER-to-Golgi
trafficking, stabilized ER stalling reporter ERK20°’. Another study uncovered a novel regulator,
SAYSD1, which recognizes clogged translocons and routes the incomplete nascent chains
through Golgi to be ultimately degraded by the lysosomal system?2®,

Since the degradation by the proteasome involves retrotranslocation into the cytosol, it is
plausible that a presence of a bulky folded domain inside the ER lumen, such as GFP in the
reporter ERK20°7, would render the cytosolic degradation less probable, and favor lysosomal
degradation. However, one study found that when a small VHP domain was changed into GFP,
it was similarly stabilized by proteasomal inhibition compared to lysosomal proteolysis
inhibition®°,

These results can be explained by a redundancy in degradation pathways, and a possible
rerouting to lysosomal degradation in the context of impaired proteasomal activity.
Additionally, since these experiments were conducted in different cell lines, the degradation
pathways could be cell-specific.

1.3.5. The role of UFMylation in cell cycle progression

Various phenotypes that arise from the loss of UFMylation machinery, such as defects in
haematopoiesis, microcephaly, hepatocellular carcinoma, can be caused by impaired cell cycle
progression. Indeed, the impairment of UFMylation machinery has been shown to reduce
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Cyclin D1 levels on the transcriptional and translational level, and, therefore, block the G1
checkpoint and the progress into the S phase of cell cycle®?. The proposed mechanism includes
the regulation of translational initiation through UFMylation of eukaryotic initiation factor
elF4G1 on K729 and K726, which in turn allows binding of elF4A1 and the assembly of 48S pre-
initiation complex (PIC)%. In cells with impaired UFMylation, the 48S PIC is not properly
formed, leading to the cell-wide translational shutdown, which directly affects Cyclin D1 levels
due to its short half-life, and results in the G1 checkpoint block®?.

CDK5RAP3, the component of UFM1 E3 ligase, was shown to be important for G2/M cell cycle
progression''’. Overexpression of CDK5RAP3 caused the increased enzymatic activity of Cdk1-
cyclin B1 and its nuclear accumulation, a positive signal for cell cycle progression!'’. In
contrast, depletion of CDK5RAP3 caused increased retention of Cdkl-cyclin Bl in the
cytoplasm and the G2/M cell cycle arrest'’. Another evidence of regulation of the G2/M cell
cycle through UFMylation system is through stabilization of p53!'%. UFMylation of p53
antagonizes its ubiquitination, and stabilizes p53!*2. Stabilization of p53 leads to G2/M cell
cycle arrest and promotion of DNA damage repair mechanisms''®. Therefore, UFMylation
system regulates cell cycle progression both in G1 and G2/M checkpoints and is necessary for
proliferation.

1.3.6. UFMylation in DNA damage response

One of the targets of UFMylation is the double-strand break repair protein MRE11%3. MRE11
is a part of MRN complex which activates ATM kinase, the main driver of DNA damage
repairt?. MRE11 is UFMylated on K282, which is required for the correct assembly of the MRN
complex and the activation of ATM kinase, leading to double-strand break DNA repair83. The
MRN complex recruits UFM1 E3 ligase catalytic component UFL1 to the double-strand breaks,
which, apart from UFMylating integral complex component MRE11, also UFMylates histone
H4 as a response to DNA damage'?l. Histone H4 UFMylation enhances the recruitment of
Suv39h1 and Tip60 to DNA break sites, which activates the ATM kinase, ensuring an additional
point of activation of the DNA damage repair mechanism*2?.

In response to DNA damage, p53 also gets UFMylated, causing its accumulation®8. p53 is then
orchestrating the response to DNA damage through its transcriptional activation of DNA
damage response genes, but also through cell cycle arrest, which allows time for the repair to
happen before cell cycle progression into mitosis'?2. Therefore, UFMylation regulates DNA
damage response on multiple levels, and the defects in the UFMylation system compromise
genome integrity.

1.3.7. The role of UFMylation in antiviral response

UFMpylation has been implicated in the antiviral response. Upon Epstein-Barr virus (EBV)
infection, the viral G-protein-coupled receptor BILF1 recruits UFL1 through its C-terminal tail.
UFL1 then UFMylates mitochondrial antiviral-signaling protein (MAVS) at K461, causing the
translocation of MAVS from mitochondria to lysosome and its subsequent degradation®?3, This
prevents the activation of NRLP3 inflammasome and, therefore, dampens the antiviral
response!?3, A separate study showed that UFMylation of RPL26 promoted the viral
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translation of hepatitis A virus'?4, showing an additional role of UFMylation in promoting the
viral infection, albeit without a detailed mechanistic insight.

In contrast, another piece of evidence showed that UFMylation plays a role in promoting
antiviral response. Upon RNA viral infection, UFL1 gets recruited to 14-3-3€ protein, which
increases the interaction of 14-3-3g with antiviral innate immune receptor and RNA sensor
RIG-I, keeping MAVS at the mitochondrial membrane and therefore activating the
downstream interferon production and the antiviral signaling'®>. Taken together, there is
emerging evidence of a dual role of UFMylation in antiviral response, which can be either
promoting the viral infection of activating the cellular antiviral mechanisms. The exact
circumstances leading to the activation of either responses are, however, yet to be elucidated.

1.3.8. The role of UFMylation in ER quality control

UFMylation machinery is invaluable for ER homeostasis. Knockout of UBA5, UFL1, or DDRGK1
in cells of various stages in hematopoietic development causes an increased elF2a
phosphorylation and increased XBP1 splicing, the hallmarks of ER stress through activated
unfolded protein response (UPR)8>%8, DDRGK1 knockout in intestinal epithelial cells also
causes activation of both the IRE1 and PERK branches of the UPR, as well as an increase in
elF2a phosphorylation??®, Induction of ER stress by thapsigargin (TG), an inhibitor of ER-
resident Ca?* ATPase'?’, causes upregulation of UFM1 and its conjugation machinery both on
the mRNA and on the protein level*?®1?°, Furthermore, UFM1 and DDRGK1 are required for
prevention of apoptosis induced by unfolded protein stress in the ER in pancreatic beta
cells'?®. Therefore, UFMylation system is necessary to protect the cells from ER stress and keep
ER homeostasis.

UFMpylation has a major role in recycling empty 60S subunits from the ER membrane following
translation termination at the ER’”78, As ER-targeted translation happens through the
translocon, it is crucial that upon completed targeting of secretory and membrane proteins to
the ER, the remaining 60S subunits are timely recycled, to avoid translocon obstruction and
ensure the optimal folding capacity. Upon UFMylation of empty 60S subunits, the positioning
of DDRGK1’s a-helix over the peptide exit tunnel of the ribosome, which is in close contact
with the translocon during co-translational protein translocation into the ER, allows the
release of 60S subunits from the ER membrane’”’8, This renders the translocon unobstructed
and ready for the next cycle of protein translation at the ER.

Apart from its role in physiological translation at the ER, UFMylation also has been implicated
in protein-associated quality control upon co-translational ribosomal stalling at the ER, as the
incomplete peptides are not degraded in cells without RPL26 UFMylation8%°’. However, the
signaling pathways following RPL26 UFMylation and its direct role in ER quality control have
remained elusive.

In summary, UFMylation is crucial for regulation of translational termination at the ER,
ribosome-associated protein quality control at the ER, and for maintaining ER homeostasis.

1.3.9. The cross-talk between UFMylation and ubiquitination
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Recently, there has been emerging evidence of the same protein targets of both UFMylation
and ubiquitination modifications. Tumor suppressor p53 was shown to be stabilized by
UFMylation by antagonizing its ubiquitin-mediated degradation!'®. Depletion of Ufl1 or
Ddrgk1 in mouse colon cancer xenograft experiment increased tumor size and weight in a p53-
dependent manner, therefore underlining p53’s oncoprotective role through its increased
stability upon UFMylation!!8, Interestingly, a DNA damage regulator and oncogene NONO can
also get both UFMylated and ubiquitinated, and its UFMylation promotes ubiquitination-
dependent protein degradation by the proteasome®°. The decreased stability of NONO
through its UFMylation serves as an oncoprotective mechanism preventing hepatocellular
tumor growth and metastasis'3°. Another example of increased degradation upon UFMylation
is PD-L1, the programmed cell death protein 131, UFL1 expression is negatively correlated
with PD-L1 levels in human melanoma and liver cancer patients, with the low expression of
UFL1 closely correlating with poorer overall survival'3!. Even though UFMylation of p53 on
one side and NONO and PD-L1 on the other side results in opposite phenotypes in protein
stability (increased stability or degradation, respectively), it serves as a tumor-suppressing
mechanism in all reported cases. This emphasizes a role of UFMylation machinery in
preventing tumor progression, and an attractive future therapeutic target.

1.4. Ribosome-associated quality control at the ER

Even though the ribosome-associated protein quality control in the cytosol is well studied, the
details of this process upon co-translational ribosome stalling at the ER are less understood.
As explained in Chapter 1.1.2, secretory and membrane proteins are co-translationally
translocated inside the ER lumen during their synthesis. The same factors that can induce
ribosome stalling in the cytosol, can also cause translational halts during the protein synthesis
at the ER. Given that the nascent peptide that is being translocated inside the ER is physically
separated from the cytosolic quality control machinery, it is unclear whether the same factors
are sufficient for the clearance of ER-stalled ribosomes.

Upon ribosome stalling at the ER, the cytosolic RQC machinery (NEMF and LTN1) was shown
to be able to recognize the 60S-peptidyl-tRNA complexes on the Sec61 translocon3%133, LTN1
can ubiquitinate the incomplete polypeptides at the ER with a minimum exposure of 12-25
residues to the cytosol*32. However, the process of stalled ribosome recognition and rescue,
as well as the release of 60S subunit upon nascent chain clearance is still elusive.

UFMylation of RPL26 allows the empty, post-termination 60S subunits upon translation at the
ER to be detached from the translocon and recycled for the next translation cycle’”’8,
However, since UFMylation of RPL26 is increased upon ribosome stalling at the ER798%%7 an
alternative role in ER quality control is likely.

1.5. Aims

Quality control of stalled ribosomes at the ER, unlike the cytosolic stalled ribosomes, is not
well understood. UFMylation of RPL26 increases upon ribosome stalling at the ER and is
necessary for the clearance of ER-stalled ribosomes’®%’, however, the precise role, timing and
regulation of this modification in the ER quality control was elusive. During my PhD work, |
addressed two main open questions:
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1. How do cells recognize and clear UFMylated ribosomes at the ER?
2. How do UFMylation and RQC pathways crosstalk to clear stalled ribosomes at the ER?

To answer the first question, | used an unbiased proteomics approach to detect the pathways
that recognize UFMylated ribosomes. | have identified the RQC factors to be specifically
associating with UFMylated ribosomes and demonstrated that the same ribosome rescue
factors ZNF598 and ASC-1 complex are required for ribosome recognition and splitting,
respectively, upon ribosome stalling at the ER (Chapter 2.1, Figures 1 and 2).

To address the second question, | combined biochemical and cell biology methods to reveal
that the ribosomal recognition and splitting are necessary prerequisites for RPL26 UFMylation.
UFM1 E3 ligase recognizes post-split 60S-peptidyl-tRNA subunits and UFMylates them,
therefore destabilizing the association of 60S-peptidyl-tRNA complexes to the translocon. This
in turn allows easier access of LTN1 to the complex, indicated by a decrease in LTN1’s
association to the 60S-peptidyl-tRNA complexes in UFM1 KO cells (Chapter 2.1, Figures 3-6).
UFM1 E3 ligase and RQC factors can, therefore, recognize the same 60S-peptidyl-tRNA
complexes, and act in coordination to clear the 60S-peptidyl-tRNA complexes, unblocking the
translocon and therefore actively keeping the ER proteostasis.

Additionally, Chapter 2.2. provides a mechanistic insight into the dual regulation of ER
proteostasis through RNA-binding protein IGF2BP3, which promotes mRNA degradation to
reduce the translational and folding burden on the ER, and also supports the transcriptional
activation of the unfolded protein response (UPR), resulting in ER proteostasis maintainance.
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2. Results

2.1. The coordinated action of UFMylation and the RQC pathways clears arrested
polypeptides at the ER

2.1.1. Preamble

This paper investigates the mechanistic details of ribosome quality control upon ribosome
stalling at the ER. Ribosomes stalled during co-translational translocation into the ER can give
rise to aggregation-prone incomplete peptides, clog the translocon and impair ER
homeostasis. The quality control following cytosolic ribosome stalling has been extensively
studied, however, the regulation of ribosomes stalled at the ER is not well understood. It was
shown that 60S ribosomal protein RPL26 gets UFMylated upon ribosomal stalling at the ER
and that this modification is necessary for the degradation of incomplete peptides at the ER.
However, the functional role of this modification, the timing of this process during events
upon ribosome stalling at the ER, and the cross-regulation between the RQC and UFMylation
remained unclear.

This work identified that ribosome recognition by ZNF598 and ribosome splitting by the ASC-
1 complex are prerequisites for RPL26 UFMylation. UFM1 E3 ligase recognizes post-split 60S-
peptidyl-tRNA complexes as canonical substrates, and releases the tightly bound 60S subunits
from the translocon, facilitating the access of E3 ligase LTN1 to the complex. Both the RQC and
UFMylation are thus needed to act in concert to clear ribosomes stalled at the ER and keep ER
proteostasis.

This manuscript represents the majority of my PhD work and addresses both aims of my thesis.

This work has been published in EMBO Journal on March 25%, 2026 under the doi:
https://doi.org/10.1038/s44318-026-00753-9.

2.1.2. Contribution statement

| have formulated the hypothesis, designed and conducted a major part of the experiments,
analyzed the results, and written and edited the manuscript presented. The groundwork for
this project was done by my colleague, Aleksandra Anisimova, PhD, who has established
selected inducible knock-out cell lines, performed and analyzed siRNA experiments, polysome
profiling, and selected western blots.
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Abstract

Clearance of arrested nascent polypeptides resulting from riboso-
mal stalling is essential for proteostasis. Stalled endoplasmic reti-
culum (ER)-bound ribosomes are marked by ubiquitin-fold modifier
1 (UFM1) on the large ribosomal subunit protein RPL26, but the
precise role of this modification in ribosome-associated quality
control (RQC) remains poorly understood. Here, we define the
interplay between the UFMylation machinery and the RQC in
clearing arrested polypeptides upon ribosome stalling at the ER.
Proteomic analysis shows that RQC factors associate with UFMy-
lated ribosomes. Functional assays demonstrate that ribosome
rescue factors ZNF598 and ASC-1 recognize and split stalled
ribosomes at the ER, a prerequisite for RPL26 UFMylation. The
UFM1 E3 ligase complex then binds and UFMylates the post-split
60S-peptidyl-tRNA complex, facilitating access of RQC factors.
Depletion of the NEMF/LTN1 complex leads to accumulation of
UFMylated ribosomes, whereas impaired UFMylation weakens
NEMF/LTN1 binding to ER-stalled ribosomes, supporting a physical
link between these pathways. These findings demonstrate that
RQC cooperates with the UFMylation machinery to overcome the
topological constraints of clearing the arrested polypeptides at
the ER.
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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
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pausing and ribosomal stalling (Shoemaker and Green, 2012; Choe
et al, 2016; Doma and Parker, 2006; Letzring et al, 2013; Juszkiewicz
and Hegde, 2017). Like a traffic jam, stalled ribosomes lead to
ribosomal collisions and impaired translation (Chandrasekaran
et al, 2019; Tesina et al, 2020). Also, arrested nascent polypeptides
are prone to aggregation, which perturbs homeostasis (Choe et al,
2016). The highly conserved ribosome rescue and ribosome-
associated quality control (RQC) pathways recognize and recycle
stalled ribosomes and degrade incomplete nascent chains to
maintain proteostasis (Filbeck et al, 2022).

The mechanisms involved in clearing stalled ribosomes in the
cytosol have been studied in depth (reviewed (Joazeiro, 2017, 2019;
Filbeck et al, 2022; Inada and Beckmann, 2024)). Collided
ribosomes are recognized by the E3 ligase ZNF598, which
ubiquitinates 40S ribosomal proteins and halts translation (Jusz-
kiewicz and Hegde, 2017; Sundaramoorthy et al, 2017; Juszkiewicz
et al, 2018). This is followed by the binding of the ribosome
splitting factors ASC-1 complex/Pelota that recognize ubiquitinated
stalled ribosomes (Juszkiewicz et al, 2020; Hashimoto et al, 2020)
and split the leading ribosome to release the 60S-peptidyl-tRNA
complex. After splitting, the 60S-peptidyl-tRNA complex is
recognized by the RQC machinery, 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 (Shen et al, 2015; Bengtson
and Joazeiro, 2010; Kostova et al, 2017; Chu et al, 2009; Lyumkis
et al, 2013). 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 (Kuroha et al, 2018; Brandman et al, 2012;
Meyer et al, 2012). 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. These nascent chains also obstruct the translocon,
hindering the synthesis and maturation of other proteins at the ER,
which causes an additional burden on proteostasis (Izawa et al,
2012; Phillips and Miller, 2020). Recent studies showed that

'Max Perutz Laboratories Vienna, Vienna BioCenter, Vienna, Austria. ?Vienna BioCenter PhD Program, Doctoral School of the University of Vienna and Medical University of
Vienna, Vienna, Austria. 3Gregor Mendel Institute (GMI), Vienna BioCenter, Vienna, Austria. “University of Vienna, Vienna, Austria. *Heidelberg University, Centre for
Organismal Studies (COS), Heidelberg, Germany. *Medical University of Vienna, Vienna, Austria. "These authors contributed equally: Milica Mihailovic, Aleksandra S Anisimova.

®E-mail: yasin.dagdas@cos.uni-heidelberg.de; guelsuen.karagoez@meduniwien.ac.at

© The Author(s)

The EMBO Journal 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s44318-026-00753-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44318-026-00753-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44318-026-00753-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44318-026-00753-9&domain=pdf
http://orcid.org/0009-0007-5352-6486
http://orcid.org/0009-0007-5352-6486
http://orcid.org/0009-0007-5352-6486
http://orcid.org/0009-0007-5352-6486
http://orcid.org/0009-0007-5352-6486
http://orcid.org/0000-0002-6560-8725
http://orcid.org/0000-0002-6560-8725
http://orcid.org/0000-0002-6560-8725
http://orcid.org/0000-0002-6560-8725
http://orcid.org/0000-0002-6560-8725
http://orcid.org/0009-0004-2539-0655
http://orcid.org/0009-0004-2539-0655
http://orcid.org/0009-0004-2539-0655
http://orcid.org/0009-0004-2539-0655
http://orcid.org/0009-0004-2539-0655
http://orcid.org/0000-0002-9502-355X
http://orcid.org/0000-0002-9502-355X
http://orcid.org/0000-0002-9502-355X
http://orcid.org/0000-0002-9502-355X
http://orcid.org/0000-0002-9502-355X
http://orcid.org/0000-0002-3392-2250
http://orcid.org/0000-0002-3392-2250
http://orcid.org/0000-0002-3392-2250
http://orcid.org/0000-0002-3392-2250
http://orcid.org/0000-0002-3392-2250
https://doi.org/10.1038/s44318-026-00753-9
mailto:yasin.dagdas@cos.uni-heidelberg.de
mailto:guelsuen.karagoez@meduniwien.ac.at

The EMBO Journal

ribosomes stalled at the ER are marked by UFM1 (ubiquitin-fold
modifier 1) at the large ribosomal subunit protein RPL26 (Wang
et al, 2020; Walczak et al, 2019), and impairing UFMylation results
in the accumulation of arrested polypeptides at the ER (Scavone
et al, 2023). Similar to ubiquitination, UFMylation proceeds
through a cascade of enzymatic reactions catalyzed by an El-
activating enzyme (UBA5), an E2-conjugating enzyme (UFC1), and
an E3-ligating enzyme complex (UFM1 E3 ligase complex) (Kumar
et al, 2021; Komatsu et al, 2004; Gavin et al, 2014; Stephani et al,
2020; Tatsumi et al, 2010). 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 DDRGKI.
UFMylation is essential for ER homeostasis, and it is implicated
in ER-phagy and RQC (Wang et al, 2020; Scavone et al, 2023;
Stephani et al, 2020). Yet, due to a lack of biochemical and
structural work, our understanding of the clearance of the ER-
bound ribosomes that co-translationally translocate nascent chains
into the ER remained incomplete (Karagéz et al, 2019; Lakshmi-
narayan et al, 2020). More specifically, it is unclear whether
UFMylation and RQC directly interact or act independently.

Accumulating evidence supports two models, not necessarily
mutually exclusive, 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 arrested polypeptides resulting from
ribosomal stalling (Wang et al, 2020; Scavone et al, 2023). The
second, more recent model proposes that UFMylation releases the
60S ribosomal subunit from the translocon following the canonical
translation termination at the ER (DaRosa et al, 2024; Makhlouf
et al, 2024). The second model emerged from recent structural
work showing that the UFM1 E3 ligase complex binds to an empty
60S subunit that sterically clashes with the translocon and a tRNA
at the P-site. However, this novel binding mode cannot explain how
the depletion of the UFMylation machinery leads to the
accumulation of arrested polypeptides in the cell.

To reveal how UFMylation machinery clears arrested peptides at
the ER, we dissected the interplay between the RQC and
UFMylation machinery in this process. We show that the UFM1
E3 ligase complex loads onto the 60S-peptidyl-tRNA complex after
ribosomal splitting by ribosome rescue factors. Through close
collaboration with the RQC factors NEMF/LTN1, the UFM1 E3
ligase complex facilitates the clearance of stalled peptides by
enabling better access of RQC factors to the nascent chain.
Altogether, our findings underline the crucial role of the
UFMylation-RQC crosstalk for clearing arrested polypeptides at
the ER.

Results

RQC factors associate with and act on
UFMylated ribosomes

To discover the pathways involved in the clearance of UFMylated
ribosomes, we isolated them from mammalian cells for mass
spectrometry (MS) analysis. To efficiently pull down UFMylated
ribosomes, we generated an HCT116 cell line with endogenously
tagged FLAG-UFM1 using the CRISPR-Cas9 gene editing
approach. We enriched ribosomes by pelleting them using sucrose
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cushion sedimentation under control conditions or after inducing
ribosomal stalling with anisomycin (ANS), which impairs riboso-
mal peptidyl transferase activity (Hansen et al, 2003). UFMylated
ribosomes were subsequently pulled down by FLAG immunopre-
cipitation and subjected to MS (Fig. 1A). The MS analyses showed
enrichment of UFM1 E3 ligase complex components (UFLI,
CDKRAP53, DDRGK1) in FLAG-immunoprecipitated samples
from FLAG-UFMI1 cells treated with anisomycin, compared to
the IgG control, and to untreated cells as a control (Fig. 1B,C;
complete list in Dataset EV1). In addition to the components of the
UFM1 E3 ligase complex, we found that the RQC component
NEMEF specifically associated with UFMylated ribosomes in a
stalling-dependent manner (Fig. 1B,C). FLAG-UFM1 IPs followed
by western blot analyses showed efficient enrichment of UFMylated
RPL26 in the pulldowns relative to lysates and to non-modified
RPL26, which further increased upon ribosomal stalling (Fig. 1D,E).
Under those conditions, we observed a stalling-dependent associa-
tion of UFM1 E3 ligase components, as well as NEMF and LTN1 in
FLAG-UFM1 pulldowns, confirming our MS results (Figs. 1D,E
and EV1A). IP of Sec61B in control conditions and upon ANS
treatment showed stalling-dependent increase in association of
UFMylated RPL26 with the translocon, supporting the notion that
ER-bound ribosomes are UFMylated (Fig. EV1B).

NEMF/LTN1 associates with the peptidyl-tRNA-60S after
splitting of stalled ribosomes (Shao et al, 2015; Shao and Hegde,
2014). To assess whether NEMF and UFL1 co-migrate at similar
ribosomal fractions, we performed polysome profiling. Supporting
structural and biochemical data, NEMF/LTN1 migrated primarily
with the 60S ribosomal subunit in polysome profiles. Instead,
UFL1 showed a broad distribution across 40S, 60S, and 80S
fractions in two cell lines (HCT116 and HEK293T; Figs. 1F,G
and EVIC). Notably, unlike UFLI, the majority of UFMI-
conjugated RPL26 co-migrated with the 60S subunit, with a small
fraction co-migrating with the 80S, as shown previously (Wang
et al, 2020; DaRosa et al, 2024) (Figs. 1F,G and EV1C). This is
consistent with our FLAG-UFM1 pulldowns, in which small
ribosomal proteins were not enriched (Figs. 1E and EVIA).
Additionally, we detected ZNF598-dependent ubiquitination of
40S ribosome protein RPS10 on disomes by polysome profiling in
HCT116 cells treated with ANS. At the same time, UFMylation was
mainly enriched in the 60S fractions, suggesting that early ZNF598
ubiquitination and UFMylation target distinct substrates
(Fig. EVID).

The association of RQC components with the UFMylated
ribosomes supports their role in clearing ribosomes stalled at the
ER. Together, these findings suggest a crosstalk between the RQC
and the UFMylation machinery in resolving stalled ribosomes at
the ER.

Ribosome rescue factors recognize and mark
ER-stalled ribosomes

To further assess the functional role of ribosome rescue factors in
recognizing and recycling the ribosomes stalled at the ER, we
monitored the translational readthrough of well-characterized
stalling cytosolic or ER-targeted reporters (Wang et al, 2020)
(Fig. 2A) in a fluorescence-activated cell sorting (FACS) assay
(Fig. 2B,C). The ERK20 reporter consists of an N-terminal signal
sequence, an N-glycosylation site, followed by EGFP and a poly-
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Figure 1. RQC factors directly associate with UFMylated ribosomes.

(A) Scheme of mass spectrometry analysis of UFMylated ribosomes. (B) Volcano plot of proteins co-enriched with UFMylated ribosomes in FLAG IP over control 1gG IP
upon 1h 200 nM ANS treatment in HCT116 FLAG-UFM1 cells, identified by mass spectrometry experiment from (A), n = 3. (C) Volcano plot of enrichment of FLAG-eluates
from ANS-treated HCT116 FLAG-UFMT1 cells over FLAG-eluates from untreated control HCT116 FLAG-UFM1 cells, identified by mass spectrometry experiment from (A),
n = 3. Proteins enriched 1.5 times in FLAG IP over IgG IP in ANS condition (P value adj. <0.05) are shown, calculated with limma-moderated Benjamini-Hochberg-corrected
two-sided t-test. (D, E) Immunoblot analysis of FLAG IP eluates upon 200 nM 1h ANS treatment or from untreated HCT116 parental or HCT116 FLAG-UFM1 cells. (F)
Polysome profiling of HCT116 FLAG-UFM1 cell lysates upon 200 nM 1h ANS treatment or from untreated control condition. (G) Immunoblot analysis of selected sucrose
fractions from (F). Source data are available online for this figure.
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Figure 2. RQC and UFMylation machinery are needed to clear stalled peptides at the ER.

(A) Schematic representation of control (KO) and stalling (K20) cytosolic and ER reporters. (B, C) Readthrough of reporters from (A) shown by mCherry/GFP ratio
measured by FACS after 24 h expression in HCT116 cells upon siRNA-mediated knockdown of ZNF598 (B) or ASCC3 (C) compared to non-targeting control siRNA. (D, F)
Reporter accumulation shown by FLAG immunoblot in RKO iCas9 KO cell lysates upon 48 h dox treatment to induce AAVS1 (non-targeting control), ANKZF1, ASCC3,
UFM1, NEMF or LTN1 knockout, upon 24 h ERK20 (D) or ERKO expression (F) normalized to RPS10 loading control. (E) Quantification of (D) with unpaired two-sided
Student t-test, n = 5. Error bars represent standard error of the mean (SEM). ****P < 0.0001, ***P < 0.001, **P < 0,01, *P < 0.05. List of complete P values available in
Dataset EV2. (G) Quantification of (F) with unpaired two-sided Student t-test, n =5. Error bars represent SEM. AP arrested peptide, g glycosylation, * degradation

products. Source data are available online for this figure.

lysine stretch that mimics translation into polyA tail, and a
C-terminal mCherry. In contrast, the cytosolic stalling reporter
CytoK20 lacks the ER-targeting signal sequence and glycosylation
site, while having the same domain organization and sequence
(Fig. 2A). We used siRNA to deplete ZNF598 and ASCC3, a
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component of the ASC-1 complex (Fig. EV2A) as the depletion of
ASCC3 leads to the 80% destabilization of the whole complex
(Juszkiewicz et al, 2020). Both the cytosolic (as shown earlier
(Juszkiewicz et al, 2018)) and ER stalling reporters exhibited
increased readthrough upon loss of ZNF598 and ASCC3 (Fig. 2B,C).

© The Author(s)
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In contrast, control cytosolic CytoKO and ER-targeted ERKO
reporters, which lack the stalling-inducing poly-lysine sequence,
did not show a difference in readthrough upon depletion of the
ribosome rescue factors (Fig. 2B,C). Importantly, the loss of Pelota,
which acts specifically on ribosomes stalled at the 3’-end of the
RNA (Izawa et al, 2012; Guydosh and Green, 2014), did not impact
the readthrough of our internal ribosomal stalling reporters,
validating our findings (Fig. EV2B). These results suggest that, as
observed for cytosolic ribosomes, the ribosome rescue factors
ZNF598 and the ASC-1 complex are involved in the recognition
and splitting of ribosomes stalled at the ER, indicating that they can
access and act on the ER-bound ribosomal pool.

Both the RQC and the UFMylation machinery clear
stalled polypeptides at the ER

After demonstrating that ribosome rescue components are involved
in the clearance of ER-stalled ribosomes, we next investigated the
interplay among ribosome rescue, RQC, and the UFMylation
machinery in the clearance of the model ER stalling substrate,
ERK20. To deplete those factors efficiently, we used RKO cell lines
that stably express doxycycline-inducible Cas9 (iCas9) (de Almeida
et al, 2021). Using lentiviral transduction, we introduced either
specific guide RNAs (gRNAs) targeting the ribosome rescue and
RQC components (ANKZF1, ASCC3, NEMF, LTN1) or the non-
coding control locus AAVS]1. In parallel, we used UFM1 iCas9 cells
to impair UFMylation. Treatment of cells with doxycycline for 48 h
resulted in efficient depletion of the ribosome rescue and RQC
factors or UFM1 (96% ANKZF1, 71% ASCC3, 75% NEMF, 69%
LTN1, and 93% UFMI, Fig. EV2C). Supporting earlier evidence
(Wang et al, 2020; Scavone et al, 2023), the depletion of NEMF,
LTN1, and UFM1 significantly stabilized the ER stalling reporter
ERK20 (Fig. 2D,E). Moreover, while less efficiently, depletion of
ANKZF]1 also led to stabilization of ERK20 (Fig. 2D,E). Instead,
depletion of ASCC3 did not impact the levels of the ERK20
reporter. This is expected since the ASC-1 complex mediates
ribosome splitting, and its depletion results in less efficient stalling
and increased read-through. Importantly, depletion of any of these
genes did not cause accumulation of the control ER reporter ERKO
(Fig. 2F,G), validating the direct role of these factors on the
clearance of arrested polypeptides generated by ribosome stalling at
the ER.

Next, we tested the downstream degradation pathway of
cytosolic and ER stalling reporters through proteasomal inhibition
by MG132 or inhibition of lysosomal degradation by bafilomycin
treatment. Both reporters were stabilized by the inhibition of the
proteasome and lysosomal degradation machinery. Yet, the
proteasomal inhibition showed a higher accumulation of the
reporters, indicating its major contribution to their clearance
(Fig. EV2D). Taken together, we show that the UFMylation and the
RQC machinery are necessary for clearing arrested nascent
peptides on stalled ribosomes at the ER.

Recognition and splitting of the ER-stalled ribosomes
precedes RPL26 UFMylation

Next, we investigated the crosstalk between the RQC and

UFMylation. To reveal the order of events and the interdependence
of these pathways, we first assessed whether the loss of ribosome

© The Author(s)
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rescue or RQC components impacts UFMylation of the ER-stalled
ribosomes. To this end, we used RKO iCas9 cell lines expressing
gRNAs against those components (Fig. EV2C). Under steady-state
conditions, depletion of ZNF598, ASCC3, or Pelota did not impact
UFMylation levels (Figs. 3A, lanes 1-4 and 3B). However, upon
ANS treatment, we noticed a significant decrease in UFMylation
levels upon depletion of ZNF598, ASCC3, or Pelota compared to
control (AAVSI1) (Figs. 3C, lanes 1-4 and 3D). These results were
corroborated in the HCT116 cell line using siRNA-mediated
depletion (Fig. EV3A,B). These data indicate that ribosome
splitting is required for UFMylation of ribosomes at RPL26 after
ribosomal stalling. Recent work showed that RPL26-UFMylation
also occurs after canonical translation termination at the ER,
releasing free 60S from the translocon (DaRosa et al, 2024;
Makhlouf et al, 2024). We anticipate that RPL26 UFMylation at
steady-state conditions is governed by two main events: i
translation termination at the ER following ribosome splitting via
translation termination factors, and ii. ribosomal stalling at the ER
followed by ribosomal splitting via ASC-1 or Pelota, depending on
the type of mRNA lesion. Therefore, the depletion of ASCC3 or
ZNF598 has only a partial effect in our assays.

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
(Figs. 3A, lanes 5, 6 and 3B), suggesting that RQC continuously
surveils aberrant translation, supporting earlier work that revealed
that LTN1 depletion impacts RPL26 UFMylation in neurons (Endo
et al, 2023). We anticipate that depletion of NEMF and LTN1
impairs the clearance of stalled ribosomes at the ER (as shown in
Fig. 2D,E), leading to the accumulation of UFMylated 60S-peptidyl-
tRNA complex intermediates. Surprisingly, NEMF and LTN1
depletion did not significantly affect RPL26 UFMylation upon
ANS treatment (Figs. 3C, lanes 5, 6 and 3D). Compared to steady-
state conditions in Fig. 3A, this difference may be due to cell-wide
ribosomal stalling induced by ANS treatment, which exhausts the
UFMylation machinery. These data suggest that during ANS
treatment, the UFMylation machinery operates at capacity; there-
fore, the depletion of NEMF and LTN1 does not result in a further
increase under these conditions.

To dissect these mechanisms in experimental settings differ-
entiating cytosolic and stalled ribosomes at the ER, we tested the
effect of their loss in cells expressing the cytosolic or ER stalling
reporters ERK20 and CytoK20. As shown before (Wang et al,
2020), while ERK20 expression increased RPL26 UFMylation,
CytoK20 did not (Fig. 3E). The siRNA-mediated knockdowns of
ZNF598 and ASCC3 resulted in a significant decrease in RPL26
UFMylation levels in cells expressing ERK20, compared to control
siRNA, while PELO knockdown did not impact UFMylation
(Figs. 3E, lanes 1-4 and 3F). In contrast, cells expressing
CytoK20 showed no difference in RPL26-UFMylation levels upon
knockdowns of ribosome rescue factors ZNF598 and ASCC3
(Fig. 3E, lanes 5-8 and 3G). Similarly, their depletion did not
impact UFMylation levels in cells expressing control ERKO reporter
(Fig. EV3C,D). 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 UFMyla-
tion upon NEMF depletion in RKO iCas9 cells expressing the
ERK20 reporter (Fig. 3H,I), indicating that UFMylation of RPL26 is
not dependent on NEMF, consistent with our data showing that
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NEMF binds to already UFMylated 60S. However, we did not =~ UFMylation levels were assessed upon ANS treatment in ascc3,
observe a significant increase in RPL26-UFMylation upon ANKZF1  pelota, Itnl, and nemf mutant lines compared to wt (Columbia Col-
depletion (Fig. 3],K). This is in contrast to the increased stability of 0 ecotype). Knocking out ascc3 and pelota significantly decreased
the ERK20 stalling reporter upon ANKZF1 depletion (Fig. 2D), UFMylation levels upon ANS-induced stalling compared to the
suggesting that deUFMylation of RPL26 might precede ANKZF1- wild-type (Fig. 3L,M). Additionally, we noticed a slight decrease in

mediated hydrolysis of the peptidyl-tRNA bond. the nemf mutant line (Fig. 3L,M). These results confirm our
Given the conservation of the UFMylation system across higher ~ hypothesis that the order of events upon ribosome stalling at the ER
eukaryotes, we next investigated its evolutionary conservation in is conserved across eukaryotes. Interestingly, in plants, we observed

plants. To this end, we evaluated the effect of RQC machinery on a more substantial effect of Pelota depletion on RPL26 UFMylation
RPL26 UFMylation using Arabidopsis thaliana mutant lines. than in human cell lines. We speculate that differences in RNase
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Figure 3. RPL26 is UFMylated on post-split 60S subunit upon ribosomal stalling at the ER.

(A, C) UFMylation levels visualized by UFM1 immunoblot in RKO iCas9 cells upon 48 h dox treatment to induce RQC components or non-targeting AAVS1 knockout in
untreated (A) or Th 4 uM ANS treated cells (C). (B) Quantification of (A) with unpaired two-sided Student t-test, n = 4. Error bars represent SEM. (D) Quantification of
(C) with unpaired two-sided Student t-test, n = 3. Error bars represent SEM. (E) UFMylation levels visualized by UFM1 immunoblot in HCT116 cells upon 72 h siRNA-
mediated knockdown of RQC components or non-targeting control, and 24 h expression of ERK20 or CytoK20. (F, G) Quantification of (E) for cells expressing ERK20 (F)
or CytoK20 (G) shown by FLAG signal normalized to loading control with unpaired two-sided Student t-test, n = 3. Error bars represent SEM. (H) UFMylation levels
visualized by RPL26 immunoblot in RKO iCas9 cells upon 48 h dox treatment to induce non-targeting AAVS1 or NEMF knockout upon 24 h expression of ERK20 reporter.
(1) Quantification of (H) with unpaired two-sided Student t-test, n = 4. Error bars represent SEM. (J) UFMylation levels visualized by UFM1 immunoblot in RKO iCas9 cells
upon 48 h dox treatment to induce non-targeting AAVS1 or ANKZF1 knockout upon 24 h expression of ERK20 reporter. (K) Quantification of (J) with unpaired two-sided
Student t-test, n=3. Error bars represent SEM. (L) Seven-day-old Arabidopsis seedlings of wild-type (Col-0) and RQC component mutant (ascc3, pelota, Itn1, nemf, rqcl,
edf1) were treated with either DMSO or 100 uM ANS for 16 h. 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. (M) Quantification of (L) for ANS-treated samples with unpaired two-sided Student t-
test, n = 3. Error bars represent standard deviation. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. List of complete P values available in Dataset EV2. FL full length, AP
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arrested peptide, g glycosylation, # - UFC1-UFM1 complex (Kumar et al, 2021), *degradation products. Source data are available online for this figure.

activity in plants may create 3’-ends, inducing ribosome-stalling
that are primarily resolved by Pelota (Yu et al, 2016; Tanaka et al,
2025).

Our data show that RPL26 UFMylation is diminished in the
absence of either ZNF598 or ASC-1 complex, suggesting that
recognition of collisions (mediated by ZNF598 (Juszkiewicz et al,
2018)) and subsequent ribosome splitting (mediated by ASC-1
complex (Juszkiewicz et al, 2020)) precede and are prerequisites for
RPL26 UFMylation. At the same time, the depletion of the 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-split 60S-peptidyl-tRNA complexes, and this
mechanism is evolutionarily conserved in plants and mammals.

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

The cryo-electron microscopy structures of UFMI1 E3 ligase
complex bound to 60S ribosomes revealed that it forms extensive
contacts with the 60S in a clamp-like architecture extending from
tRNA-binding sites to the peptide exit tunnel, with all three
subunits of the complex contributing to this interaction (DaRosa
et al, 2024; Makhlouf et al, 2024). 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 UFM1 E3 ligase
components leads to the accumulation of ER-stalling reporters.
Namely, it is not clear how the loss of machinery that only
works on post-termination ribosomes could result in the accumu-
lation of the arrested nascent polypeptides (Fig. 2D,E). 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 (Fig. 3A,B,L,M). 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 the

© The Author(s)

other two components of the E3 ligase complex and the 60S
(DaRosa et al, 2024; Makhlouf et al, 2024). The structural model of
UFL1 displays a short N-terminal a-helix followed by one partial
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 (Fig. 4A,B) (DaRosa et al, 2024;
Makhlouf et al, 2024). Based on our data and data from others
(DaRosa et al, 2024; Makhlouf et al, 2024), 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 at the P-site is occupied. Notably, the
structural models of the UFL1 show that CTD displays a high
degree of conformational freedom due to it being connected to the
rest of the protein with a disordered segment (Fig. 4A). 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/LTNI at the P-site
(Fig. 4B). Supporting this, deletion of the CTD of UFL1 does not
entirely abolish UFMylation of RPL26 in cells (DaRosa et al, 2024).
Therefore, we speculated that UFL1 could undergo conformational
rearrangements to enable its binding to the 60S-peptidyl-tRNA
complex (Fig. 4B).

To experimentally test this model, we assessed whether the
UFM1 E3 ligase complex associates with the 60S-peptidyl-tRNA
complex. To this end, we enriched nascent chain-bound ribosomes
by immunoprecipitating ER stalling reporter ERK20 or control ER
reporter ERKO in RKO cells (Fig. 4C). To enrich for the ribosome-
associated nascent chains, we first isolated ribosomes via sucrose
cushions and performed immunoprecipitation (Fig. 4C). We found
that UFL1 specifically associates with ERK20 on nascent chain-
bound ribosomes, whereas we did not observe UFL1 binding to
ERKO (Fig. 4D). Quantification of three independent replicates
showed a significant difference in binding between ERKO and
ERK20, showing that UFL1 binding depends on ribosome stalling
at the ER (Fig. 4E). Importantly, we also observed an enrichment of
the UFMylated RPL26 in the eluates from ERK20-expressing cells
(Fig. 4D, lanes 3-5). These data suggest that the UFM1 E3 ligase
complex can bind and actively UFMylate the 60S-peptidyl-tRNA
complex with arrested nascent chains at the ER. Similarly, as
expected, we found that under those conditions, NEMF specifically
associated with ERK20-containing ribosomes, validating our
biochemical approach (Fig. 4F,G).
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Figure 4. 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 24 h 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) with unpaired two-sided Student t-test, n = 3. Error bars represent SEM. (F) Ribosomal pellet was obtained by sucrose cushion
centrifugation followed by GFP immunoprecipitation from RKO iCas9 AAVS1 (non-targeting control) cell line upon 24 h expression of ERKO or ERK20 reporter. Protein
levels are analyzed by immunoblotting. (G) Quantification of NEMF association normalized to eluate nascent chain levels from (1) with unpaired two-sided Student t-test,
n = 3. Error bars represent SEM. (H) Ribosomal pellet was obtained by sucrose cushion centrifugation followed by GFP immunoprecipitation from RKO iCas9 AAVST (non-
targeting control), NEMF or UFM1 KO cell line upon 24 h expression of ERK20 reporter. Protein levels are analyzed by immunoblotting. (I) Quantification of UFL1
association normalized to eluate nascent chain levels from (H) with unpaired two-sided Student t-test, n = 3. Error bars represent SEM. (J) Quantification of LTN1
association normalized to eluate nascent chain levels from (H) with unpaired two-sided Student t-test, n = 3. Error bars represent SEM. ****P < 0.0001, ***P < 0.001,
**P < 0.01, *P < 0.05. List of complete P values available in Dataset EV2. FL full length, AP arrested peptide, # - UFC1-UFM1 complex (Kumar et al, 2021), * degradation
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products. Source data are available online for this figure.

To assess 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 ERK20 reporter (Fig. 4C). The IP
analyses showed that UFLI binding was unaffected by NEMF
depletion, supporting the evidence that UFMylation precedes the
activity of the late RQC components (Fig. 4H,I). Notably, upon
NEMF depletion, EK20 pulldowns displayed higher levels of
UFMylated RPL26, further supporting our model that the UFM1
E3 ligase complex binds to and UFMylates the 60S-peptidyl-tRNA
complex before nascent chain release (Fig. 4H, lanes 4, 5). The UFM1
depletion did not impair the association of UFL1 with ERK20-
expressing ribosomes, indicating that UFMylation of RPL26 does not
largely stabilize UFL1 binding (Figs. 4H, lanes 4, 6 and 4I). We also
noticed a NEMF-dependent association of LTN1 to the 60S-peptidyl-
tRNA complexes for ER-stalled ribosomes (Fig. 4H,]), in accordance
with previous data shown for cytosolic stalled ribosomes (Shao et al,
2015). Interestingly, we discovered that LTNI1 binding decreases
upon UFM1 KO for ER-stalled ribosomes (Fig. 4H,J). These data
indicate that the UFM1 E3 ligase complex facilitates the binding of
RQC components to the 60S peptidyl-tRNA at the ER. We envision
that, as shown for the empty 60S-translocon interaction (DaRosa
et al, 2024; Makhlouf et al, 2024), the UFMylation machinery
destabilizes the translocon-60S interface. This would facilitate
LTNT’s access to the nascent chain and would allow positioning of
LTN1’s C-terminus, which contains the RING domain, in its
canonical binding site near the exit tunnel. This thereby stabilizes
LTNT’s interaction with the complex (Fig. 4B).

This model predicts that impairment of RPL26 UFMylation
would reduce LTN1’s access to nascent chains and diminish LTN1-
mediated ubiquitination of arrested polypeptides. To test whether
impairing UFMylation affects LTN1-mediated ubiquitination of
arrested polypeptides, we used tandem ubiquitin-binding entity
(TUBE) pulldowns under control conditions and upon UFM1 or
LTNI1 depletion. In these assays, we expressed either the ERKO
control or the ERK20 stalling reporter, then enriched for
ubiquitinated proteins using TUBEs. Surprisingly, those assays
showed no consistent decrease in ERK20 ubiquitination
upon depletion of either UFMI1 or LTN1, under both steady-state
conditions and in the presence of proteasome inhibitors (Figs. 5A,B
and EV4A-D). Given the clear accumulation of ERK20 upon
depletion of LTN1 and UFM1, we speculate that other ER-localized

© The Author(s)

E3 ligases might ubiquitinate the ER stalling reporter when
canonical clearance mechanisms are impaired, thereby masking
the effects of LTN1 or the UFM1 machinery. An unbiased genome-
wide genetic screen that used accumulation of an ER-stalling
reporter as a readout identified LTN1 as one of the top hits but did
not identify any other well-characterized ER-localized E3 ligases
(Wang et al, 2023). depletion of different E3
ligases involved in ER-associated degradation (ERAD) does not
stabilize ER-stalling reporters in either mammals or yeast (Scavone
et al, 2023; Crowder et al, 2015). Altogether, these data converge
on the model that while other E3 ligases might ubiquitinate
stalled polypeptides at the ER, the RQC is the primary path
for nascent chain degradation upon ribosomal stalling at the ER.

Similarly,

DeUFMylation of RPL26 is not required for LTN1 binding

Recent structures of the UFM1 E3 ligase in complex with empty
60S suggested that upon UFMylation of RPL26, the UFM1 E3 ligase
complex associates more stably with the 60S and deUFMylation of
RPL26 is required for the disassembly of the UFM1 E3 ligase from
the 60S ribosomal subunit (DaRosa et al, 2024; Makhlouf et al,
2024). We wondered whether deUFMylation is necessary for LTN1
association with the 60S-peptidyl-tRNA complex. To test this, we
compared association of LTN1 with 60S-peptidyl-tRNA complexes
under control conditions and upon depletion of deUFMylase
UFSP2 using nascent chain pulldowns. To avoid adaptation of cells
to long-term depletion of UFSP2, we used the iCas9 system. As
expected, depletion of UFSP2 led to increased levels of UFMylated
RPL26 (Fig. 5C). However, we did not observe a significant impact
of UFSP2 depletion on LTN1 association with the 60S-peptidyl-
tRNA complex, indicating that deUFMylation is not necessary for
LTNI1 association (Fig. 5C-E).

In summary, our data suggest that the UFM1 E3 ligase complex
binds to the 60S-peptidyl-tRNA complexes after ribosome splitting
at the ER. The spatial proximity of the ER-tethered UFM1 E3 ligase
allows it to access the post-split ribosomes at the ER to perform
UFMylation. This interaction does not depend on the binding of
RQC components (NEMF/LTNI1 complex), suggesting that it can
precede RQC binding. Instead, RPL26 UFMylation facilitates the
subsequent association of the RQC machinery with 60S-peptidyl-
tRNA complexes, allowing the clearance of arrested polypeptides
on ER-stalled ribosomes.

The EMBO Journal 9



The EMBO Journal

ERK20
A DOX (iCas9)
Input lysate TUBE IP
DMSO MG132 DMSO MG132
D = < O = < D =« O = <
S = = =
S5E3E5F 3EE3IEE Rw
kDa
SbbLT L
245 ' .
180 ;
135 :
100- 1
75-
63-
IB: Ub
48
» e
2454 ne " Ub smear
135 - i ;
192: - ) —FL_ER
63- . #% ww ww| — AP ER+g
. .!-i"
2 1
354 IB: FLAG
15| - -y > e IB: GAPDH
ERK20
B 300~
ns
[ ]
° x NS
R
© 8 200+ ns e ©
3 =
@ [
fe)
(3:3
Z§ 100~
S
0_
® zS 0z S
<<>t( 55 2 55 graa
DMSO MG132

O

Figure 5. UFSP2 does not impact LTN1 binding to 60S-peptidyl-tRNA complexes.
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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 (Wang
et al, 2020; Walczak et al, 2019). However, the primary function of
this event has remained poorly understood. Recent cryo-EM
structures uncovered a novel function of the UFMylation

10 The EMBO Journal

machinery in recycling the 60S subunits after translational
termination at the ER by releasing them from the translocon
(DaRosa et al, 2024; Makhlouf et al, 2024). These structures also
showed that UFL1 occupies the tRNA binding sites at the 60S,
suggesting that the UFM1 E3 ligase binds to 60S after translation
termination (DaRosa et al, 2024; Makhlouf et al, 2024). Therefore,
the role of UFMylation in clearing the nascent polypeptides
arrested at the ER-stalled ribosomes remained unclear.

© The Author(s)
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Step 1: stalled ribosome recognition,
ubiquitination and splitting

Step 2: UFM1 E3 ligase
binding 60S-peptidyl-tRNA

Step 3: NEMF/LTN1 binding
60S-peptidyl-tRNA

Step 3: RPL26 UFMylation allows better
LTN1 access to nascent chain

ZNF598
ASC-1

NEMF

UFL1

Figure 6. 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 60S-
peptidyl-tRNA complex is recognized and UFMylated by the UFM1 E3 ligase complex, independently of downstream RQC factors. NEMF binds UFMylated 60S-peptidyl-
tRNA complexes and brings in LTN1. UFMylation-induced translocon release from 60S-peptidyl-tRNA complexes allows LTN1 to access the nascent chain. LTN1 then

ubiquitinates the arrested nascent chains. The nascent chain is released and subsequently degraded by the proteasome, while the 60S subunit is recycled.

Here, using IP analyses coupled to MS and Western blotting, we
found that the RQC components are associated with the
UFMylated ribosomes, indicating a direct physical link between
these two pathways (Fig. 1A-E). To confirm the role of RQC factors
in clearing the nascent polypeptides arrested at the ER-stalled
ribosomes, we used genetic depletion of ribosome rescue and RQC
machinery and found that ribosomes stalled upon ERK20
expression recruit the RQC E3 ligase ZNF598 and the ribosome-
splitting factor ASC-1 complex (Figs. 2B,C and 3E,F). 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 (Fig. 2D,E and 3H,I). Likewise, impaired
UFMylation specifically stabilized ERK20 substrate, in line with the
published work (Fig. 2D,E) (Wang et al, 2020), indicating that both
the RQC and the UFMylation machinery are involved in the
clearance of the arrested polypeptides at the ER.

After demonstrating the role of the RQC and the UFMylation
machinery in the clearance of the nascent chains arrested at the ER-
stalled ribosomes, we assessed the sequence of events and
interdependence of these pathways by testing the impact of the
loss of ribosome rescue and 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 (Figs. 3C,D
and EV3A,B) as well as upon expression of the specific ER stalling
reporter ERK20 (Fig. 3E,F). Experiments performed in plants
(Arabidopsis thaliana) validated those findings (Fig. 3L,M), con-
firming 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 binds to the 60S
ribosomal subunit in a way that clashes with the binding of the 40S
subunit, translocon, or tRNA (DaRosa et al, 2024; Makhlouf et al,
2024). These data cannot be reconciled with the data showing
increased UFMylation of RPL26 upon ribosome stalling. We
showed that UFLI associates with 60S subunits upon translation
of the ER stalling reporter ERK20, but not the ER-targeted control
reporter ERKO (Fig. 4D,E). Immunoprecipitation of the ribosome-
attached ERK20 stalling reporter showed that these ribosomes were
already UFMylated at RPL26, demonstrating that UFM1 E3 ligase

© The Author(s)

can act on nascent chain-loaded ribosomes with occupied tRNA at
the P-site, contradicting the previous model (Fig. 4D,E) (DaRosa
et al, 2024; Makhlouf et al, 2024). Supporting our findings, single
particle cryo-electron microscopy studies of the native UFMI1 E3
ligase complexes isolated from cells showed a small population of
60S with a weak extra density in the peptide exit tunnel, which
could represent a nascent polypeptide chain (DaRosa et al, 2024).
Importantly, the depletion of NEMF did not impact UFLI binding
to the nascent chain-containing 60S-peptidyl-tRNA complexes
(Fig. 4H,I). In line with those results, we readily detected
UFMylated RPL26 in the nascent chain immunoprecipitates from
NEMEF KO cells, showing that UFMylation does not depend on
NEMEF activity. Instead, NEMF depletion led to the accumulation of
stalled ribosomes at the ER, observed by increased RPL26
UFMylation (Fig. 4H). These results indicated that UFMylation
occurs before the clearance of the arrested polypeptides. To sum up,
we found that the 60S-peptidyl-tRNA complex formed upon
ribosome splitting is a canonical substrate for UFMI1 E3 ligase
complex and that the NEMF/LTN1-dependent release of the
nascent chain is not necessary for RPL26 UFMylation. Instead,
NEMF/LTN1 binds to the UFMylated ribosomes to clear arrested
nascent chains and complete the ribosome rescue and RQC cycle.
Supporting our findings, during the revision of our manuscript, a
single-particle cryo-EM structure was published, demonstrating
that the UFM1 E3 ligase complex associates with NEMF and LTN1
(Penchev et al, 2025). Notably, the structure revealed that the CTD
of UFL1 adopts a novel conformation to allow its binding to the
60S-peptidyl-tRNA complex and NEMF (Penchev et al, 2025). Our
data and those of others show that cells evolved intricate
coordination between two distinct quality control pathways to
enable efficient clearance of stalled polypeptides at the ER.

On cytosolic ribosomes, LTN1 binds close to the ribosome exit
tunnel in proximity to the stalled nascent polypeptides emerging
from the ribosome (Shao et al, 2015). On the ER-bound ribosomes,
the exit tunnel is occupied by the translocon (Lewis et al, 2024;
Voorhees et al, 2014). The LTN1 was proposed to access arrested
polypeptides via their exposure to the cytosol by a gap at the
ribosome-translocon contact site (von der Malsburg et al, 2015). As
impaired UFMylation stabilizes the arrested nascent chains
(Fig. 2D,E), and diminishes the binding of LTN1 to 60S at the
ER (Fig. 4H,]), we speculate that, similar to what has been proposed

The EMBO Journal n



The EMBO Journal

for the post-termination empty 60S subunits (DaRosa et al, 2024;
Makhlouf et al, 2024), binding of the UFM1 E3 ligase complex
destabilizes the 60S-translocon interactions and allows the E3 ligase
LTNI to access the arrested nascent chain for ubiquitination and
subsequent degradation (Fig. 4B).

Both the ubiquitin-proteosome system and lysosomal degrada-
tion were proposed to be involved in the clearance of stalled
nascent peptides at the ER (Wang et al, 2020; Stephani et al, 2020;
Scavone et al, 2023). 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 (Wang et al, 2020). However, we show a clear
stabilization of the same reporter preferentially by proteosome
inhibition (Fig. EV2D), and NEMF depletion (Fig. 2D,E). Support-
ing 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 NEMF-dependent
stabilization (Scavone et al, 2023). We therefore conclude that
while the RQC and ubiquitin-proteasome system play the major
role in clearing stalled ribosomes, depending on the cell type and
expression levels, arrested polypeptides at the ER can be cleared by
complementary degradation pathways, including ER-phagy and
lysosomal pathways (Inada and Beckmann, 2024; Bengtson and
Joazeiro, 2010; Wang et al, 2020; Stephani et al, 2020).

Altogether, our data converge on the following model: stalling of
the ER-bound ribosomes recruits canonical ribosome rescue and
ribosome-associated quality control machinery. First, the E3 ligase
ZNF598 recognizes the collided ribosomes and stabilizes them by
ubiquitinating small subunit proteins (Juszkiewicz et al, 2018). This
is followed by the binding of the ASC-1 complex that splits the
leading ribosome, leaving a 60S-peptidyl-tRNA complex (Fig. 6).
The 60S-peptidyl-tRNA complex is then recognized and UFMy-
lated by the UFM1 E3 ligase complex. The association of the UFM1
E3 ligase complex destabilizes 60S-peptidyl-tRNA-translocon
interactions, allowing the RQC components NEMF and LTNI to
bind and access the nascent chain, which is ubiquitinated and
targeted for downstream proteasomal degradation to restore
cellular proteostasis. This process shows high evolutionary
conservation in plants and mammals. Our work highlights a fine
collaboration between two distinct processes to maintain transla-
tional fidelity by overcoming the unique challenges posed by the
spatial separation of arrested nascent chains from the ribosome at
the ER.

Methods

Reagents and tools table

Identifier or

Reagent/resource Reference or source catalog number

Experimental models

RKO-Dox-Cas9
(iCas9)

Hornegger et al, 2024, de
Almeida et al, 2021

RKO-Dox-Cas9 This study
(iCas9) 3xFLAG-UFM1
RKO-Dox-Cas9 This study

(iCas9) PELO KO
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Identifier or
Reagent/resource Reference or source catalog number
RKO-Dox-Cas9 This study
(iCas9) LTN1 KO
RKO-Dox-Cas9 This study
(iCas9) NEMF KO
RKO-Dox-Cas9 This study
(iCas9) ASCC3 KO
RKO-Dox-Cas9 This study
(iCas9) ZNF598 KO
RKO-Dox-Cas9 This study
(iCas9) UFM1 KO
RKO-Dox-Cas9 This study
(iCas9) ANKFZ1 KO
RKO-Dox-Cas9 This study

(iCas9) UFSP2 KO

HCT116 tetON OsTIR1

Natsume et al, 2016

HCT116 tetON OsTIR1
3xFLAG-UFM1

This study

HEK293T cells

Shotaro Otsuka lab

CRL-11268 (ATCC)

HEK293T splitGFP
parental

Leonetti et al, 2016

HEK293T Sec61B
splitGFP

Leonetti et al, 2016

ascc3 mutant (A. NASC AT5G61140
thaliana)

pelota mutant (A. NASC AT4G27650
thaliana)

nemf mutant (A. NASC AT5G49930
thaliana)

ItnT mutant (A. NASC AT5G58410
thaliana)

Recombinant DNA

Hygro-P2A-mAID- Addgene #121179
mClover

BSD-P2A-3xFLAG HDR This study

Hygro-P2A-3xFLAG This study

HDR

Dual-sgRNA_hU6- de Almeida et al, 2021

mUé

pSpCas9 (BB)-2A-GFP Addgene Cat #48138

(PX458)

6His-TEVb-HaloTR-
TUBE

MRC PPU Dundee

Cat #DU23799

CytoKO Wang et al, 2020

CytoK20 Wang et al, 2020

ERKO Wang et al, 2020

ERK20 Wang et al, 2020

Antibodies

Rabbit anti-ANKZF1 Proteintech 20447-1-AP
Rabbit anti-ASCC3 Bethyl laboratories A304-014A-T
Rabbit anti-DDRGK1 Proteintech 21445-1-AP
Rabbit anti-eEF2 Proteintech 20107-1-AP
Mouse anti-FLAG Sigma F1804-5MG
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Identifier or
Reagent/resource Reference or source catalog number
Rabbit anti-GAPDH Proteintech 10494-1-AP
Mouse anti-GFP Roche 11814460001
Rabbit anti-LTN1 Proteintech 28452-1-AP
Rabbit anti-NEMF Proteintech 11840-1-AP
Rabbit anti-Pelota Proteintech 10582-1-AP
Rabbit anti-RPL26 Abcam ab59567
Rabbit anti-RPS10 Abcam ab151550
Rabbit anti-RPS20 Abcam ab133776

[EPR8716]
Rabbit anti-RPS3 Proteintech 11990-1-AP

Mouse anti-Sec61a Santa Cruz 5¢-393182 sample
Mouse anti-Ub Santa Cruz sc-8017

Rabbit anti-UFL1 Proteintech 26087-1-AP
Rabbit anti-UFM1 Abcam ab109305

Rabbit anti-UGPase Agrisera AS14 2813

Mouse anti-Vinculin Proteintech 6305-1-Ig

Rabbit anti-ZNF598

Sigma-Aldrich

HPA041760-25UL

Oligonucleotides and other sequence-based reagents

Single guide RNAs This study Dataset EV2

Primers This study Dataset EV2

ASCC3 siRNA Dharmacon L-012757-01-0005

PELO siRNA Dharmacon L-019068-01-
0005

ZNF598 siRNA Dharmacon L-007104-00-
0005

Control siRNA Dharmacon D-001810-10-05

Chemicals, enzymes and other reagents

digitonin Carl Roth 4005.4
Anisomycin Sigma-Aldrich A9789-5MG
Doxycycline Sigma-Aldrich D5207-5G

MG132 Santa Cruz Biotechnology sc-201270
Bafilomycin A1l Szabo Scandic AVIOOMC00028-

1
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Mammalian cell culture

HCT116 tetON (doxycycline-inducible) OsTIRI cells obtained the
Masato Kanemaki lab (Natsume et al, 2016) 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). RKO-Dox-Cas9 cells
(expressing doxycycline-inducible Cas9), a kind gift from from
Johannes Zuber lab (de Almeida et al, 2021) were cultured in
RPMI-1640 media (Sigma, R8758) supplemented with 10% fetal
bovine serum (Gibco, 10437028), 2mM L-Glutamine (Sigma,
G7513), 1% Pen/Step (Sigma, P0781), 1x non-essential amino
acids (Thermo Scientific, 11140050), and 1 mM sodium pyruvate
(Gibco, 11360070). HEK293T cells, a kind gift from Shotaro Otsuka
lab, were cultured in DMEM medium (Sigma, D5796) supplemen-
ted with 10% fetal bovine serum (Gibco, 10437028), 2 mM L-
Glutamine (Sigma, G7513), 1% Pen/Step (Sigma, P0781). 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 knock-
out of the genes encoding RQC components were established using
lentiviral transduction with lentiviral particles (produced as
described in (Hornegger et al, 2024) containing Dual-
sgRNA_hU6-mU6 vectors described in (de Almeida et al, 2021)
expressing two sgRNAs (Dataset EV2) 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 HindIII_UFM1_N_HAs_F and Xhol_UFM1_N_HAs_R pri-
mers. The UFMI1 homology arms were inserted into the pMK344
plasmid backbone (Addgene #121179) using HindIII and Xhol
restriction sites. To remove the BamHI site the plasmid was treated
with HindIIT and Xbal restriction enzymes and ligated through
annealed overlapping oligos (pMK344_oligo_HindIII_Xbal_F/R).
The BamHI and Sall restriction sites were introduced to the
homology arms using BamHI_UFMI1_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 Esp3I 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 UFMI using Sall and Baml
Pymol v 3.1.5.1 https://www.pymol.org/ restriction sites resulting in the HDR template. The PAM sites
Other were mutated in the HDR template using site-directed mutagenesis
with a primer pair UFM1_gRNA_517_PAM_mut_F/R. To clone

GraphPad Prism 10 https://www.graphpad.com/

Adobe lllustrator 2023 https://www.adobe.com/
products/illustrator.html

BioRender https://www.biorender.com/

FlowJo v10.9.0 https://www.flowjo.com/

Dynabeads™ Protein G _Invitrogen 10004D the Hygro-P2A-3xFLAG HDR template Hygro-P2A-3xFLAG was
GFP-Trap® Magnetic ~ ChromoTek gtma-20 amplified from pMK344 with KS_F and P2A_3xFLAG_BamHI_R
Particles primers and cloned to replace the BSD-P2A-3xFLAG in the final
Magne® HaloTag® Promega G7281 UFM1 HDR template with mutated PAM sites. All primer

Beads

sequences are listed in Dataset EV2.
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To introduce the 3xFLAG tag to the N-terminus of the
endogenous UFM1 HCT116 tetON OsTIRI (Natsume et al, 2016)
or RKO-Dox-Cas9 (iCas9) (Hornegger et al, 2024) 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) (Ran
et al, 2013) targeting the first exon of the UFM1 gene (Dataset EV2)
using the Fugene HD (Promega) reagent according to the
manufacturer’s instructions. 24h 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 (Peqlab, VWR) with hsUFMI1_HAs_F,
hsUFM1_HAs_R, HygR_F, and BSDR_F primers.

Co-immunoprecipitation mass spectrometry
of 3xFLAG-UFM1

Sample processing

For MS analysis of 3xFLAG-UFMI1 co-immunoprecipitation (co-
IP), four @15cm dishes of ~80% confluent 3xFLAG-UFM1
HCT116 cells per condition were used. Media was changed 16 h
before collection. Ribosome stalling was induced with 200 nM
anisomycin for 1 h. Cells were washed with warm PBS + 100 ug/mL
cycloheximide (CHX), lysed on ice in buffer (20 mM HEPES pH
7.3, 120 mM KCl, 15 mM MgCl,, 1.5% digitonin, 100 mg/mL CHX,
0.5 mM DTT, Ix protease inhibitor Roche), scraped, and incubated
on ice with vortexing. Lysates were passed through a 27 G needle
and centrifuged (20,000x g, 20min, 4°C). Clarified lysates
(2.55mL) were layered onto 850 uL of 25% sucrose cushions and
centrifuged (100,000x g, 1.5h, 4°C, TLA100.3 rotor). Ribosomal
pellets were resuspended in 1 mL of lysis buffer (20 mM HEPES pH
7.3, 120 mM KCl, 15 mM MgCl,, 1.5% digitonin, 100 mg/mL CHX,
0.5mM DTT, 1x protease inhibitor Roche). For co-IP, 40 g anti-
FLAG M2 antibody or IgG control were coupled to 160 uL protein
G Dynabeads in 1 mL lysis buffer (without DTT/CHX), washed,
and added to 450 pL resuspended ribosomes. After 2 h incubation
(4°C), beads were washed three times with (20 mM HEPES pH 7.3,
195 mM KCl, 5mM MgCl,, 0.5% digitonin, 100 mg/mL cyclohex-
imide, 0.1 mM DTT, 1x EDTA-free protease inhibitor cocktail),
followed by three washes with (20 mM HEPES pH 7.3, 195 mM
KCl, 5mM MgCl,), then resuspended in 50 puL of 100 mM
ammonium bicarbonate (ABC), supplemented with 300 ng trypsin
(Trypsin Gold, Promega) and incubated for 4h on a Thermo-
shaker with 1200 rpm at 37 °C. The supernatant was transferred to
a fresh tube and reduced with 0.5mM Tris 2-carboxyethyl
phosphine hydrochloride (TCEP, Sigma) for 30 min at 60 °C and
alkylated in 3 mM methyl methanethiosulfonate (MMTS, Fluka) for
30 min at room temp protected from light. Subsequently, the
sample was digested with another 300ng of trypsin at 37°C
overnight. The digest was acidified by addition of trifluoroacetic
acid (TFA, Pierce) to 1%. A similar aliquot of each sample was
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analyzed by LC-MS/MS. Total protein concentration of the lysate
and ribosomal pellet inputs was measured using Pierce™ BCA
Protein Assay Kit (Reducing Agent Compatible). Aliquots contain-
ing 25 ug of total protein were tryptic digested, using the iST kit
(PO 00001, PreOmics) according to the manufacturer’s instruc-
tions. Offline sample desalting using the OASIS MCX 96-well
uElution Plate 30um (Waters), 2ul sorbent per well, was
performed in a centrifuge spinning at 200xg for 3 min at each
step. Samples were brought to a concentration of 2% H3PO4 in
100 mM Ammonium Formate and loaded to dry wells of the OASIS
plate. Bound peptides were washed 2x with 200 pl of 2% formic
acid in 100 mM Ammonium Formate and 2 x200ul of 100%
methanol. Elution of peptides was performed by applying 2x25 pl
of 5% NH4OH in 80% methanol, followed by vacuum centrifuga-
tion to dryness and reconstitution in 20 pl of 2% acetonitrile in
0.1% TFA. 250 ng of each peptide sample each sample was analyzed
by LC-MS/MS. The nano HPLC system (Vanquish Neo UHPLC-
System, Thermo Scientific) was coupled to an Orbitrap Astral mass
spectrometer, equipped with a Nanospray Flex ion source (all parts
Thermo Scientific). Peptides were loaded onto a trap column
(PepMap Acclaim C18, 5mm x 300 um ID, 5um particle size,
100 A pore size, Thermo Scientific) at a flow rate of 25 pl/min using
0.1% TFA as mobile phase. After 5min, the trap column was
switched in line with the analytical column (Aurora Ultimate C18
25cm x 75 um ID, 1.7 um particles, 120 A, Tonopticks operated at
50 °C). Peptides were eluted using a flow rate of 300 nl/min, starting
with the mobile phases 98% A (0.1% formic acid in water) and 2%
B (80% acetonitrile, 0.1% formic acid) and linearly increasing to
35% B over the next 60 min, followed by an increase to 95% B in
1.7 min, a 4-min hold at 95% B, and re-equilibration with 2% B for
three column volumes (equilibration factor of 3.0). The Orbitrap
Astral was operated in data-dependent mode, performing a full
scan in the Orbitrap every 0.7s (m/z range 375-1500 m/z;
resolution 240,000; standard AGC target, maximum injection time
10 ms, minimum intensity 5000). MS/MS spectra were acquired in
the Astral analyser by isolating 1.6 Da windows and fragmenting
precursor ions with normalized HCD collision energy of 30% with
a maximum injection time of 5 or 10 ms correspondingly or until a
standard AGC target was reached. Fragment ions ranging from 150
to 2000 m/z were acquired. Precursor ions selected for fragmenta-
tion (include charge state 2-6) were put on a dynamic exclusion list
for 30s.

Data processing

For peptide identification from DDA data, the RAW-files were
loaded into Proteome Discoverer (version 3.2.0.450, Thermo
Scientific). All MS/MS spectra were searched using MSAmanda
version 3.2.22.93 (Dorfer et al, 2014). The peptide and fragment
mass tolerance was set to 10 ppm, the maximum number of
missed cleavages was set to 2, using tryptic enzymatic specificity
without proline restriction. The RAW-files were searched against
the uniprot reference database, using human as sub-organism
(20,586 11,456,034 residues), supplemented with
common contaminants using the following modifications: Carba-
midomethylation of cysteine was set as fixed modification and
oxidation of methionine, UFMylation residues VG and DRVG each
on Lysine, deamidation of asparagine and glutamine, glutamine to
pyro-glutamate conversion at peptide N-terminal glutamine and
acetylation on the protein N-terminus were set as variable

sequences;
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modifications. The localization of the post-translational modifica-
tion sites within the peptides was performed with the tool ptmRS,
based on the tool phosphoRS (Taus et al, 2011). The result was
filtered to 1% FDR on PSM and protein level using the Percolator
algorithm (Kall et al, 2007) integrated in Proteome Discoverer.
Additionally, an Amanda score cut-off of at least 150 was applied.
Proteins were filtered to be identified by a minimum of 2 PSMs in
at least 1 sample. Protein areas were computed in IMP-apQuant
(Doblmann et al, 2019) by summing up unique and razor peptides.
Resulting protein areas were normalized using iBAQ (Schwan-
hdusser et al, 2011). Match-between-runs (MBR) was applied for
peptides with high confident peak area that were identified by MS/
MS spectra in at least one run. Proteins were filtered to be identified
by a minimum of 3 quantified peptides. Statistical significance of
differentially expressed proteins was determined using limma
(Smyth, 2004).

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 pg 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 NacCl, 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, 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 25nM against PELO (L-019068-01-0005) and ZNF598 (L-
007104-00-0005). ON-TARGETplus Non-targeting Control Pool
(D-001810-10-05) at 25nM was used as a control. Cells were
passed to 6-well plates and either transfected with 2pug of
plasmids containing CytoK0, CytoK20, ERKO, or ERK20
reporters (Wang et al, 2020) for 24 h using jetOPTIMUS® reagent
(Avantor, 101000051) according to the manufacturer’s instructions
or treated with 4 uM anisomycin dissolved in DMSO for 1 h before
collection.

RKO iCas9 cells were seeded in @10cm dishes in media
supplemented with 450nM doxycycline for 48h to induce
expression of Cas9. Cells were then either transfected with 10 pg
of plasmids containing CytoK0, CytoK20, ERKO, or ERK20
reporters (Wang et al, 2020) for 24 h using jetOPTIMUS® reagent
according to the manufacturer’s instructions (Avantor, 101000051),
or treated with 4 uM anisomycin dissolved in DMSO for 1 h before
collection.

Flow cytometry analysis

HCT116 tetON OsTIRI 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 pEGFP-N1 plasmid containing CytoKOo,
CytoK20, ERKO, or ERK20 reporters (Wang et al, 2020) for 24 h
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using jetOPTIMUS® reagent according to the manufacturer’s
instructions (Avantor, 101000051). Cells were harvested in trypsin,
resuspended in full media and analyzed by flow cytometry (BD
LSRFortessa™ Cell Analyser). Data was analyzed in FlowJo software.

Sucrose density gradient fractionation

For polysome sucrose density fractionation, four 215 cm dishes of
~80% confluent HCT116 3xFLAG-UFMI1 cells were used per
condition. Ribosome stalling was induced with 200 nM anisomycin
for 1 h. Cells were washed in cold PBS supplemented with 100 ug/
mL cycloheximide, lysed on the plate with 300 pL of ice-cold lysis
buffer (20 mM HEPES pH 7.3, 120 mM KCl, 15 mM MgCl,, 1.5%
digitonin, 100 pg/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 27 G needle, and clarified on a table-top centrifuge at
maximum speed (20,000x g) for 10 min at 4 °C. In total, 1700 pL of
the clarified lysate were layered on top of 10-35% sucrose gradient
(gradient buffer composition: 20 mM HEPES pH 7.3, 120 mM KCl,
5mM MgCl,, 100 ug/mL cycloheximide, 0.5mM DTT) and
centrifugated at 35,000x g for 3h at 4°C using SW32Ti rotor.
Polysome fractions were separated on a BioComp fractionator and
500 uL fractions were collected. Western blot analysis was
performed following trichloroacetic acid (TCA) precipitation.
Protein pellets were dissolved in 1x Leammli sample buffer.
Fractions corresponding to the migration peaks of ribosomal
subunits used for Western blotting were separated by at least four
fractions.

For polysome sucrose density fractionation of HEK293T cells,
one 15 cm dish at ~80% confluency was used per condition. The
experiment was performed similarly to that in HCT116 3xFLAG-
UEM1 cells, with the following modifications: 250 pL of clarified
lysate were layered onto a 10-35% sucrose gradient and centrifuged
using an SW40Ti rotor. Fractions of 200pL were collected.
Fractions corresponding to the migration peaks of ribosomal
subunits used for Western blotting were separated by at least four
fractions.

Cell lysis and immunoblotting

Clear cell lysates were collected in RIPA buffer with 1x EDTA-free
protease inhibitor cocktail (Roche, 11873580001), clarified on a
table-top centrifuge at maximum speed (20,000x g) for 20 min at
4°C, and analyzed on 10%, 12% or 15% SDS-polyacrylamide gels,
followed by a semi-dry transfer (BioRad blotter) or wet transfer
(120 V, 1 h 20 min on a BioRad blotter) on a 0.2 um nitrocellulose
membrane. Membrane was blocked in 1xTBS buffer with 0.1%
Tween containing 5% milk for 1h at room temperature. Primary
antibody (listed in Dataset EV2) 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).
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Immunoprecipitations

GFP IP from sucrose cushions

For detecting UFL1 and RQC factors binding to nascent chain-
containing 60S ribosomes, RKO iCas9 cell lines expressing gRNA
against AAVSI (non-targeting control), NEMF, or UFM1 (gRNA
sequences are listed in Dataset EV2) were seeded in 10-cm dishes
(2 dishes per condition) in media supplemented with 450 nM
doxycycline for 48 h to induce expression of Cas9. Cells were then
transfected with 10 pg of plasmids containing CytoK20, or ERK20
reporters (Wang et al, 2020) 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 KCl, 5 mM MgCl,, 1% NP-40, 100 ug/mL
cycloheximide, 0.5mM 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 27 G needle,
and clarified on a table-top centrifuge at maximum speed
(20,000x g) for 20 min at 4°C. 700 pL of the lysate was layered
on top of 233 pL of sucrose cushion (1 M sucrose, 20 mM HEPES
pH 7.3, 120mM KCl, 5mM MgCl,, 100 pg/mL cycloheximide,
0.5mM DTT). Ribosomes were pelleted by centrifugation at
100,000x g for 1.5h 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 uL of resuspended GFP-Trap® Magnetic Particles (Chro-
moTek, 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, 195mM KCl, 5mM MgCl,, 0.5% NP-40, 100 pg/
mL cycloheximide, 0.1 mM DTT, 1x EDTA-free protease inhibitor
cocktail), and eluted in 30 uL of 1x SDS 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.

FLAG IP from cell lysate

HCT116 tetON OsTIR1 3xFLAG-UFMI1 or RKO iCas9 3xFLAG-
UFMI cell lines or their respective parental cell lines were seeded in
@15-cm dishes (2 dishes per condition) and treated with 200 nM
ANS for 1 h before collection, or untreated as a control. Cells were
washed with cold PBS and lysed on plate with ice-cold lysis buffer
(20 mM HEPES pH 7.3, 120 mM KCl, 15mM MgCl,, 1.5% w/v
digitonin, 100 pg/mL cycloheximide, 0.5 mM DTT, 1x EDTA-free
protease inhibitor cocktail). Cell lysates were further incubated on
ice for 10 min, passed three times through the 27 G needle, and
clarified on a table-top centrifuge at maximum speed (20,000x g)
for 20 min at 4 °C. For co-IP, 10 pg anti-FLAG M2 antibody was
coupled to 40 uL protein G Dynabeads (per 15-cm dish) in 1 mL
lysis buffer (without DTT/CHX) and coupled for 20 min at room
temperature on an end-over-end rotator. Beads were washed three
times with lysis buffer without DTT. Co-IP was performed from
700 uL of cleared cell lysates for 2h at 4°C on an end-over-end
rotator. Beads were washed three times with the wash buffer
(20 mM HEPES pH 7.3, 195mM KCl, 5mM MgCl,, 0,5% w/v
digitonin, 100 ug/mL cycloheximide, 0.1 mM DTT, 1x EDTA-free
protease inhibitor cocktail) and eluted in 30 uL of 1x SDS sample
buffer without DTT. Samples were incubated at 70 °C for 10 min,
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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 5min and loaded on a SDS-PAGE gel followed by
western blotting.

GFP IP from split GFP cells

HEK293 Sec61p split GFP or parental cell lines (Leonetti et al,
2016), a kind gift from Leonetti lab were seeded in 15-cm dishes (2
dishes per condition) and treated with 4 uM ANS for 3 h before
collection, or untreated as control. Cells were washed with cold PBS
and lysed on plate with ice-cold lysis buffer (20 mM HEPES pH 7.3,
150 mM KCl, 5 mM MgCl,, 1,5% w/v digitonin, 0.5 mM DTT, 1x
EDTA-free protease inhibitor cocktail). Cell lysates were further
incubated on ice for 10 min, passed three times through the 27 G
needle, and clarified on a table-top centrifuge at maximum speed
(20,000x g) for 20 min at 4 °C. Cleared cell lysates were treated with
2.5 pug RNase A (Thermo Scientific, EN0531) per 750 ng total RNA
for 20min at 25°C at 750 rpm. Immunoprecipitations were
subsequently performed with 25uL of resuspended GFP-Trap®
Magnetic Particles (ChromoTek, gtma-20) per dish, the beads were
incubated with 830 uL of cell lysate on a rotator at +4°C for 2 h,
washed three times with wash buffer (20 mM HEPES pH 7.3,
150 mM KCl, 5 mM MgCl,, 0.5% w/v digitonin, 0.1 mM DTT, 1x
EDTA-free protease inhibitor cocktail), and eluted in 25 uL of 1x
SDS sample buffer with 10 mM DTT, boiled at 95 °C for 5 min and
loaded on a SDS-PAGE gel followed by western blotting.

TUBE assays

For detecting polyubiquitinated proteins, RKO iCas9 cell lines
expressing gRNA against AAVSI (non-targeting control), UFM1,
or LTN1 (gRNA sequences are listed in Dataset EV2) were seeded
in 210 cm dishes (1 dish per condition) in media supplemented
with 450 nM doxycycline for 48 h to induce expression of Cas9.
Cells were then transfected with 10 pug of plasmids containing
ERKO, or ERK20 reporters (Wang et al, 2020) for 24h using
jetOPTIMUS® reagent according to the manufacturer’s instructions
(Avantor, 101000051). Before collection, cells were treated with
20 uM proteasome inhibitor MG132 or DMSO as a control for 3 h.
For collection, cells were washed in cold PBS, lysed on the plate
with ice-cold lysis buffer (20 mM HEPES pH 7.3, 120 mM KCI,
5 mM MgCl,, 1% NP-40, 1x EDTA-free protease inhibitor cocktail)
supplemented with 10 mM N-ethylmaleimide (NEM). Cell lysates
were further incubated on ice for 10min with intermittent
vortexing, passed through a 27 G needle three times, and clarified
in a tabletop centrifuge at maximum speed (20,000x g) for 20 min
at 4 °C. TUBE was inducibly expressed in E. coli Rosetta cells from
6His-TEVb-HaloTR-TUBE plasmid in pET28a backbone (MRC
PPU Dundee, obtained from MRC PPU reagents, https://
mrcppureagents.dundee.ac.uk/product/37522, DU23799) at 16 °C
overnight, bacterial pellet was lysed in lysis buffer (25 mM HEPES,
pH 7.4, 150mM NaCl, 0.5% NP-40 1x EDTA-free protease
inhibitor cocktail) supplemented with benzonase, sonicated and
cleared by 20,000x g centrifugation for 30 min at 4 °C. The cleared
bacterial lysate was conjugated to Halo beads (Promega, G7281)
overnight at 4°C on an end-over-end rotator, washed five times
with wash buffer (25 mM HEPES, pH 7.4, 1 M NaCl, 0.5% NP-40
1x EDTA-free protease inhibitor cocktail) and once with cell lysis
buffer (20 mM HEPES pH 7.3, 120 mM KCl, 5 mM MgCl,, 1% NP-
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40, 1x EDTA-free protease inhibitor cocktail, 10 mM NEM).
Cleared cell lysates were incubated with conjugated Halo-TUBE
beads for 3h at 4°C on an end-over-end rotator, washed three
times with wash buffer (20 mM HEPES pH 7.3, 495 mM KCI, 5 mM
MgCl,, 1% NP-40, 1x EDTA-free protease inhibitor cocktail)
supplemented with 10 mM N-ethylmaleimide (NEM) and eluted at
95 °C for 5 min in 1x SDS sample buffer with DTT added to a final
concentration of 10 mM.

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 Dataset EV2. 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. Seven-day-old seedling grown in
liquid 1/2 MS medium were treated with 100 uM anisomycin
(ANS) for 16 h 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 NacCl, 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 min. 10 pg
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 1h 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 min 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 was quantified using the iBright
Imaging analysis System (Thermo). The average relative intensities
and a standard error were calculated from three biological
replicates.

Graphics
Figs. 1A, 4C, 6 and synopsis were created with BioRender.com.

Statistical analysis and reproducibility

All experiments were performed at least three times unless
otherwise indicated in figure legends. Statistical analysis was
performed in GraphPad Prism 10 software using unpaired two-
sided Student ¢-test.

Data availability

Mass spectrometry proteomics data have been deposited at the
ProteomeXchange Consortium via the PRIDE partner repository
(Perez-Riverol et al, 2022) with the dataset identifier PXD071028.

The source data of this paper are collected in the following
database record: biostudies:S-SCDT-10_1038-S44318-026-00753-9.
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Expanded view data, supplementary information, appendices are
available for this paper at https://doi.org/10.1038/s44318-026-00753-9.
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The RQC and UFM1 E3 ligase machinery associate with stalled ribosomes.
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Figure EV4. The loss of LTN1 or UFM1 does not impair the ubiquitination of ERK20.

TUBE assays were performed from RKO iCas9 AAVS1 (non-targeting control), LTNT or UFM1 KO cell line upon 24 h expression of ERKO (A, C) or ERK20 reporter (B, D)
and 3 h treatment with 20 uM proteasome inhibitor MG132 or DMSO as control. Protein levels are analyzed by immunoblotting. Representative duplicates. FL full length,
AP arrested peptide, g glycosylation, * degradation products.
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2.2. Dual regulation of the unfolded protein response by IGF2BP3 during ER stress
2.2.1. Preamble

This manuscript addresses the regulation of the unfolded protein response (UPR), a conserved
set of signaling cascades that maintain ER homeostasis, by an RNA-binding protein IGF2BP3.
During ER stress, marked by an increase in misfolded proteins in the ER, the UPR is activated,
leading to transcriptional upregulation of ER chaperones, ER degradative machineries (ER-
associated degradation and ER-phagy), and lipid synthesis enzymes to increase ER size and,
consequently, its folding capacity. In addition to the transcriptional regulation, many UPR
effector mRNAs are also post-translationally regulated, however, the mechanism of this
regulation has not been understood.

This paper shows that the conserved RNA-binding protein IGF2BP3 binds UPR target
transcripts during ER stress, leading to their destabilization. This is achieved by increased
IGF2BP3 interaction with the mRNA decapping complex and the UPR sensor RNAse IRE1 during
ER stress. The destabilization of IGF2BP3’s target mRNAs reduces ER translational burden and
helps alleviate stress. Additionally, IGF2BP3 induces transcriptional reprogramming by
stabilizing the transcription factor HMGA?2, which, in turn, upregulates the transcription of
UPR target genes. This dual regulation relieves the translational burden under ER stress
conditions while ensuring a potent UPR response and maintaining ER proteostasis.

The work presented in this manuscript addresses the overarching question of this thesis: the
regulation of ER quality control and ER translational proteostasis.

This paper has been accepted for publication in Genes & Development on March 19, 2026
under the doi: 10.1101/gad.353291.125.

2.2.2. Contribution statement

For the following manuscript, | have established and optimized the aggresome assays,
performed puromycin incorporation assays, analyzed the data, and edited the manuscript
before submission.
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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, which correlates with a shift toward mRNA destabilization. Unexpectedly,
prolonged depletion of IGF2BP3 inhibits the UPR via decreased transcription of UPR target
genes. Together, our findings suggest that IGF2BP3 contributes to proteostasis during ER
stress through a dual mechanism: 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 (Travers, Patil et al. 2000, Lee, lwakoshi et al. 2003, Sriburi, Jackowski et al. 2004,
Bernales, McDonald et al. 2006, Acosta-Alvear, Zhou et al. 2007, Bommiasamy, Back et al.
2009, Schuck, Prinz et al. 2009, Schuck, Gallagher et al. 2014, Khaminets, Heinrich et al. 2015,
Fumagalli, Noack et al. 2016, Grumati, Morozzi et al. 2017). 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 (Lin, Li et al. 2007, Lu, Liang et al. 2014). 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 (Lin, Li et al. 2007, Lu, Liang et al. 2014).

While 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 (Harding,
Zhang et al. 1999, Harding, Zhang et al. 2000, Holcik and Sonenberg 2005, Walter P. and D.
2011). 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, Zhang et al. 1999,
Harding, Zhang et al. 2000, Holcik and Sonenberg 2005, Walter P. and D. 2011). During
translational shutdown, some translationally silenced mRNAs are protected from turnover,
whereas others are degraded (Buchan and Parker 2009, Buchan, Nissan et al. 2010, Protter
and Parker 2016). In parallel, the UPR sensor IRE1 cleaves ER-localized mRNAs via the
regulated IRE1-dependent decay of messenger RNAs (RIDD), proposed to decrease the protein
folding load in the ER (Hollien and Weissman 2006, Le Thomas, Ferri et al. 2021). 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 (Lu, Lawrence et al. 2014). 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 the
adaptation to developmental and metabolic changes or cellular perturbations (Hentze, Castello
et al. 2018, Gebauer, Schwarzl et al. 2021). Using immunoprecipitation coupled to mass
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spectrometry analyses (IP-MS/MS) of the UPR sensor IRE1, we previously revealed that it is
associated with a highly conserved RBP, IGF2BP3 (insulin-like growth factor 2 mRNA-binding
protein 3), in a stress-dependent manner (Acosta-Alvear, Karagoz et al. 2018). IGF2BPs are a
conserved family of RBPs that regulate mRNA fate by controlling target mRNA stability,
localization, and translation (reviewed in (Degrauwe, Suva et al. 2016)). |IGF2BPs were
proposed to protect mMRNAs from degradation by competing with microRNA binding (Jgnson,
Christiansen et al. 2014, Muller, Bley et al. 2018). 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
mRNAs harboring m7G modifications (Huang, Weng et al. 2018, Liu, Dou et al. 2024). Among
the three IGF2BP paralogs in mammalian cells, IGF2BP1 and IGF2BP3 are expressed at high
levels during early development (Leeds, Kren et al. 1997, Mueller-Pillasch, Pohl et al. 1999,
Mori, Sakakibara et al. 2001), regulate mRNAs involved in cell growth and migration (Yaniv and
Yisraeli 2002, Huttelmaier, Zenklusen et al. 2005, Noubissi, Elcheva et al. 2006, Bell, Wachter et
al. 2013, Jgnson, Christiansen et al. 2014, Conway, Van Nostrand et al. 2016), and are
therefore 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 (Hansen, Hammer et al.
2004, Bell, Wachter et al. 2013, Lederer, Bley et al. 2014).

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 mMRNA translation once the stress is relieved (Stohr, Lederer et al. 2006, Weidensdorfer,
Stohr et al. 2009, Huang, Weng et al. 2018). 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. To this end, we characterized the
interactome of the ER-tethered RNase IRE1, a key post-transcriptional regulator that binds and
cleaves ER-localized mRNAs during ER stress. In a previous work, we mapped the IRE1
interactome by IP-MS/MS in HEK293T and multiple myeloma cells and identified select RBPs
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associated with IRE1 (Acosta-Alvear, Karagoz et al. 2018). We hypothesized that RBPs that
interact 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, suggesting a robust association
with IRE1 and RNA-containing complexes (Supplemental Fig. S1A).

To test whether the ER stress-induced increase in IGF2BP3 association with IRE1 extended
across different cell types, we performed IPs of endogenous IRE1 followed by Western blot
analysis in HCT116 cells. IGF3BP3’s interaction with IRE1 increased 1.6-fold after 4 h of ER
stress compared to unstressed controls. To address whether IGF2BP3 and IRE1 are bridged by
RNAs, we performed IRE1 IPs in the presence of RNase. We found that the interaction between
IRE1 and IGF2BP3 was partially sensitive to RNase treatment, indicating that both RNA-protein
and protein-protein interactions contribute to their association (Fig. 1A). Consistent with this
result, we also recovered IRE1 using reciprocal IGF2BP3 pull-downs in HEK293T cells in an ER
stress-dependent manner (Supplemental Fig. S1B). From these results, we concluded that
during ER stress IRE1 and IGF2BP3 exist in RNA-protein complexes. The fact that these
complexes were identified across multiple cell types suggests their potential importance for
general cellular biology.

IGF2BP3 interacts with UPR target mRNAs

The mRNAs interacting with IGF2BP3 under steady-state conditions have been well established
(Hafner, Landthaler et al. 2010, Conway, Van Nostrand et al. 2016, Anisimova and Karag6z
2023), but it is unclear whether proteotoxic stress alters the binding landscape of IGF2BP3. To
address this, we defined IGF2BP3-bound mRNAs during ER stress in HCT116 cells using Infra-
Red Photoactivatable Ribonucleoside-enhanced Crosslinking and Immunoprecipitation (IR-
PAR-CLIP) (Anisimova and Karagoz 2023). Due to extensive RNase cleavage and presence of
T to C (T-C) transitions, which mark the crosslink position, this approach allows nucleotide-
resolution detection of RBP-interaction sites in target RNAs (Hafner, Landthaler et al. 2010).
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 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 relative
to the IgG controls with ~50% of the reads containing T-C transitions (Supplemental Fig. S1C).
To identify IGF2BP3-bound transcripts we performed T-C aware peak calling using PARalyzer
(Corcoran, Georgiev et al. 2011). Transcripts containing at least one cluster of IGF2BP3-
crosslinked reads with more than 25 gene counts per million (CPM) and over 50% T-C
conversions per read were considered IGF2BP3-bound. After correcting for transcript levels (IR-
PAR-CLIP CPM > transcriptome CPM), IR-PAR-CLIP identified 2313 IGF3BP3-bound
transcripts under homeostatic conditions (Supplemental Fig. S1D, Supplemental Table S1). 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
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induction (Fig. 1B). Under these conditions, IGF2BP3 interacted with a transcript set largely
overlapping that observed under control conditions, with 157 additional transcripts interacting
exclusively during ER stress (Supplemental Fig. S1D). These transcripts were enriched in
those involved in ER stress response and proteasomal degradation (Supplemental Fig. S1E).
We further defined a list of 2470 IGF2BP3-bound transcripts present in either control or ER
stress (4 h) conditions (Supplemental Table S$1). Gene ontology analyses of those mRNAs
revealed that regulation of transcription, protein degradation, differentiation, intracellular
communication, and response to ER stress were the top-enriched biological processes
(Supplemental Fig. S1F).

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
(Supplemental Fig. S1G) (Hafner, Landthaler et al. 2010, Anisimova and Karagéz 2023). While
IGF2BP3’s binding preference for 3' UTRs was not affected by ER stress, the IGF2BP3-binding
motifs showed distinct differences (Supplemental Fig. S2A). The top five 5 nt-long motifs
enriched in IGF2BP3-bound IR-PAR-CLIP reads included those with CA-rich sequences
common among IGF2BP3 binding motifs (Conway, Van Nostrand et al. 2016, Schneider, Hung
et al. 2019). 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 (Hafner, Landthaler et al. 2010). Fluorescence anisotropy
experiments demonstrated that purified IGF2BP3 binds RNAs containing the ACUGU motif,
which is enriched under ER stress, with an affinity comparable to that observed for the
canonical UCCAG and CAUUU motifs (Kd = 400 nM). In contrast, we only detected low-affinity

binding to a negative control RNA (Supplemental Fig. S2B, Supplemental Table S1). These
results indicated that IGF2BP3 associates with novel sequences during ER stress.

Next, we tested whether ER stress alters the pool of transcripts associated with IGF2BP3. 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 the major chaperones BiP (HSPA5) and DNAJB9 (Fig. 1C).
At the same time, some canonical targets of IGF2BP3, such as HMGA2 mRNA (Jgnson,
Christiansen et al. 2014), were depleted from the IGF2BP3-bound transcript pool (Fig. 1C). To
assess the binding of IGF2BP3 to the UPR target transcripts we defined 228 genes that were
upregulated at least 2-fold upon ER stress induction as “UPR-induced”. To account for changes
in MRNA levels, we next compared ER stress-induced changes in transcript levels with changes
in IGF2BP3-bound transcripts (Fig. 1D) and calculated an “IGF2BP3 binding” score by
normalizing the IR-PAR-CLIP reads to transcript levels (Fig. 1E, F). These analyses revealed
that IGF2BP3 binds UPR-induced transcripts to a similar extent in both homeostatic and ER
stress conditions, suggesting that for most genes the observed increase in IGF2BP3-bound
reads results from increased transcription of UPR target genes during ER stress. However,
while for multiple UPR targets IGF2BP3-bound reads increased linearly with increased
expression, some transcripts such as HSPA5 and HSP90B1, showed preferential IGF2BP3
binding during ER stress (Fig. 1F, G, Supplemental Fig. S2C). Additionally, we identified
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several novel IGF2BP3 targets, such as DDIT3, which were only expressed during ER stress
(Fig. 1B, G).

IGF2BP3 is a reader of m®A and internal m’G-modified RNAs (Huang, Weng et al. 2018, Liu,
Dou et al. 2024). As mRNA methylation is regulated under proteotoxic stress (Zhou, Wan et al.
2015, Wei, Harada et al. 2021), stress-induced changes in methylation could alter IGF2BP3
target association. We therefore tested whether these motifs are more frequent in IGF2BP3-
bound reads under ER stress than under unstressed conditions. m®A modifications
predominantly occur on consensus sequence motifs and are enriched in 5-DRA*CH-3'
sequences (DRACH, D=A, G or U; H=A, C or U) (Linder, Grozhik et al. 2015). Analysis of the
consensus DRACH motif in IGF2BP3-binding sites showed a stress-dependent increase in the
enrichment of this motif (Supplemental Fig. $S2D). Similarly, the consensus motifs for internal
m’G deposition derived from recent transcriptome-wide mapping approaches (Malbec, Zhang et
al. 2019, Zhao, Qing et al. 2023) showed a stress-dependent increase in the occurrence of
these motifs (GANGAN) in IGF2BP3-bound RNAs, indicating that the deposition of these
modifications might contribute to IGF2BP3’s RNA selectivity during ER stress (Supplemental
Fig. $2D). In line with these findings, the strongest IGF2BP3 binding peaks at the HSPAS5 3'
UTR correspond to experimentally confirmed m®A ((Liang, Ye et al. 2024), see Materials and
Methods) and m’G (Malbec, Zhang et al. 2019) deposition sites (Supplemental Fig. S2E).

Supporting our IP-MS/MS data, IGF2BP3 was bound to one-third of the transcripts interacting
with IRE1 during ER stress (Supplemental Fig. S2F). The IGF2BP3-binding sites did not
overlap with IRE1 RIDD cleavage sites on most of the common IRE1 and IGF2BP3-bound
mMRNAs. Those analyses suggested that IGF2BP3 binding does not compete with IRE1
(Supplemental Fig. S2G). 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 transcripts that are functionally
regulated by IGF2BP3. To this end, IGF2BP3 was depleted in colon carcinoma HCT116 cells by
CRISPR/Cas9-mediated knockout (Supplemental Fig. S3A) and transcriptome analyses were
performed under homeostatic and ER-stress conditions (Supplemental Table S2). 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 previous reports
(Lederer, Bley et al. 2014, Ennajdaoui, Howard et al. 2016, Mizutani, Imamachi et al. 2016,
Anisimova and Karagoz 2023) (Supplemental Fig. S3B). 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, left panel) and followed their levels upon IGF2BP3 depletion (Fig. 2B,
right panel). Transcriptome analysis showed that the levels of the UPR target transcripts were
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lower in IGF2BP3 knockouts compared to the parental cells under 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. 2C). 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 (Supplemental Table S2). Using an siRNA pool against IGF2BP3, we obtained 75
percent depletion in 48 hours in HCT116 cells (Supplemental Fig. S3C, 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 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 total and 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). The data suggested that IGF2BP3 depletion leads to the downregulation of the entire
pathway, possibly through secondary, indirect mechanisms. We confirmed these findings using
global proteomic analysis of wild-type cells and IGF2BP3 knockouts, demonstrating that
IGF2BP3 depletion decreased the protein abundance of UPR targets during ER stress (Fig. 2F,
Supplemental Fig. S3E, Supplemental Table S3). 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 not directly bound to IGF2BP3 also decreased upon
IGF2BP3 depletion, suggesting a secondary, indirect effect (Fig. 2B, C, D, F). Because
IGF2BP3 controls the stability of several mRNAs involved in transcriptional regulation, we
hypothesized that the indirect effects observed upon IGF2BP3 depletion result from
transcriptional reprogramming.

To uncover the primary mechanism of IGF2BP3-mediated regulation during ER stress, we
aimed to uncouple transcriptional reprogramming from post-transcriptional regulation. To test
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 (Herzog, Reichholf et al. 2017). 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 5 hours of ER
stress (with s*U added for the last two hours) (Supplemental Table S4). First, we followed
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changes in transcript levels synthesized during the 2 hours of the 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, C) indicating that IGF2BP3
indirectly contributes to transcriptional reprogramming, potentially by affecting the expression of
one or more transcriptional regulators. Indeed, several mMRNAs encoding for transcription factors
were downregulated upon IGF2BP3 depletion (Supplemental Fig. S4A).

To dissect this transcriptional circuitry, we focused on two of the top candidate regulators, whose
MRNA levels decreased strongly upon IGF2BP3 depletion. The canonical IGF2BP3 target
HMGA2 (Jgnson, Christiansen et al. 2014) (Supplemental Fig. S4B), which encodes a
nonhistone chromatin factor (Pfannkuche, Summer et al. 2009), and a forkhead box
transcription factor FOXD1 (Hatini, Huh et al. 1996, Quintero-Ronderos and Laissue 2018),
(Supplemental Fig. S4C). siRNA-mediated knockdown of either HMGA2 or FOXD1
significantly reduced levels of the UPR target transcripts specifically under ER stress, indicating
a functional contribution to the UPR (Fig. 3D, Supplemental Fig. S4D, E). In contrast, depleting
these factors did not affect the control transcripts UBC and EEF1A1, which are transcribed at
high rates but not ER stress-regulated, supporting the selective role of HMGA2 and FOXD1 in
UPR regulation (Supplemental Fig. S4F, G). Notably, HMGA2 knockdown also reduced
FOXD1 mRNA levels (Supplemental Fig. S4H), suggesting that HMGAZ2 acts upstream in this
transcriptional program. In line with this model, IR-PAR-CLIP did not detect IGF2BP3 binding to
FOXD1 mRNA (Supplemental Table S1). Moreover, depletion of either IGF2BP3 or HMGA2
produced similar effects on the UPR target transcripts, and co-depletion did not show an
additive effect (Supplemental Fig. S4l). These data suggest that HMGAZ2 is the primary driver
of the transcriptional programming downstream of IGF2BP3.

To systematically assess the contribution of post-transcriptional regulation to the levels of UPR
target transcripts, we calculated changes in mRNA stability by comparing per-gene average T-C
conversion rates following IGF2BP3 depletion. In SLAM-seq, T-C conversions mark newly
synthesized (s*U-labeled) RNA. The T-C conversion rate represents the ratio of T-C conversions
to the total T coverage per gene (see Materials and Methods) and therefore reflects the relative
contribution of newly synthesized versus pre-existing mMRNA. A decrease in the T-C conversion
rate indicates stabilization, whereas an increase indicates destabilization. Surprisingly, our
analyses showed that IGF2BP3 depletion increased the stability of IGF2BP3-bound transcripts,
including those encoding for the UPR target genes, particularly during ER stress (Fig. 3E,
Supplemental Fig. S4J). These data indicated that IGF2BP3-driven post-transcriptional and
transcriptional mechanisms control UPR transcript levels in opposing directions.

Consistent with IGF2BP3 adopting a more destabilizing function under stress, when
transcription was inhibited by actinomycin D (ActD) treatment, IGF2BP3 depletion increased the
levels of XBP1 (spliced and total) mMRNAs during ER stress (Fig. 3F, G, Supplemental Fig.
S4K). A similar trend was observed for DDIT3 (CHOP) (Fig. 3F, G). Notably, this destabilization
effect was specific to ER stress and was not observed for a non-target control transcript, UBC
(Supplemental Fig. S4L). 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
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transcription of the UPR target genes. This transcriptional regulatory mechanism supports
differential regulation of UPR target transcripts by IGF2BP3 during ER stress. The
transcriptional response is more potent, and this way, IGF2BP3 facilitates the UPR. This model
explains how IGF2BP3 depletion leads to decreased levels of the UPR target transcripts, while
its depletion increases the stability of its post-transcriptional targets. The IGF2BP3-driven dual
regulatory mechanism might allow cells to reduce the protein-folding burden while ensuring they
elicit a potent UPR during ER stress.

IGF2BP3 facilitates mMRNA 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, NACC?2) (An, Kim et al. 2004, Frietze,
Lupien et al. 2008, Xuan, Wang et al. 2013, Singh, Han et al. 2023). Notably, several of these
target MRNAs encoded transcription factors (ZNF385A), regulators of gene expression (HMGA?2,
CARM1, NACC2), 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 homeostatic conditions, IGF2BP3
binding is associated with destabilization of its target mMRNAs during ER stress (Fig. 3E). The
observed increase in IGF2BP3-mediated destabilization upon ER stress was specific for
IGF2BP3-bound transcripts (Fig. 3E) and was also evident at the level of total mRNA
abundance (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 destabilizing its target
transcripts.

Our data confirmed that IGF2BP3 stabilizes HMGA2 mRNA (Jgnson, Christiansen et al. 2014),
whereas it destabilizes ZFP36L1 mRNA (Ennajdaoui, Howard et al. 2016), as reported in earlier
studies (Fig. 4B, D, E). 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 protects this transcript from decay (Fig. 4B, C, D). The SLAMseq analyses further
showed that the regulation is achieved at the posttranscriptional level, as IGF2BP3 depletion did
not result in decrease of HMGAZ2 transcription (Supplemental Fig. S5A). Using RT-qPCR
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).

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
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also destabilizes under homeostatic conditions (Fig. 4B, C, Supplemental Fig. S5A). Both the
transcriptomics (Fig. 4B, C, D, Supplemental Fig. S5A) and RT-gPCR data (Fig. 4E) showed
that IGF2BP3 depletion increased the levels of a well-described target, ZFP36L1 mRNA under
homeostatic conditions supporting earlier work (Ennajdaoui, Howard et al. 2016) that proposed
IGF2BP3 facilitates ZFP36L1 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.

We next asked whether IGF2BP3-mediated mRNA degradation reduces translational burden
during ER stress. To measure global translational output, we performed puromycin incorporation
assays in wild-type and IGF2BP3-depleted cells under ER stress. IGF2BP3 knockdown resulted
in increased puromycin incorporation, indicating elevated translation (Fig. 4G, H). Importantly,
we found that depletion of IGF2BP3 under those conditions led to increased protein aggregation
(Fig. 4l). These results reveal the importance of IGF2BP3-mediated posttranscriptional
regulation in maintaining a balance between translation and protein folding during the ER stress.
To summarize, these findings suggest that IGF2BP3-dependent mRNA degradation helps limit
translational burden during ER stress.

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 (Ennajdaoui, Howard et al. 2016, Mizutani, Imamachi et al.
2016, Latifkar, Wang et al. 2022). 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
(Supplemental Table S5). 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 factors), mRNA splicing (spliceosome components, SR proteins),
export (THO complex subunits, MAGOH, RBMB8A) and translation (ribosomal proteins)
(Supplemental Table S5, Supplemental Fig. S6A, B), supporting the model that IGF2BPs are
loaded onto nascent transcripts in the nucleus and shuttle to the cytoplasm (Pan, Huttelmaier et
al. 2007). 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 these factors, our analyses identified an association of IGF2BP3 with the
RNA degradation machinery (RNA deadenylation and decapping complex, exosome, XRN1)
under both homeostatic and ER stress conditions (Supplemental Table S5, Supplemental Fig.
S6A). These data supported the notion that IGF2BP3 accompanies its mRNA targets from
synthesis to degradation.

To reduce complexity in our experiments, we aimed to eliminate long-distance RNA-bridged
interactors and treated the samples with RNase. RNase treatment reduced the abundance of
many interactors, suggesting that they associate with IGF2BP3 through RNA-bridged
interactions. Nonetheless, most of its interactors were still detected in the co-IP likely because a

10



440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483

large portion of IGF2BP3s is embedded within mRNP complexes that are inaccessible to
RNases (Supplemental Fig. S6C). The highly RNase-sensitive interactors were enriched for
proteins involved in mRNA splicing, maturation and export (Supplemental Fig. S6D). 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. The RBPs FXR1/2, RNases IRE1 and XRN1, and the components of the
decapping machinery (EDC3, EDC4, DCP1A, DCP2) were comparatively RNase-resistant,
indicating that they are part of more compact assemblies with IGF2BP3 mediated by both
protein and RNA interactions (Supplemental Fig. S6C).

While ER stress caused only modest changes in IGF2BP3 binding to the majority of interacting
proteins, its association with a subset of proteins, including RNase IRE1, increased (Fig. 5A),
supporting our initial findings (Fig. 1A, Supplemental Fig. S1A, B). Notably, during ER stress,
IGF2BP3 bound more strongly to all components of the mRNA decapping machinery (EDC3,
EDC4, DCP1A, DCP2) (Fig. 5A, B, Supplemental Fig. S6E), which is in line with the increase
of its 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. 5C,
D). 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. 5E,
F). These data suggested that increased interaction of IGF2BP3 with the mRNA decapping
machinery might enable more efficient degradation of its target mMRNAs 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
(Jumper, Evans et al. 2021, Evans, O’Neill et al. 2022, Mirdita, Schutze et al. 2022). In
AlphaFold, a high interface-predicted template modeling score (ipTM score > 0.6) indicates high
confidence interfaces. Since our dataset contained many RBPs with disordered 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
(Jumper, Evans et al. 2021, Evans, O’'Neill et al. 2022, Mirdita, Schutze et al. 2022). The
AlphaFold2-Multimer screen identified 14 highly confident IGF2BP3 protein interactors with an
average PEAK score larger than 0.75. EDC3 was the second top interactor of IGF2BP3 with
an average PEAK score of 0.87 (Fig. 5G). To validate those findings, we performed
AlphaFold3 (Abramson, Adler et al. 2024) prediction with subdomains of IGF2BP3 and EDC3.
IGF2BP3 comprises two N-terminal RNA-recognition motif (RRM) domains and four K
Homology (KH) domains connected with two disordered linkers (Schneider, Hung et al. 2019).
EDC3 comprises an N-terminal SM domain connected to the YjeF domain by a long
disordered segment (Tritschler, Eulalio et al. 2007) (Fig. 5H, 1). The AlphaFold3 prediction of
the complexes formed between the proteins’ subdomains revealed that the RRM2 domain of
IGF2BP3 interacts with the YjeF domain of EDC3 with high confidence (ipTM = 0.72) (Fig. 5H,

11



484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527

I, Supplemental Fig. S7A). 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 (Supplemental Fig. S7A).

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 it IGF2BP3-4A mutant (Fig. 51). We confirmed that IGF2BP3-4A mutant
behaves as wild-type IGF2BP3 during purification (Supplemental Fig. S7B). Moreover, we
found that purified IGF2BP3-4A displays secondary structure features comparable to those of
the wild-type protein (Supplemental Fig. S7C), indicating mutations do not impact IGF2BP3
stability. We next co-expressed GFP-tagged wild-type EDC3 with FLAG-tagged wild-type
IGF2BP3 or IGF2BP3-4A in HCT116 IGF2BP3 knockout cells and performed pulldown
experiments to assess the interaction. Our data revealed that the IGF2BP3-4A mutant is
largely impaired in binding to EDC3 (Fig. 5J, K), indicating that the interaction surface
identified by the Alphafold predictions is essential for IGF2BP3 binding 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 (Jia, Gut et al. 2018, Schneider, Hung et al.
2019). In other RNA-binding proteins, the RRM domains also participate in protein—protein
interactions (Maris, Dominguez et al. 2005); we now show that RRM2 mediates IGF2BP3’s
binding to EDC3 and does not overlap with RNA-binding by the RRM1 domain (Jia, Gut et al.
2018) (Fig. 5l). Similarlyy, EDC3 dimerization is mediated by its YjeF domain, and the
IGF2BP3 binding does not interfere with its self-association (Ling, Decker et al. 2008).

To determine the functional relevance of this interaction, we reintroduced wild-type IGF2BP3 or
the IGF2BP3-4A mutant into IGF2BP3 knockout cells via lentiviral transduction. After confirming
expression levels comparable to endogenous IGF2BP3 (Supplemental Fig. S7D, E), we
evaluated the impact of disrupting the IGF2BP3-EDC3 interaction on target transcripts by RT-
gPCR. Expression of the IGF2BP3-4A mutant resulted in higher levels of IGF2BP3 target
mRNAs (Fig. 5L). In contrast, it did not affect control mMRNAs, which were not destabilized by
IGF2BP3 (Supplemental Fig. S7F), supporting our model. Interestingly, ZFP36L1 levels were
unchanged upon disruption of the IGF2BP3—decapping complex interaction, consistent with a
proposed miRNA-dependent mechanism for its degradation (Ennajdaoui, Howard et al. 2016).
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 of folding and maturation of secreted and
transmembrane proteins, which together comprise approximately one-third of the proteome.
Cells need to rapidly adapt to changes in ER protein-folding demands, as separating protein
synthesis and folding into distinct compartments poses a challenge. To overcome this, cells use

12



528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571

diverse post-transcriptional and translational mechanisms to adjust the ER protein-folding load.
Here, we discovered that IGF2BP3-driven post-transcriptional mechanisms facilitate mRNA
degradation, as well as indirectly tune transcription to generate gene regulatory networks that
promote 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 (Acosta-Alvear, Karagoz et al. 2018), here we explored the role of IGF2BP3 in
post-transcriptional regulation of mMRNA fate during ER stress. Our IR-PAR-CLIP analyses
revealed that IGF2BP3 binds to UPR target transcripts during ER stress, including those
encoding the major ER chaperones (BiP, calreticulin) and the 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. The SLAMseq analyses revealed that upon ER stress
IGF2BP3 indirectly promotes transcriptional branches of the UPR, while simultaneously
facilitates degradation of its broad mRNA target pool. This IGF2BP3-driven dual regulation
helps cells to decrease cellular protein folding burden while enabling them to efficiently express
UPR target mRNAs (Fig. 6).

Mechanistically, IGF2BP3 activates the UPR by stabilizing its canonical direct target, HMGAZ2.
HMGAZ2 is a non-histone chromatin factor that controls gene expression by altering chromatin
architecture (Pfannkuche, Summer et al. 2009) and supports transcriptional programs linked to
embryonic development (Zhou, Benson et al. 1995) and oncogenesis (Fedele, Berlingieri et al.
1998, Mansoori, Mohammadi et al. 2021). Our experiments identify HMGA2 as a key mediator
of IGF2BP3-driven transcriptional regulation of UPR genes. Notably, we identified FOXD1, a
forkhead box transcription factor ;(Hatini, Huh et al. 1996, Quintero-Ronderos and Laissue
2018), as a downstream target of HMGAZ2 that contributes to UPR activation. The transcriptional
branches of the UPR are controlled by a complex network of transcription factors (Jimenez-
Beltran, Valle-Bautista et al. 2026). In line with this, our data show that HMGA2 promotes
transcriptional feedback loops and upregulates multiple UPR genes across all three branches.
Supporting our findings, HMGA2 was shown to promote ATF4 transcription (Luo, Zhang et al.
2023).

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. 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 (Jgnson, Christiansen et al. 2014). Notably, under mild ER stress, IGF2BP3
protects HMGAZ2, but under harsher ER stress conditions, IGF2BP3 binding to HMGA2 mRNA
decreases, leading to less efficient stabilization and reduced HMGAZ2 transcript levels. This
mechanism may contribute as a negative regulator of the UPR, helping to prevent excessive
activation. Beyond the UPR, HMGAZ2 regulates key programs in embryonic development, stem
cell maintenance, and tumorigenesis (Pfannkuche, Summer et al. 2009, Ashar, Chouinard et al.
2010, Vignali and Marracci 2020). Therefore, the decrease in HMGAZ2 levels during ER stress
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might also affect these processes, suggesting a broader impact of IGF2BP3-mediated
regulation under stress.

IGF2BP3 stabilizes its target mMRNAs during heat shock stress (Huang, Weng et al. 2018),
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. Importantly, IGF2BP3 depletion increased
global translational output and protein aggregation under ER stress conditions, highlighting the
physiological relevance of IGF2BP3-mediated mRNA destabilization.

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
findings. Supporting our findings, we further show that disrupting IGF2BP3-EDC3 interaction
increases the levels of MRNAs destabilized by IGF2BP3. Altogether, we conclude 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 mRNA 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 (Lederer, Bley et al. 2014,
Mizutani, Imamachi et al. 2016, Xu, Sheng et al. 2019). Similarly, physiological UPR contributes
to development and differentiation, while cancer cells hijack this process to promote their growth
(Salvagno, Mandula et al. 2022). 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

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 (Natsume, Kiyomitsu et al. 2016). RKO cells expressing doxycycline-
inducible Cas9 were a kind gift from Johannes Zuber (IMP, Vienna, Austria) (de Almeida,
Hinterndorfer et al. 2021). HEK293T cells expressing splitGFP-IGF2BP3 were a kind gift of
Manuel Leonetti established using published protocols (Leonetti, Sekine et al. 2016). HEK293T
cells expressing split mMNeonGreen-EDC3 were a kind gift of Manuel Leonetti (Chen-Zuckerberg
Biohub, USA (Cho, Cheveralls et al. 2022)).

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). 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
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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 5min in 1x SDS sample buffer
(50 mM Tris-HCI pH 6.8, 2% SDS, 0.1% Bromophenol blue, 10% glycerol, 20 mM 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 (Supplemental Table S6)
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 (Supplemental Table S6) 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). Near-infrared Western blotting was performed as described above with the following
modifications. Membranes were blocked in Intercept (TBS) Blocking Buffer (LICORbio). Primary
antibodies were diluted in Intercept (TBS) Blocking Buffer (LICORDbio) supplemented with 0.15%
Tween 20, and secondary antibodies (IRDye 800CW Goat anti-rabbit, LICORbio) in Intercept
T20 (TBS) Antibody Diluent (LICORDbio). Before imaging, membranes were an additional three
times in TBS (5 min each) and imaged on LICOR Odyssey CLx fluorescence imager.

IR-PAR-CLIP of IGF2BP3 — sequencing library preparation and data processing

The detailed protocol for the infrared (IR) PAR-CLIP of IGF2BP3 is described in (Anisimova,
Karag6z, 2023). 125 million (5x @15 cm dishes) HCT116 inducible tetON OsTIR1 cells were
used per condition. 100 yM 4sU (Sigma) was added to the cell culture media 15 h prior to
collection. ER stress was induced with 5 uyg/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-IgG 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 v2.0.1(Liao, Smyth et al. 2014). 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) (Robinson, McCarthy et al. 2010). GO term analysis was performed with
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Enrichr webserver (Chen, Tan et al. 2013, Kuleshov, Jones et al. 2016). Redundancy in GO
terms was reduced using GOSemSim (Yu, Li et al. 2010) and rrvgo (Sayols 2023). Full GO term
enrichment lists are shown in supplementary materials.

IR-PAR-CLIP of IGF2BP3 - matching transcriptome library preparation and data
processing

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 (Peqlab, VWR) and transcriptome
libraries were prepared with QuantSeq 3' mMRNA-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 glmQLFTest (Robinson and Oshlack 2010).

IR-PAR-CLIP of IGF2BP3 — 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
(Corcoran, Georgiev et al. 2011) (ini file is available in Supplemental Table S6). 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 (Egorov, Sakharova et al.
2019). The enrichment of 5-nt motifs in IGF2BP3 PAR-CLIP reads was analyzed with HOMER
v4.11 (Heinz, Benner et al. 2010), findMotifs.pl command using shuffled background. m6A and
m7G motif enrichment analysis was done for IR-PAR-CLIP reads (replicates were pooled per
condition) using MEME suite SEA (simple enrichment analysis) (Grant 2021). Motif enrichment
was calculated either over shuffled sequences or pooled IR-PAR-CLIP reads for particular
condition (indicated in figure legends). Positions of methylation sites for HSPA5 were mapped
based on miCLIP-seq data from m6A Atlas 2.0 (Liang, Ye et al. 2024) (datasets GSE152633
(Cho, Lee et al. 2021), GSE161304 (Cotter, Gallon et al. 2021), GSE137675 (Jia, Chai et al.
2019), GSE98623 (Vu, Pickering et al. 2017) from m6A and m7G miCLIP-seq (Malbec, Zhang et
al. 2019). 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
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For IGF2BP3 knockout cell line generation, gRNA sequences (clones E4 and A3:
5TGGCACCGACTGATAGAGCT 3'; clone D12: 5’ACGCGTAGCCAGTCTTCACC 3') were
cloned into the pSpCas9 (BB)-2A-GFP (PX458) (plasmid #48138; Addgene) (Ran, Hsu et al.
2013). 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
(Mongroo, Noubissi et al. 2011). 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. For depletion of
HMGA2 and FOXD1, cells were transfected with SMARTpool siRNAs (Dharmacon) targeting
HMGA2 (L-013495-00-0005) and FOXD1 (J-011862-00-0005) at 50 nM for 48 h. ON-
TARGETplus nontargeting siRNA pool (Dharmacon, D-001810-10-05) was used as a control.

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 (Hornegger,
Anisimova et al. 2024) containing Dual-sgRNA_hU6-mUG6 vectors described in (de Almeida,
Hinterndorfer et al. 2021) expressing two sgRNAs against |IGF2BP3 (5
TGGCACCGACTGATAGAGCT 3' and 5 GAAGATACTTTCTAGGTCCG 3') or against non-
coding locus AAVS1 ) 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.

Establishment of HCT116 cell lines expressing IGF2BP3 4A mutant

For establishment of HCT116 cell lines expressing IGF2BP3 WT and 4A mutant at endogenous
levels, HCT116 tetON OsTIR1 IGF2BP3 KO (clone A3) cells were transduced with lentiviral
particles (produced and transduced as described in (Hornegger, Anisimova et al. 2024)
containing the plenti-CAG-IRES-GFP vector (Lu, Middleton et al. 2014) (Addgene #69047) with
full-length IGF2BP3 WT and 4A mutant (I88A, P90A, H91A, W94A). IGF2BP3 sequences were
cloned into the plenti-CAG-IRES-GFP vector using EcoRI and Xhol restriction sites. To achieve
expression levels comparable to endogenous IGF2BP3, GFP-positive cell populations were
gated for high, middle, and low GFP expression levels and sorted in two consecutive rounds on
Cytek Aurora CS™ Cell Sorter at Max Perutz Labs BioOptics FACS Facility. The expression
levels of IGF2BP3 WT and 4A mutant were compared to those in the HCT116 tetON OsTIR1
cell line using near-infrared western blotting, and populations with endogenous IGF2BP3 WT
and 4A mutant levels were selected.

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

HCT116 tetON OsTIR1 IGF2BP3 knockout clones E4, A3, and D12 (in duplicates) and parental
cells (four replicates) were treated with 5 pg/mL TM for 4 hours (1:1000 DMSO was used as a
control). Total RNA was isolated using peqGOLD TriFast (Peglab, VWR), treated with RNase-
free DNase | (NEB), and re-purified with peqGOLD TriFast (Peqglab, VWR). RNA precipitation
was done using the isopropanol method. Total RNA sequencing libraries were prepared with
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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 (Robinson and Oshlack
2010).

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) 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) 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 (Robinson
and Oshlack 2010).

Comparison of the RKO transcriptome upon doxycycline-inducible Cas9- and siRNA-
mediated depletion of IGF2BP3

IGF2BP3 depletion was induced in RKO iCas9 cells with 250 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 (Herzog, Reichholf et al. 2017). 4-thiouridine (s*U) was added to cell
culture media at 250 uM 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 (Herzog,
Reichholf et al. 2017). 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
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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
(lumina) 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 v2.7.5c 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 gimQLFTest (Robinson and Oshlack 2010). 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 Supplemental Table S2. 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 uM 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 (Herzog, Reichholf et al. 2017). 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) 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 using the conversion-aware nf-core/slamseq analysis pipeline v1.0.0
(Neumann, Herzog et al. 2019, Ewels, Peltzer et al. 2020) with default parameters. T-C
conversion rates were calculated using the slamdunk pipeline (Neumann, Herzog et al. 2019).
The T-C conversion rate values are ratios of T-C conversions to the total T coverage at each T-
position within annotated 3' UTR. Position-wise conversion rates were averaged across all T
positions per gene to obtain a gene-level T-C conversion rate. T-C conversion rates reflect the
fraction of newly synthesized RNA and inversely correlate with mRNA stability estimates. 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 gimQLFTest (Robinson
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and Oshlack 2010)). 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 lIsolation kit (Molecular Tools Shop, Vienna BioCenter). During the isolation
RNA was treated with DNase | (M0O303S, 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 qPCR
primers are listed in Supplemental Table S6. mRNA levels were calculated relative to RPL6
levels. mMRNA decay rate constants and half-lives were calculated from ordinary least-squares
linear regression of In-transformed mRNA levels over time following actinomycin D treatment, as
described previously (Chen, Ezzeddine et al. 2008).

Puromycin incorporation assay

HCT116 WT cells were depleted of IGF2BP3 using siRNA pools as described in “Establishment
of IGF2BP3 knockout cell lines and siRNA knockdown” section, or transfected with control non-
targeting siRNA. One well from a 24-well plate was used per condition. ER stress was induced
by a 4-hour treatment with 5 pg/mL TM (1:1000 DMSO was used as a control). Cells were
treated with 20 pg/mL puromycin 30 min before collection. Cells were collected in 100 pL of
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. Samples for Western
Blot were prepared as described in “Western blotting” section.

Aggresome detection assay

Aggresome detection was performed using Enzo PROTEOSTAT® Aggresome Detection Kit
(ENZ-51035-0025). HCT116 WT cells were depleted of IGF2BP3 using siRNA pools as
described in “Establishment of IGF2BP3 knockout cell lines and siRNA knockdown” section, or
transfected with control non-targeting siRNA. One well from a 6-well plate was used per
condition. ER stress was induced by a 4-hour treatment with 5 yg/mL TM (1:1000 DMSO was
used as a control). Cells were washed in cold PBS and collected by trypsinization. Cells were
pelleted by centrifugation at 400 g for 5 min, and the pellet was washed twice with PBS. At the
last wash, cells were resuspended in ~200 yL of remaining PBS and fixed by adding the cell
suspension dropwise into 1 mL of 4% formaldehyde solution in PBS and incubated on room
temperature for 30 min. Fixed cells were collected by centrifugation at 800 g for 15 min and
washed once with 1 mL of PBS. After centrifugation at 800 g for 15 min, supernatant was
discarded, cells were permeabilized by adding the cell suspension into 1 mL of cell
permeabilization buffer (0,5% Triton X-100, 3 mM EDTA pH 8, in 1x commercial assay buffer
from Enzo PROTEOSTAT® Aggresome Detection Kit) and incubated for 30 min on ice. Cells
were collected by centrifugation at 800 g for 15 min at 4°C, supernatant was discarded and cells
were washed with 1 mL of PBS. The resulting cell suspension was filtered through the strainer
cap of a Fluorescence-activated cell sorting (FACS)-compatible BD tube and the suspension
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was centrifuged at 800 g for 15 min at 4°C. After removing supernatant, remaining cell pellet
was stained by resuspending it in 500 uL of freshly diluted 1:200 PROTEOSTAT® Aggresome
Detection Reagent in 1x assay buffer from the kit. After 30 min incubation at room temperature
protected from light, the samples were analysed by FACS on Bio-Rad ZE5 Cell Analyzer in 488
nm excitation and 583/52 nm emission filter.

Total proteome of IGF2BP3 KO HCT116 cells — sample preparation

Parental HCT116 tetON OsTIR1 cells and IGF2BP3 full knockout (clone A3) cells were grown to
~70% confluency and treated with 100 ng/mL TM for 8 hours (1:50,000 DMSO was used as a
control). Cells were washed twice with 10 mL of ice-cold PBS, collected by scraping and
pelleting at 500 g at 4°C for 5 min, flash frozen in N2I, and stored at -80°C. Four replicates per
condition were collected. The cell pellets were lysed in heated 2% sodium deoxycholate 0.1 M
Tris/HCI pH 8.8 at 95°C for 10 min. Then it was sonicated in Bioruptor for 5 cycles 30/30 second
with level H in a cold room. When it was cooled down, 1 uL benzonase was added and
incubated on ice for 30 min followed by another sonication in Bioruptor for 5 cycles 30/30
second with level H in a cold room. It was kept on ice for another 10 min before centrifuged at
10°C 15000 g for 10 min to pellet cell debris. The supernatant was transferred to a new tube
and the protein concentration was measured with a microBCA assay (Thermofisher). About 50
Mg protein in 25 pyL was reduced with 1 pL of 250 mM dithiothreitol (DTT) for 30 min at 50°C
before adding 1 pL of 500 mM iodoacetamide and incubating for 30 min at room temperature in
the dark. Remaining iodoacetamide was quenched with 0.5 yL of 250 mM DTT for 10 min. The
solution was diluted to 1% sodium deoxycholate using 25 yL 50 mM ammonium bicarbonate.
Proteins were digested with 0.5 pg LysC (mass spectrometry grade, FUJIFILM Wako chemicals)
in 0.5 yL 50 mM ammonium bicarbonate at room temperature for 3 h, then digested further with
1 g trypsin (Trypsin Gold, Promega) in 1 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 2%. Then the samples were centrifugated at 14000rpm for 10min and the supernatant was
transferred to a new tube and the supernatant was desalted using a 96-well OASIS MCX
MElution plate (Waters, 30 um particle size, 186001830BA) following the manufacturer’s protocol.
and the supernatant was desalted using a 96-well OASIS MCX puElution plate (Waters, 30 um
particle size, 186001830BA) following the manufacturer’s protocol.

Total proteome of IGF2BP3 KO HCT116 cells — liquid chromatography-mass spectrometry
LC-MS analysis was performed on a Vanquish Neo UHPLC system (Thermo Scientific) coupled
to an Orbitrap Astral mass spectrometer (Thermo Scientific). The system was equipped with a
Nanospray Flex ion source (Thermo Scientific), and a Column Heater (lonOpticks) connected to
a Heater Controller (lonOpticks). Peptides were loaded onto a trap column (PepMap Neo C18
5mm x 300 ym, 5 pm particle size, Thermo Scientific) using 0.1% TFA as mobile phase, and
separated on an analytical column (Aurora Ultimate XT C18, 25 cm x 75 ym, 1.7 pym particle
size, lonOpticks), applying a linear gradient starting with a mobile phase of 98% solvent A (0.1%
FA) and 2% solvent B (80% acetonitrile, 0.08% FA), increasing to 35% solvent B over 60 min at
a flow rate of 300 nl/min. The analytical column was heated to 50°C. The mass spectrometer
was operated in data-independent acquisition (DIA) mode. Survey scans were acquired from
380-980 m/z, normalized AGC target of 300%, resolution of 240,000 in the orbitrap with a
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maximum 5ms injection time. In total, 149 MS2 spectra were acquired across a mass range of
380.4-980.7 m/z using an isolation window of 4 m/z with 0 m/z overlap between windows.
Window placement optimization is on. Selected ions were analyzed using a maximum injection
time of 5ms, normalized AGC target of 500% after HCD fragmentation with normalized collision
energy of 25% in the Astral detector. MS2 scan range is 150-2000. The loop control is time with
a 0.6 s cycle.

Total proteome of IGF2BP3 KO HCT116 cells — Mass spectrometry data analysis

MS raw data were processed with Spectronaut (20.4, Biognosys). The library-free DirectDIA+
workflow was employed for analysis of the raw files, the H. sapiens 1 protein per gene reference
proteome from Uniprot (Proteome ID: UP000005640, release 2025 _01), concatenated with a
database of 379 common laboratory contaminants (release 2025 01,
https://github.com/maxperutzlabs-ms/perutz-ms-contaminants), and an entry for P17861-2. The
cleavage specificity was set to full trypsin specificity (Trypsin/P), with two missed cleavages
allowed. Carbamidomethyl was used as fixed cysteine modification; methionine oxidation and
protein N-terminal acetylation were specified as variable modifications. Cross-run normalization
was disabled, and all other settings were used at their default values.

fied as variable modifications. Cross-run normalization was disabled, and all other settings were
used at their default values.

riable modifications. Cross-run normalization was disabled, and all other settings were used at
their default values.

Computational analysis was performed using Python and the in-house developed Python library
MsReport (0.0.32) (Hollenstein, Maurer-Granofszky et al. 2023). Only non-contaminant proteins
identified with a minimum of two peptides and being quantified in at least two replicates of one
condition were considered for further analysis. LFQ protein intensities were log2-transformed
and normalized across samples using the ModeNormalizer from MsReport. The
ModeNormalizer method involves calculating log2 protein ratios for all pairs of samples and
determining normalization factors based on the modes of all ratio distributions. Missing values
were imputed by drawing random values from a normal distribution. Sigma and mu of this
distribution were calculated per sample from the standard deviation and median of the observed
log2 protein intensities (4 = median sample LFQ intensity — 1.8 standard deviations of the
sample LFQ intensities, 0 = 0.3 x standard deviation of the sample LFQ intensities). iBAQ
intensities were calculated by dividing protein intensities by the number of theoretically
observable tryptic peptides between 6 and 30 amino acids. To estimate the relative protein
abundances within each sample, the iBAQ intensities were normalized by dividing them by the
total sum of iIBAQ intensities for all proteins in the sample. Statistical analysis was performed
using the linear models for microarray analysis (limma) v.3.54.2 (Ritchie, Phipson et al. 2015)
package in R. Moderated t-statistics were calculated using the limma-trend method, and
multiple testing correction was applied using the Benjamini-Hochberg method. The Python
library XIsxReport (0.1.1) was used to create formatted Excel files summarizing the results of
the proteomics experiments (Supplemental Table S3).

Co-Immunoprecipitation of endogenous IGF2BP3 followed by mass spectrometry —
sample preparation
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One @15 cm dish of 80% confluent HCT116 WT cells was used per condition. To induce ER
stress, cells were treated with 5 yg/mL 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 uL 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 pL 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 pL of the clarified lysate. Beads were
washed five times with 1 mL of wash buffer (25 mM HEPES pH 7.3, 150 mM NaCl, 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 yL 1M
Tris pH 8.0. Disulfide bonds were reduced with 3.2 pL of 250 mM dithiothreitol (DTT) for 30 min
at room temperature before adding 3.2 pL of 500 mM iodoacetamide and incubating for 30 min
at room temperature in the dark. Remaining iodoacetamide was quenched with 1.6 pL of 250
mM DTT for 10 min. Proteins were digested with 300 ng trypsin (Trypsin Gold, Promega) in 3 pL
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 (Rappsilber, Mann et al. 2007).

Co-Immunoprecipitation of endogenous IGF2BP3 followed by mass spectrometry —
Liquid chromatography-mass spectrometry analysis

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
pum, 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.
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Co-Immunoprecipitation of endogenous IGF2BP3 followed by mass spectrometry —
Proteomics data analysis

The RAW MS data were analyzed with FragPipe (20.0), using MSFragger (4.1) (Kong,
Leprevost et al. 2017). lonQuant (1.10.27) (Yu, Haynes et al. 2021) and Philosopher (5.0.0) (da
Veiga Leprevost, Haynes et al. 2020) . 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/maxperutzlabs-
ms/perutz-ms-contaminants).

Computational analysis was performed using Python and the in-house developed Python library
MsReport (version 0.0.24, (Hollenstein, Maurer-Granofszky et al. 2023)). 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 (Ritchie, Phipson et al.
2015) 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 (Chen,
Tan et al. 2013). Redundancy in GO terms was reduced using GOSemSim (Yu, Li et al. 2010,
Kuleshov, Jones et al. 2016) and rrvgo (Sayols 2023). Full GO term enrichment lists are shown
in supplementary materials.

Co-Immunoprecipitation of endogenous IRE1

One @15 cm dish of 80% confluent HCT116 WT cells was used per condition. To induce ER
stress, cells were treated with 5 pyg/mL TM for 4 hours, 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 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 anti-IRE1 antibody (SantaCruz,
clone B-12, sc-390960, lot# J2521) were coupled to 40 pL of protein G Dynabeads (Invitrogen)
in 1 mL of the lysis buffer for 20 min rotating at room temperature, washed three times with 1 mL
of the lysis buffer, washed twice in 0.3 mL of the conjugation buffer (20 mM sodium phosphate,
150 mM NaCl, pH 7.5) and crosslinked to the Dynabeads with 5 mM bissulfosuccinimidyl
suberate (BS3) in 1 mL of the conjugation buffer for 30 min rotating at room temperature. The
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reaction was quenched by addition of 25 yL 1 M Tris-HCI (pH 7.5) followed by 15 min incubation
rotating at room temperature. The Dynabeads with the crosslinked antibody were washed three
times with 0.5 mL of the lysis buffer, resuspended in the original bead volume (40 uL) and
added to 200 uL of the clarified lysate. The lysate was incubated with the beads for 3 hours at
4°C. Beads were washed three times with 1 mL of the wash buffer (25 mM HEPES pH 7.3,
150 mM NaCl, 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.
Proteins were eluted in 25 L of 1x SDS sample buffer at +95 °C for 5 min, loaded on SDS-
PAGE and analyzed by western blotting as described above (Supplemental Table S6).

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 ug/mL 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 uL 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 40 pL 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 yL 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 (Supplemental Table S6).

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 qift from Elisa |zaurralde (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
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 (Supplemental Table S6).
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In silico screening of IGF2BP3 protein-protein interactions

Protein-protein interaction screening of IGF2BP3 was performed using the AlphaFold2 Multimer
(Jumper, Evans et al. 2021, Evans, O’'Neill et al. 2022, Mirdita, Schutze et al. 2022) via the HT-
ColabFold pipeline (Hohmann, Graf et al. 2024) . 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 (Abramson, Adler et al. 2024). 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.

IGF2BP3 protein expression and purification

Full-length IGF2BP3 WT and 4A constructs were cloned into a pGEX-6P-2 vector containing an
N-terminal GST-tag and a 3 C cleavage site. Protein purification was performed as described in
(Hornegger, Anisimova et al. 2024). Specifically, the proteins 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, pelleted and frozen in liquid nitrogen. Proteins were purified by resuspending the pellet in
GST lysis buffer (25mM HEPES pH 7.2, 1M NaCl, 5% glycerol, 2mM DTT, 0.5 mM PMSF,
2mM EDTA) and lysing the cells in a EmulsiFlex C3 homogenizer. After pelleting non-soluble
cell debris was removed by centrifugating the lysate at 40,000 g for 30 min at 4 °C. Proteins
were loaded onto a GST HiTrap HP 5mL column, washed with GST wash buffer (25 mM
HEPES pH 7.2, 500 mM NaCl, 5% glycerol, 2 mM DTT, 0.5 mM PMSF, 2 mM EDTA) and eluted
with a gradient of 20 mM reduced glutathione in GST wash buffer. Bound nucleotides were
removed by loading the proteins onto a Heparin HiTrap HP 5 mL column 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, 2mM EDTA)
and eluting them with a gradient of 1 M NaCl in wash buffer. The GST-tag was cleaved off by
incubating the eluted protein with GST-3C overnight at 4 °C. The tag and the 3 C protease were
separated by running the cleaved protein over a GST HiTrap 5mL column using the same
buffers as during the affinity purification. The flow through was pooled and further purified via
size exclusion chromatography (SEC). Proteins were eluted with SEC buffer (25 mM HEPES,
150 mM NaCl, 2 mM DTT). Protein concentration was measured using a Nanodrop.

Analytical Size Exclusion Chromatography

Purified IGF2BP3 WT and IGF2BP3 4A proteins were diluted to 20 yM in SEC buffer (25mM
HEPES 7.2, 150mM NacCl, 2mM DTT) and centrifuged at 14,000 x g for 10 min at 4 °C to
remove insoluble aggregates. 20 pl of each sample was injected onto a Superdex 200 Increase
5/150 GL column (Cytiva) equilibrated in Size Exclusion Chromatography (SEC) buffer and
connected to an AKTA pure micro chromatography system (Cytiva) at 4 °C. Proteins were
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separated at a flow rate of 0.1 ml/min. Elution was monitored by UV absorbance at 280 nm.
Fractions were collected in 50 pl increments. Fractions corresponding to elution volumes
between 1.4 ml and 1.8 ml, spanning the main absorbance peak at 280 nm, were analyzed by
SDS-PAGE using self-cast 12% acrylamide gels under denaturing and reducing conditions.
Electrophoresis was performed at 200 V for 45 min. Proteins were visualized by Coomassie
staining.

Circular Dichroism

Purified IGF2BP3 WT and IGF2BP3 4A were thawed, centrifuged at 4 °C for 15 min at 20,000 g
and dialyzed into 1 L circular dichroism buffer (25 mM Potassium Phosphate, 150 mM (NH.)2
SO4 pH 7.3) overnight at 4°C using 3.5 kDa MWCO dialysis tubing (Thermofisher, LOT:
X352983). Next day, proteins were centrifuged at 4 °C for 15 min at 20,000 g and diluted to 0.2
mg/ml with circular dichroism buffer. The CD spectral measurement was performed at 20 °C in a
1 mm pathlength quartz cuvette using a Chirascan Plus CD Spectrometer (Applied
Photophysics) in triplicates. The spectrometer was purged with nitrogen overnight. The purge
check and the absolute lower wavelength and high voltage signal quality checks were
performed preceding the sample measurement (1 nm bandwidth, 0.5 step size, 0.5 s integration
time). The circular dichroism buffer background spectrum was acquired and subtracted prior to
spectral analysis in GraphPad Prism (192 nm to 260 nm). For each spectrum, normalization
was performed using the minimum and maximum intensity values measured within the 192-260
nm wavelength range as reference points. The circular dichroism spectroscopy measurement
was performed at the Protein Technologies Facility at Vienna BioCenter Core Facilities (VBCF),
member of the Vienna BioCenter (VBC), Austria.

Fluorescence Anisotropy

Fluorescence polarization assays were performed between IGF2BP3 WT and 5’-fluorescein-
labeled RNA probes (5'FluorT-AAUCCAGAA, 5FluorT-AACAUUUAA, 5FluorT-AAACUGUAA,
5'FluorT-AAAAAAAAA; synthesized and RNase-Free HPLC purified by Integrated DNA
Technologies Germany GmbH, Germany) as follows. IGF2BP3 WT was thawed and centrifuged
for 15min at 20,000g and 4°C. The sample with the highest protein concentration was
prepared in anisotropy buffer (25 mM HEPES 7.2; 150 mM NaCl) in a 384 well plate (Corning). A
concentration series was created by diluting the sample 1:1 with anisotropy buffer. Final protein
concentrations ranged from 3.9 nM to 4 uM. 1pul of 10 x RNA containing buffer (250 nM RNA, 25
mM HEPES, 150 mM NaCl, pH 7.2) was added per well to reach a final concertation of 25 nM of
fluoresceine-labelled RNA in 10 uL reaction volume. Subsequently, samples were incubated for
30 min on ice. The fluorescence anisotropy was measured in triplicates using a TECAN Sparc
spectrofluorometer at 525 nm with a band width of 20 nm at 20 °C and an excitation wavelength
of 485 nm, a band width of 10 nm, 30 flashes with gain 75, automatic mirror setting, 0 s settling
time and Z-position at 19300 um. The G-factor was determined once for every experiment and
used to calculate the anisotropy by measuring 25 nM RNA in anisotropy buffer in the beginning
of the experiment. The fluorescence anisotropy value was calculated by the manufacturer’s
software. KD’s were calculated in GraphPad Prism by using a dose response curve to fit the
data using following model Y = bottom + (top-bottom)/(1+10”((log10(Kd)-log10(x))*n)).
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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 (Perez-Riverol, Bai et al. 2022) with the dataset identifiers:
PXDO073640 — Total proteome of IGF2BP3 CRISPR/Cas9 knockout cells in control and ER
stress conditions

PXD060548 — Co-Immunoprecipitation of endogenous IGF2BP3 followed by mass spectrometry
in control and ER stress conditions
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1255  Figure 1. IGF2BP3 interacts with the UPR target mRNAs.

1256  A. Western blot of IGF2BP3 showing its association with IRE1 after immunoprecipitation of
1257  endogenous IRE1 from HCT116 WT cells treated with ER stress-inducing drug TM at 5 ug/mL
1258  for 4 hours with or without RNase in the washes. B. Normalized read count numbers (CPM) for
1259 IGF2BP3-bound reads (IR-PAR-CLIP) and total transcript levels (QuantSeq) of selected UPR
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target genes upon ER stress induction with TM at 5 pg/mL for 1 and 4 hours. Data are the mean
+ s.d of n=3 biological replicates. P values were calculated by unpaired two-sided Student’s t-
test. C. Volcano plot showing changes in IGF2BP3 IR-PAR-CLIP CPM upon ER stress
treatment. P values were calculated by edgeR gimQLFTest. D. Scatter plot comparing changes
in IGF2BP3 IR-PAR-CLIP read counts with the total transcriptome changes (QuantSeq) upon
ER stress treatment. E. 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. F. Volcano plot showing
changes in IGF2BP3 binding (IR-PAR-CLIP CPM / QuantSeq CPM) upon ER stress and control
conditions. IGF2BP3-bound transcripts are shown. n=3 biological replicates. P values were
calculated by edgeR gimQLFTest. G. Representative IGF2BP3 IR-PAR-CLIP coverage
examples. Where not indicated otherwise, ER stress was induced with TM at 5 pg/mL for 4
hours. For IR-PAR-CLIP and transcriptome experiments n=3 biological replicates. *P < 0.05; **P
<0.01; **P < 0.001; ****P < 0.0001.
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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 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 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 two-sided Wilcoxon test. D. Boxplot showing changes in
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transcript levels upon siRNA-mediated IGF2BP3 for IGF2BP3-bound transcripts, UPR targets,
and IGF2BP3-bound UPR targets. n=3 biological replicates. P values were calculated by two-
sided Wilcoxon test. E. RT-qPCR analyses of relative mRNA levels for UPR targets (HSPAS,
XBP1 spliced and total, ATF4, DDIT4) in IGF2BP3 KO and parental cells treated with 100 ng/mL
TM for 7 hours. n=4 biological replicates. P values were calculated by unpaired two-sided
Student’s t-test. F. Boxplot showing changes in protein levels (total proteome mass
spectrometry) upon IGF2BP3 KO for all identified proteins and UPR targets (upregulated more
than 25% in ER stress than in control, P value adj. < 0.05, total proteome). ER stress was
induced with 100 ng/mL TM for 7 hours. P values were calculated by two-sided Wilcoxon test.
n=4 biological replicates.

If not indicated otherwise, ER stress was induced with TM at 5 pg/mL for 4 hours. For the
transcriptome analysis IGF2BP3 KO cell three clones (in duplicates) and parental cells in
quadruplicate were used. In RT-gPCR analyses, mRNA levels were normalized to RPL6. *P <
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 3. IGF2BP3 shapes the UPR through transcriptional feedback loops.

A. Design of the thiol (SH)-linked alkylation for the metabolic sequencing of RNA (SLAMseq)
experiment. IGF2BP3 is depleted for 48 hours using siRNA. Prior to collection cells were treated
with TM at 5 pg/mL or with DMSO as a control for 5 h. In the last 2 hours 100 yM 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
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two-sided Wilcoxon test. C. SLAMseq de novo (T-C) CPM values for selected UPR target genes
(XBP1, DDIT4, and DDIT3). Data are the mean + s.d of n=4 biological replicates. P values were
calculated by unpaired two-sided Student’s t-test. D. RT-gPCR of HSPAS, XBP1 spliced, and
ATF4 in unstressed cells and cells treated with TM at 100 ng/mL for 8 hours upon siRNA-
mediated depletion of HMGAZ2 (upper panel) and FOXD1 (lower panel). Data are the mean * s.d.
of n=4 biological replicates. P values were calculated by unpaired two-sided Student’s t-test. E.
Boxplot showing changes in estimated transcript stability upon ER stress following siRNA-
mediated IGF2BP3 depletion for IGF2BP3-bound transcripts, IGF2BP3-bound UPR targets, and
non-IGF2BP3 bound transcripts (IR-PAR-CLIP CPM / QuantSeq CPM < 0.1). 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. F. RT-gPCR analyses of degradation rates of the UPR targets XBP1 (spliced)
and DDIT3 upon siRNA-mediated depletion of IGF2BP3. HCT116 cells were treated with TM at
250 ng/mL for 4 hours and the transcription was blocked with 5 pg/mL ActD for indicated time
points. Data are the mean + s.e. of n=4 biological replicates. P values were calculated by paired
two-sided Student’s t-test. G. Barplots showing results of RT-qPCR analyses of XBP1 (spliced)
and DDIT3 total mRNA levels in unstressed cells and cells treated with TM 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 unpaired two-sided Student’s t-test.

For the SLAMseq experiments n=4 biological replicates. In RT-gPCR analyses, mRNA levels
were normalized to RPL6. *P < 0.05; **P < 0.01; **P < 0.001; ****P < 0.0001.
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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

36



1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358

normalized to siControl conditions for selected genes regulated by IGF2BP3. Data are the mean
+ s.d of n=3 biological replicates. P values were calculated by unpaired two-sided Student’s t-
test. Numbers indicate normalized mean data. D. Barplots showing total RNA-seq CPM values
for HMGA2 and ZFP36L1. Data are the mean % s.d of n=3 biological replicates. P values were
calculated by unpaired two-sided Student’s t-test. E. Barplots showing results of RT-gPCR
analyses of HMGAZ2 and ZFP36L1 in unstressed cells and cells treated with TM at 5 pg/mL for 6
hours upon siRNA-mediated depletion of IGF2BP3. Data are the mean % s.d. of n=3 biological
replicates. P values were calculated by unpaired two-sided Student’s t-test. F. RT-gPCR
analyses of degradation rates for HMGA2 and ZFP36L1 upon siRNA-mediated depletion of
IGF2BP3. HCT116 cells were treated with TM at 5 ug/mL for 3 hours and the transcription was
blocked with ActD for indicated time points. Data are the mean + s.e. of n=3 biological replicates.
P values were calculated by paired two-sided Student’s t-test. G. Western blot showing global
protein synthesis (30 min puromycin pulse) upon siRNA-mediated depletion of IGF2BP3 in ER
stress conditions. H. Quantification of G. Data are the mean * s.d. of n=3 biological replicates. P
values were calculated by unpaired two-sided Student’s t-test. I. Flow cytometry analysis of
aggresome formation using the ProteoStat dye upon siRNA-mediated depletion of IGF2BP3 in
ER stress conditions. Data are the mean % s.d. of n=3 biological replicates. P values were
calculated by unpaired two-sided Student’s t-test.

For the transcriptome analyses n=3 biological replicates. In RT-gPCR analyses, mRNA levels
were normalized to RPL6. ER stress was induced with 5 ug/mL TM for 4 hours. *P < 0.05; **P <
0.01; ***P < 0.001; ****P < 0.0001.
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Figure 5. ER stress promotes the association of IGF2BP3 with mRNA decapping complex.
A. Volcano plot comparing interactome of endogenous IGF2BP3 (co-IP-MS analysis) in control
and ER stress conditions. Proteins whose interaction with IGF2BP3 is largely resistant to RNase
treatment (<50% reduction) are shown. B. Normalized LFQ values for selected examples of
IGF2BP3 interacting proteins that increase interaction with IGF2BP3 upon ER stress. Data are
the mean % s.d. of n=3 biological replicates. C. Western blot showing association of EDC4 with
IGF2BP3 upon ER stress after immunoprecipitation of GFP-IGF2BP3 from HEK293T cells. *
IGF2BP2 isoforms recognized by the polyclonal anti-IGF2BP3 antibody. D. Quantification of C.
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Data are the mean + s.d. of n=3 biological replicates. P values were calculated by unpaired two-
sided Student’s t-test. E. Western blot showing association of IGF2BP3 with EDC3 upon ER
stress after immunoprecipitation of mNeonGreen-EDC3 from HEK293T cells. * split-
mNeonGreen-EDC3 degradation product. F. Quantification of E. G. Violin plot of AlphaFold2-
Multimer (Jumper, Evans et al. 2021, Evans, O’Neill et al. 2022, Mirdita, Schutze et al. 2022)
PEAK scores predicting putative protein-protein interactions between full-length IGF2BP3 and
IGF2BP3 interaction partners identified using co-IP-MS. H. Domain architecture of IGF2BP3
and EDCS3. I. Predicted structural model (AlphaFold3) (Abramson, Adler et al. 2024) 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 (Jia, Gut et al.
2018). IGF2BP3 residues 188, P90, H91, W94 are shown in red. J. 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.
K. Quantification of J. Data are the mean * s.d. of n=3 biological replicates. P values were
calculated by unpaired two-sided Student’s t-test. L. RT-qPCR of IGF2BP3 target mRNAs in
HCT116 cells expressing IGF2BP3 WT or the IGF2BP3 4A mutant. mRNA levels were
normalized to RPL6 and shown relative to IGF2BP3 WT. Data are the mean + s.d. of n=3
biological replicates. P values were calculated by unpaired two-sided Student’s t-test.

For IGF2BP3 co-IP-MS analysis n=3 biological replicates. ER stress was induced with 5 pg/mL
TM for 4 hours. *P < 0.05.

39



1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
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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 mMRNAs can either promote
their degradation or increase stability. Under homeostatic conditions, there is a 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 mRNAs,
through increased interaction of IGF2BP3 with mRNA decapping complexes and, potentially,
with the ER stress sensor RNase IRE1. Upon ER stress, IGF2BP3 indirectly elicits potent UPR
by stabilizing mMRNA encoding a secondary transcriptional regulator of the UPR, HMGAZ2. 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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Supplemental Figure S1. 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, Karagoz et al., 2018 (Acosta-Alvear, Karagoz 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 TM at 5 ug/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. For IR-PAR-CLIP and transcriptome experiments n=3
biological replicates.
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Supplemental Figure S2. A. 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 on pooled replicates. B. Fluorescence
anisotropy experiments of full-length IGF2BP3 WT and 5'-fluorescein-labeled RNA probes
containing the indicated motif. Data are the mean + s.d of n=3 technical replicates. The curves
represent the fit of the Hill equation (see Materials and Methods). C. IGF2BP3 binding values
(IR-PAR-CLIP CPM / QuantSeq CPM) for selected genes. Data are the mean + s.d of n=3
biological replicates. P values were calculated by unpaired two-sided Student’s t-test. D. Motif
enrichment analysis of IGF2BP3 IR-PAR-CLIP reads for m6A consensus motif DRACH and
m7G consensus motif GANGAN. First, the motif enrichment was calculated for the DMSO
control samples over scrambled background. Next, the motif enrichment was calculated for the
samples treated with TM for 4 hours using DMSO control sample as a background. Analysis
was performed using MEME suite SEA software on pooled replicates. E. Representative
IGF2BP3 IR-PAR-CLIP coverage example for 3' UTR of HSPAS. m6A ((Liang, Ye et al. 2024),
see Materials and Methods) and m7G (Malbec, Zhang et al. 2019) methylation sites are
highlighted. F. Venn diagram showing the intersection between IGF2BP3 and IRE1 PAR-CLIP
targets (Acosta-Alvear, Karagoz et al. 2018) in control and ER stress conditions. G.
Representative IGF2BP3 IR-PAR-CLIP coverage of IRE1 targets XBP1 and CD59. *P < 0.05;
**P <0.01; ***P<0.001; ****P < 0.0001.
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Supplemental Figure S3. A. Western blot of parental and IGF2BP3 KO HCT116 cell lines
(clones A3, D12 and E4). * 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. n=2 technical replicates. E. Volcano plot of total proteome changes upon
IGF2BP3 KO in ER stress conditions. n=4 biological replicates. P values were calculated using
limma-trend moderated t-test.
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Supplemental Figure S4. A. Table showing log2(IGF2BP3 depletion / control) values for
transcriptional regulators (GO:0140110) that were downregulated more than 10% or 5% upon
IGF2BP3 CRISPR/Cas9- or siRNA-mediated depletion, respectively, under ER stress conditions.
B. Western blot showing HMGA2 levels upon siRNA-mediated depletion of IGF2BP3. C.
FOXD1 transcript levels (RNA-Seq, CPM) upon siRNA-mediated depletion of IGF2BP3. Data
are the mean = s.d. of n=3 biological replicates. P values were calculated by edgeR gimQLFTest.
D. Western blot confirming siRNA-mediated depletion of HMGA2 * unspecific band. E. RT-qPCR



confirming siRNA-mediated depletion of FOXD1. F and G. RT-gPCR of control transcripts UBC
and EEF1A upon siRNA-mediated depletion of HMGA2 and FOXD1, respectively. H. RT-gPCR
of FOXD1 upon siRNA-mediated depletion of HMGAZ2. I. RT-gPCR comparing levels of HSPAS,
XBP1 spliced, and ATF4 upon siRNA-mediated depletion of IGF2BP3, HMGAZ2, or combined
depletion of both. J. Boxplot showing changes in estimated transcript stability (T-C conversion
rates) in unstressed conditions following siRNA-mediated IGF2BP3 depletion for IGF2BP3-
bound transcripts, IGF2BP3-bound UPR targets, and non-IGF2BP3 bound transcripts (IR-PAR-
CLIP CPM / QuantSeq CPM < 0.1). P values were calculated by two-sided Wilcoxon test. K and
L. RT-gPCR analyses of degradation rates of the UPR target XBP1 (total) and the control
transcript UBC upon siRNA-mediated depletion of IGF2BP3. HCT116 cells were treated with TM
at 250 ng/mL for 4 hours and the transcription was blocked with 5 pg/mL ActD for indicated time
points. Data are the mean + s.e. of n=4 biological replicates. P values were calculated by paired
two-sided Student’s t-test. For the SLAMseq experiments n=4 biological replicates. In RT-gPCR
analyses, mRNA levels were normalized to RPL6. ER stress was induced with 100 ng/mL TM
for 8 hours. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Supplemental Figure S5. A.Barplots showing SLAMseq de novo (T-C CPM) transcript levels
for selected transcripts regulated by IGF2BP3. Data are the mean * s.d of n=4 biological
replicates. P values were calculated by unpaired two-sided Student’s t-test.
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Supplemental Figure S6. A. Volcano plot of co-IP-MS analysis of endogenous IGF2BP3 upon
ER stress (TM, 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. 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). C. Volcano plots comparing IGF2BP3
interactome with and without RNase treatment. D. GO term enrichment analysis of IGF2BP3-



interacting proteins that decreased their association with IGF2BP3 upon RNase treatment (P
value adj. < 0.05). E. GO term enrichment analysis of IGF2BP3-interacting proteins that
increased their association with IGF2BP3 upon ER stress for more than 20%. For IGF2BP3 co-
IP-MS analysis n=3 biological replicates.



Analytical SEC fractions

150 104 IGF2BP3
SM_YjeF 100) e me———— . [
50 g === IGF2BP3 WT 5 - WT
RRM1/2 |0.27 [0.72 2010 °w 4A
4 £g
e ipT™M 30 23
£ | linkert-KH1/2|0.090.08| score 2501 o £
& 08 1501 3e
{5 | KH1/2-linker2|0.12[0.14 BDA 1 R oo e g
[&]
= — 0.2 50 IGF2BP3 4A
linker2-KH3/4 [0.16| 0.08 401 200 220 0 0
301 Wavelength, nm
AMD1 FASTKD5
o 1.00 0.49 0.85 0.90 g ns  ns ns ns
e 3 —_ = —_ =
W <
63-] 0 £
o mwr
fa 2 05 05
Qe £ O 4A
35 GAPDH g ® 00 00
D O W >
Qa‘e‘;%?ﬁi%?rbﬁe?ﬁh ER stress - + - +
NCatcdarcy

Supplemental Figure S7. A. Matrix showing AlphaFold3 ipTM scores between separate
domains of IGF2BP3 and EDC3. B. Coomassie-stained SDS-PAGE of fractions from analytical
size-exclusion chromatography (SEC) of IGF2BP3 WT and the IGF2BP3 4A mutant. C. Circular
dichroism spectra of IGF2BP3 WT and the IGF2BP3 4A mutant. Data are the mean * s.d. of
n=3 technical replicates. D. Near-infrared Western blot showing expression levels of IGF2BP3
WT and the IGF2BP3 4A mutant introduced into IGF2BP3 KO HCT116 cell line. * IGF2BP2
isoforms recognized by the polyclonal anti-IGF2BP3 antibody. E. Quantification of D. Data are
the mean * s.d. of n=2 technical replicates. F. RT-gPCR of control mRNAs in HCT116 cells
expressing IGF2BP3 WT or IGF2BP3-4A mutant. mRNA levels were normalized to RPL6 and
shown relative to IGF2BP3 WT. Data are the mean % s.d. of n=3 biological replicates. P values
were calculated by unpaired two-sided Student’s t-test. ER stress was induced with 5 ug/mL TM
for 4 hours.
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3. Discussion

UFMpylation was shown to be important for ER homeostasis. However, the precise function of
this modification and its role have remained elusive. The work of this thesis provided a
mechanistic insight into the precise role of UFMylation in ER protein quality control by
dissecting the course of events upon ribosome stalling at the ER, and the interdependence of
RQC and UFMylation machineries.

3.1. Ribosome rescue and RQC are implicated in ER protein quality control

RPL26 is UFMylated upon ribosomal stalling during co-translational protein translocation into
the ER lumen’®%’, and this modification is required for the clearance of the stalled ribosomes
at the ER®%%7, However, factors that recognize and clear UFMylated ribosomes, as well as the
precise timing and role of UFMylation in the ER quality control, were incompletely
understood. In order to discover pathways contributing to the clearance of UFMylated
ribosomes at the ER, we performed proteomics on FLAG immunoprecipitates of ribosomal
fractions from FLAG-UFM1 cell lines upon ribosome stalling. We identified the RQC
component NEMF as specifically associated with UFMylated ribosomes in a stalling-dependent
manner. Additionally, using IP-WB experiments, we confirmed stalling-specific association of
NEMF and LTN1 with the UFMylated ribosomes at RPL26. These data showed that the RQC
components directly interact with UFMylated ribosomes and are directly involved in their
clearance. In addition, the Sec61f IPs upon ANS-induced stalling show specific enrichment of
UFMylated RPL26 with the translocon, indicating that UFMylated ribosomes are ER-bound.

Since the RQC machinery was recruited to UFMylated ribosomes at the ER in a stalling-
dependent manner, | wanted to test whether the ribosome rescue steps are also facilitated
by the same machinery on the ER as upon cytosolic stalled ribosomes. Unlike the mechanism
of cytosolic stalling, the events following ribosome stalling during co-translational protein
targeting into the ER have been scarcely studied. Given the topological constraints of the
translocon-docked ribosome at the ER membrane and the physical separation of the cytosolic
ribosome rescue factors and the RQC, a question arises as to which factors are needed to
properly clear the stalled ribosomes at the ER. Using biochemical and cellular assays, | have
shown that the cytosolic ribosome recognition and rescue factors ZNF598 and ASC-1 complex
can access the stalled ribosomes at the ER. The previously shown phenotype of increased
read-through upon the loss of these two components in cells expressing cytosolic stalling
reporters®®®3 was recapitulated in our system with the ER-targeted stalling reporter ERK20
(initially described here®’). Another study showed that the loss of these factors led to
increased read-through of ER-stalling reporters with alternative topologies, and only a short
folded domain before the stalling-inducing poly(A) stretch8. These data show that the initial
recognition and ribosome splitting steps upon ribosome stalling are functioning in the same
way for ribosomes stalled at the ER as the cytosolic stalled ribosomes.

3.2. Both the RQC and UFMylation are needed for the clearance of RNCs at the ER

There is some evidence that the RQC components NEMF and LTN1 can access stalled peptides
in the ER'32. Apart from the RQC, the inability to UFMylate RPL26 in cells without the C-
terminal tail of RPL26 also causes the accumulation of the peptides stalled at the ER®.
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However, it was unclear whether these two machineries act on the same pathway and what
the precise course of events after ribosome stalling at the ER is.

To answer these questions, | depleted cells of components of the RQC or the UFMylation
system and assessed accumulation of the ERK20 stalling reporter. Given the redundancy of
quality control pathways and the cellular adaptation to individual component loss, we used
an inducible knockout system that allows a precise time control of the depletion during the
drug treatment only. Similar experiments were also performed using siRNA-mediated
depletion, allowing temporary, controlled depletion of proteins of interest as an independent
validation. The level of the ERK20 reporter increased upon depletion of RQC and UFM1,
indicating that ERK20 is cleared by those pathways. Importantly, this increase was comparable
in the absence of RQC components and the UFMylation machinery, therefore, both of the
pathways are necessary for the clearance of stalled peptides at the ER and they likely act on
pathway. This phenotype is in contrast to the clearance mechanism of the ribosomes stalled
in the cytosol, which needs only the RQC machinery for degradation®%®®, underlying the
specific role of UFMylation in ER-bound ribosome clearance.

3.3. Ribosome recognition and splitting upon stalling at the ER are prerequisites for
UFMylation

After establishing that both RQC and UFMylation are needed for clearance of stalled
ribosomes at the ER, | addressed the order of signaling events upon stalling induction at the
ER is. To understand this cross-talk, | implemented the same strategies of temporary protein
depletion as described in Chapter 3.2. and assessed the effects of loss of ribosome recognition
and rescue factors, as well as of RQC components, on UFMylation. Upon ribosomal stalling
induced by ANS, | observed a decrease in UFMylation of RPL26 when ribosome recognition
and splitting factors, namely ZNF598, the ASC-1 complex, and Pelota, were depleted. This
effect was specific to stalling, as | did not observe a change in UFMylation levels under steady-
state conditions. This showed us that ribosome recognition and splitting are necessary steps
before UFMylation. RPL26 UFMylation levels were not completely abolished without
ribosome rescue factors, but instead went down to the steady-state UFMylation levels. As
UFMylation is also required for 60S-translocon interaction release upon translation
termination at the ER’”’%, the residual levels should correspond to the background level of
UFMylation responsible for empty 60S subunit release.

In contrast, under the same steady-state conditions, the loss of RQC factors increased
UFMylation. This result showed that the RQC plays a constant background surveillance role,
detecting emerging RQC substrates and catalyzing their degradation. The impact of LTN1
depletion on RPL26 UFMylation was previously reported in neurons, showing the same
phenotype: increased UFMylation3*. The inability to degrade UFMylated post-split 60S-
peptidyl-tRNA complexes in cells depleted of NEMF or LTN1 leads to their accumulation,
thereby increasing UFMylation. However, upon ribosome stalling, loss of NEMF and LTN1 did
not cause further increase in RPL26 UFMylation levels. This phenotype can be explained by a
strong increase in UFMylation upon ANS-mediated stalling induction, exhausting the
UFMylation pool and hindering further increases in UFMylation levels.
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To specifically test the impact of loss of ribosome rescue and RQC components on UFMylation
upon ER stalling, | repeated these experiments in cells expressing cytosolic or ER-targeted
stalling reporters, CytoK20 or ERK20, respectively. Upon loss of ribosome recognition factor
ZNF598 and the ribosome-splitting factor ASC-1 complex, UFMylation levels decreased in cells
expressing ERK20. Loss of Pelota did not affect UFMylation levels, as expected, since Pelota
acts on 3’-end truncated mRNAs, whereas ERK20 serves as a reporter that causes internal
ribosome stalling. In contrast to ERK20, neither the cytosolic stalling reporter nor the ER-
targeted control reporter ERKO showed an impact on UFMylation upon loss of ribosome
rescue components. Interestingly, we observed an increase in UFMylation in cells expressing
ERK20 and depleted of NEMF, indicating that UFMylation is independent of NEMF binding,
confirming our earlier findings that NEMF associates with UFMylated 60S subunits. Also, the
loss of tRNA release RQC factor ANKZF1 did not significantly increase UFMylation, showing
that UFMylation is independent of ANKZF1’s activity and, therefore, independent of the
nascent chain release. Altogether, this data shows that UFMylation happens on the 60S-
peptidyl-tRNA complexes upon ribosomal stalling at the ER.

3.4. UFML1 E3 ligase binds 60S-peptidyl-tRNA complexes

The large gap in understanding the role of UFMylation in ER homeostasis stems from a
conundrum: the reported UFM1 E3 ligase binds to empty 60S subunits upon translation
termination at the ER””78, while the proposed role of UFMylation is to clear arrested
polypeptides at the ER. The structural data show that the UFM1 E3 ligase binds empty 60S
subunits in @ manner incompatible with the simultaneous binding of the 40S subunit, the
translocon, or the tRNA’”78, However, based on structural models, we hypothesized that the
UFM1 E3 ligase can adopt conformations that enable its binding to the post-split 60S-peptidyl-
tRNA complexes upon ribosomal stalling at the ER. To investigate this, | used the ER stalling
reporter ERK20 and immunoprecipitated nascent chains from bulk ribosomal fractions,
thereby enriching for ribosome-nascent chain complexes (RNC) and their interactors. | showed
that UFL1, the catalytic component of the UFM1 E3 complex, coprecipitates with RNCs upon
induction of ribosome stalling at the ER. Therefore, UFM1 E3 ligase can adopt an alternative
conformation that allows its binding while the nascent chain, along with the tRNA, remains
attached to the 60S subunit. This alternative mode of binding can be achieved due to a
flexibility of C-terminal domain of UFL1 which is connected to the tandem WH domains
through a disordered hinge region’”-’8, which allows for the displacement of the C-terminal
region to accommodate the bound tRNA, while ensuring extensive contacts with the 60S
ribosomal subunit through the rest of UFL1’'s WH domains, CDK5RAP3, and DDRGK1 (see

Chapter 2.1. Figure 4).

| also tested the impact of the loss of RQC components on UFL1 binding to 60S-peptidyl-tRNA
complexes. | show that UFL1 binding is not impacted by NEMF loss, meaning that NEMF
binding is not a necessary prerequisite for the binding of UFM1 E3 ligase. In the pulldowns
from NEMF-deficient cells, | observed UFMylated RPL26, indicating that the function of the
UFM1 E3 ligase is not dependent on NEMF, and probably precedes it. The confirmation of our
experimental approach is presented through the specificity of NEMF pulldowns only from cell
lysates expressing the stalling-inducing reporter, as well as the dependence of LTN1
interaction on NEMF, which was previously shown for cytosolic stalled ribosomes®*. These
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results also show that the same 60S-peptidyl-tRNA complex can be recognized by both the
RQC and the UFMylation machineries, as evidenced by the binding of UFL1 and NEMF/LTN1
in the same pulldowns. This finding was confirmed in a recent structural paper showing that
UFL1’s C-terminal domain rotates back on itself, allowing the simultaneous binding with
NEMF, with which it directly interacts, forming an augmented B-sheet?!. Therefore, UFM1 E3
ligase can recognize post-split 60S-peptidyl-tRNA complexes as its canonical substrates.

3.5. The effects of UFMylation in ER protein quality control

After dissecting the precise course of events upon ribosomal stalling at the ER, | wanted to
assess the functional implications of RPL26 UFMylation in ER protein quality control. Due to
the fact that UFMylation is necessary only for the ER-stalled ribosomes, and its previously
established role in the release of empty 60S subunits upon translation termination at the
ER’778, | assumed that the role of UFMylation is to facilitate the disengagement of the 60S-
translocon close interaction, in order to allow the access of RQC components to the nascent
chain. The decrease in LTN1 binding to RNCs in cells depleted of UFM1 shows that UFMylation
indeed facilitates LTN1 access to the nascent chain. Further mechanistic details of LTN1’s role
in this process are discussed in the following section.

3.6. The role of LTN1 in ER protein quality control

The dependence of LTN1 on UFMylation suggests that UFMylation is required for LTN1’s
access to the nascent chain, facilitating subsequent ubiquitination. To test this, | used the
Tandem Ubiquitin-Binding Entity (TUBE) assays in cells lacking UFM1 to assess LTN1's
ubiquitination activity. | observed that, although nascent chain clearance was LTN1-
dependent, nascent chain ubiquitination was largely unaffected in cells lacking LTN1.

The explanation for this unusual phenotype lies in the close proximity of a wide variety of
cellular E3 ligases, which could ubiquitinate incomplete peptides in the absence of LTN1. The
binding of LTN1 to the 60S-peptidyl-tRNA complex is a crucial step due to LTN1’s specificity
for ribosome-bound nascent chain substrates. LTN1 binding stabilizes the 60S-peptidyl-tRNA
complex long enough to possibly avoid premature nascent chain extraction and consequent
aggregation, whereas other E3 ligases could ubiquitinate the nascent chain substrates,
ultimately leading to downstream degradation. Interestingly, a recent preprint also showed
that LTN1’s ubiquitination was dispensable for the degradation of nascent chains of RQC
cytosolic substrate!®. Instead, their proposed mechanism is that LTN1’s ubiquitination helps
the release of nascent chains from the 60S subunit, followed by cytosolic deubiquitination and
another round of ubiquitination by the other cytosolic E3 ligases, now a signal for degradation
by the proteasome®3>, Even though this mechanism is convoluted and remains to be further
tested, the model suggesting that ubiquitination by LTN1 is not necessary for nascent chain
degradation is intriguing. To further experimentally address this, separation-of-function
mutants should be developed, allowing precise separation of LTN1's enzymatic and binding
functions. That way, this proposed mechanism can be tested by assessing the impact of the
binding mutant rescue in the LTN1 knockout genetic background on the stabilization of the
ER-staling reporter.
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Structural data showed that deUFMylation of RPL26 is necessary for the dissociation of the
UFM1 E3 ligase from the post-termination 60S subunit’”®1, Given UFM1 E3 ligase’s alternative
role in releasing the tightly bound 60S-peptidyl-tRNA complexes from the translocon, and the
data showing an increase in UFMylation in LTN1 KO cells, both from us and others!34, it is
plausible that deUFMylation should precede LTN1’s access to the nascent chain in its quality
control role. | tested this hypothesis by assessing the co-immunoprecipitation of LTN1 with
the 60S-peptidyl-tRNA complexes from cells lacking deUFMylase UFSP2. However, | did not
observe a decrease in LTN1 binding in UFSP2-depleted cells. Therefore, deUFMylation is not
necessary for LTN1’s access to the 60S-peptidyl-tRNA. It is plausible that recognition of the
deUFMylation substrate happens only once the nascent chain is extracted from the 60S
subunit for degradation, which would structurally be the same deUFMylation substrate as the
post-termination empty 60S subunits. This way, UFSP2 can recognize a unique substrate to
release UFM1 from RPL26, followed by the release of the UFM1 E3 ligase complex from the
60S subunit as well.

3.7. The phylogenetic conservation of UFMylation’s role in ER quality control

The UFMylation system is highly conserved in metazoans. To assess the conservation of its
role in ER quality control in other species, we tested the dependence of RPL26 UFMylation on
ribosome rescue and RQC components in the plant species Arabidopsis thaliana. We show
that the ribosome-splitting factors mutants ascc3 and Pelota exhibit decreased UFMylation
upon ANS-induced ribosome stalling in A. thaliana, confirming the necessity of ribosomal
splitting for UFMylation of RPL26 across species.

Since UFMylation is not present in fungi, the question arises as to how the 60S subunit post-
termination release, as well as 60S-peptidyl-tRNA release during quality control, is mediated
in fungi. In yeast, unlike mammalian mechanism, most secretory proteins are translocated into
the ER post-translationally?3®. In this mechanism, Sec62 and Sec63 bind the Sec61 translocon,
assisting the translocation together with Hsp70 chaperone BiP (Kar2 in yeast)'*’. Sec63’s FN3
domain (fibronectin type-Ill) binds to the loop between transmembrane region 6 and 7 (L6/7)
of Sec61 in the cytosolic side'3. During co-translational translocation in yeast, the Ssh1 (Sec
sixty-one homolog 1 from S. cerevisiae) complex forms interactions with the ribosomes
through the same loop 6, and loop 8 in close proximity!3. Since the majority of secretory
proteins in yeast are post-translationally inserted into the ER, there is a readily available pool
of Sec62 and Sec63 proteins at the membrane!3®. Given that the binding of the 60S subunit is
mutually exclusive with binding of the Sec62-Sec63 complex to Sec61 translocon, it is plausible
that 60S is readily displaced by the Sec62-Sec63 complex, in a mechanism that does not
require UFMylation, resulting in the translocon configuration that allows subsequent post-
translational insertion into the ER.

In yeast, ribosome splitting and recycling are mediated by release factors eRF1 and eRF3 in
the canonical translation termination, or Dom34 and Hbs1 in the case of ribosome stalling4°.
For RQC substrate degradation, the homologous RQC components are necessary in yeast:
LTN1 homolog Rkr1/Ltn1 and NEMF homolog Rqc2°4133, Rkr1 was also shown to ubiquitinate
the arrested polypeptide during the ER targeting!33, on a 60S-peptidyl-tRNA substrate
remaining after ribosome splitting by the Dom34:Hbs1l complex. Although the UFMylation
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machinery is absent in yeast, Rkr1/Ltn1 can nevertheless ubiquitinate peptide substrates and
target them for degradation. Whether the translocon-60S engagement is more flexible in
yeast and therefore facilitates the access of Rkrl/Ltn1 to the nascent chain, or if there is an
alternative accessory factor that grants Rkrl/Ltn1’s access to its substrate is yet to be
uncovered.

4. Limitations and future perspectives

The mechanisms following ribosome stalling at the ER presented in this thesis were tested
using the ERK20 reporter, which has a rather bulky EGFP domain before the stalling sequence
and mimics aberrant stalling into the poly(A) tail. The next step in proving the universality of
this mechanism across different substrates would be to systematically test their different
topologies, including the presence of folded domains or disordered regions, the reporter
length, different stretches of transmembrane domains, truncated reporters, and extensive
secondary structures. It would be interesting to test whether the process kinetics also depend
on these factors through stability experiments. Beyond the exogenously expressed stalling
reporters, future research is needed to understand the roles of RQC and UFMylation in
endogenous stalling-inducing mRNAs.

Additionally, | have discovered through proteomics that certain 40S ribosomal proteins are
also UFMylated, in addition to the main 60S target RPL26. More research is needed to
understand whether the UFMylation of these targets also has a role in the arrested peptide
clearance or takes an orthogonal regulatory role.

The precise timing and regulation of RPL26 deUFMylation is not well understood. More
experimental evidence is needed to understand the kinetics of deUFMylation, and its potential
role in closing the ribosome rescue cycle and resetting the system for next translation
initiation. Also, whether UFM1 has to be cleaved from RPL26 before next round of translation
is unclear and yet to be studied in detail.
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6. Abbreviations

ABCE1
ANKZF1

ANS

ASC-1 complex
ATF4

ATF6

ATM

ATP

CAT-tails
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CDK5RAP3

CRISPR

CRISPRI
DDRGK1 (UFBP1)

El enzyme
E2 enzyme
E3 ligase
EBV

elF2a
EMC

ER

eRF1

eRF3
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FN3

Gl

G2

GET pathway
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GTP

Hbs1
Hbs1L
iCas9

IP

IP-MS

ATP-binding cassette sub-family E member 1

Ankyrin repeat and zinc finger domain-containing
protein 1

Anisomycin

Activating signal cointegrator 1 complex
Activating transcription factor 4

Activating transcription factor 6
Ataxia-telangiectasia mutated kinase
Adenosine triphosphate

C-terminal alanine and threonine extensions
Coiled-coil domain

Cyclin-dependent kinase 5 regulatory subunit-
associated protein 3

Clustered regularly interspaced short palindromic
repeats

CRISPR interference

DDRGK domain-containing protein 1 (UFM1-binding
protein 1)

Ubiquitin-activating enzyme
Ubiquitin-conjugating enzyme
Ubiquitin-ligating enzyme

Epstein-Barr virus

Eukaryotic initiation factor 2 alpha
Endoplasmic reticulum membrane protein complex
Endoplasmic reticulum

Eukaryotic release factor 1

Eukaryotic release factor 3

Two phenylalanines in an acidic tract
Fibronectin type-Ill

Gap 1 cell cycle phase

Gap 2 cell cycle phase

Guided entry of tail-anchored proteins pathway
Glycine-glycine-glutamine motif
Guanosine triphosphate

Elongation factor 1 alpha-like protein
HBS1-like protein

Inducible CRISPR-associated protein 9
Immunoprecipitation
Immunoprecipitation—mass spectrometry
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IRE1
LTN1
M

UM
MAVS
MRN
mRNA
MRE11
NEMF
nv
NONO
PD-L1
PERK
PIC
PTC
RIG-I
RING domain
RNC
RPL26
RPS10
RPS20
RQC
RtcB
pWH domain
SEC61
SGTA

siRNA

SRa

SRP

TA proteins
TCF25

TG

TMD

tRNA

TUBE

UBA5S

UBC domain
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Immunoprecipitation—Western blot

Inositol 1,4,5-trisphosphate receptor
Inositol-requiring enzyme 1

Listerin E3 ubiquitin ligase 1

Mitotic cell cycle phase

Micromolar concentration

Mitochondrial antiviral-signaling protein
MRE11-RAD50-NBS1 protein complex
Messenger RNA

Meiotic recombination 11 homolog

Nuclear export mediator factor

Nanomolar concentration

Non-POU domain-containing octamer-binding protein
Programmed cell death 1 ligand 1

Eukaryotic translation initiation factor 2-alpha kinase 3
Pre-initiation complex

Peptidyl transferase center

Retinoic acid-inducible gene |

Really interesting new gene domain
Ribosome—nascent chain complex

Large ribosomal subunit protein uL24

Small ribosomal subunit protein eS10

Small ribosomal subunit protein uS10
Ribosome-associated quality control

RNA 2',3’-cyclic phosphate and 5’-OH ligase
Partial winged-helix domain

Protein translocation channel (Sec61 complex)

Small glutamine-rich tetratricopeptide repeat-
containing protein a

Small interfering RNA

Signal recognition particle receptor alpha subunit
Signal recognition particle
Tail-anchored proteins
Transcription factor 25
Thapsigargin

Transmembrane domain

Transfer RNA

Tandem ubiquitin-binding entities
UFM1-activating enzyme 5
Ubiquitin-conjugating domain



UFC1
UFL1
UFM1
UFMylation
UFIM
UFSP1
UFSP2
UPR
uS3
usS10
VAPs

VCP

WH domain
XBP1
ZNF598

UFM1-conjugating enzyme 1
UFM1-specific ligase 1

Ubiquitin-fold modifier 1

Conjugation of UFM1 to substrate proteins
UFM1-interacting motif

UFM1-specific protease 1

UFM1-specific protease 2

Unfolded protein response

Small ribosomal subunit protein uS3

Small ribosomal subunit protein uS10

Vesicle-associated membrane protein-associated
proteins

Valosin-containing protein
Winged-helix domain
X-box binding protein 1
Zinc finger protein 598
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7. Appendix
7.1. UFMylation anchors splicing factors at the ER to reprogram nuclear splicing
7.1.1. Preamble

This paper uncovers a new regulatory mechanism and role of UFMylation in retaining splicing
factors at the ER, therefore establishing inter-organellar communication from the ER to the
nucleus, resulting in changed nuclear splicing. UFMylation is a highly conserved post-
translational modification among eukaryotes, and the loss or mutations in UFMylation
cascade causes phenotypes of ER homeostasis perturbations across organisms, heavy
developmental impacts and lethality in mice, as well as various human pathologies. These data
hint towards an alternative conserved mechanism of broader homeostatic regulation apart
from UFMylation’s role in resolving stalled ribosomes at the ER, which is the research question
of this manuscript.

This research uncovers a novel regulatory mechanism linking UFMylation to the nuclear
splicing. Upon ribosome stalling at the ER, serine/arginine-rich (SR) splicing factors are
retained at the ER, and therefore depleted from their functional nuclear localization, resulting
in increased intron retention. The transcripts that are spliced by the SR splicing factors include
important ER homeostasis regulators, such as lipid metabolic enzymes, and proteins involved
in endomembrane-associated processes. These findings point to UFMylation as a regulator of
retrograde ER-to-nucleus signaling and broad membrane homeostasis across species.

The work presented in this manuscript relates to the overarching question of this thesis, which
is the regulation of ER quality control and ER translational proteostasis, and directly answers
the first question of my thesis by uncovering a process regulated by UFMylation of RPL26 at
the ER-stalled ribosomes.

This paper has been accepted for revision in Nature on April 24™, 2026. The manuscript is also
published on biorxv under the following doi: https://doi.org/10.64898/2026.03.30.715226.

7.1.2. Contribution statement

For the following manuscript, | have optimized the fractionation experiments from the human
cell lines, was involved in the hypothesis formation, and edited the manuscript before
submission.
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Abstract

How organelles communicate stress to the nucleus to coordinate adaptive responses remains a fundamental question
in cell biology. Here, we identify a non-canonical retrograde signaling pathway in which stalling-induced UFMylation
of ER-associated ribosomes anchors splicing regulators at the ER, directly coupling translational stress to nuclear
RNA processing. Phylogenetic profiling linked the UFMylation machinery to a network of nuclear mRNA processing
factors. Fractionation-based quantitative proteomics further supported this link and revealed that translational stress
triggers UFM1-dependent retention of serine/arginine-rich (SR) splicing factors at the ER, depleting their nuclear pools.
Mechanistically, UFMylated ribosomes physically tether SR proteins at the ER surface, driving widespread intron re-
tention that preferentially targets transcripts encoding membrane lipid metabolism and endomembrane-associated
processes—a response conserved from plants to mammals. These findings reframe UFMylation from a local ribo-
some repair signal to a systems-level coordinator of ER-nucleus communication that reprograms nuclear splicing and
reshapes membrane-associated gene expression with implications for diverse human diseases linked to UFMylation
defects.

Introduction

he endoplasmic reticulum (ER) is responsible for the synthesis of nearly one-third of the cellular proteome and is

the primary site for membrane-bound and secretory protein biogenesis' 3. Disruption of ER function perturbs
proteostasis; when ribosomes stall or misfolded proteins accumulate, cells activate multiple quality control mecha-
nisms, including the unfolded protein response (UPR), ER-associated degradation (ERAD), selective autophagy of
ER fragments (ER-phagy), and ribosome-associated quality control (ER-RQC)?~ 7. Unlike cytosolic RQC**~1| ribo-
some stalling at the ER occurs at the SEC61 translocon, where stalled 60S subunits obstruct both the translocon and
the ribosomal exit tunnel, creating a unique surveillance challenge. A defining feature of ER-RQC is UFMylation, a
ubiquitin-like post-translational modification'!:'?. At the ER, the transmembrane protein DDRGK1 and CDK5RAP3
(C53) serve as adaptors for UFMylation'®. Upon ribosome stalling, UFL1-C53—-DDRGK1 forms an E3 ligase complex
that conjugates UFM1 to ribosomal protein RPL26'*~'¢, facilitating release of the 60S subunit and enabling LTN1-
mediated degrdation of the arrested nascent chain*”~2". Beyond this core role, UFMylation promotes lysosomal clear-
ance of translocon-arrested proteins via translocation-associated quality control (TAQC) and activates C53-mediated

4,21,22

ER-phagy"

Physiologically, our previous studies demonstrated that the UFMylation pathway is essential for maintaining
ER homeostasis in plants, with knockout mutants exhibiting hypersensitivity to ER and salt stress*2"23. In ani-
mal cells UFMylation has been implicated in diverse processes, including lipid metabolism?*, ER-Golgi trafficking®®,
ER expansion®, and development?”, while its disruption leads to embryonic lethality in mice and various human
pathologies'! 2”28, These established roles of suggested that UFMylation coordinate broader cellular adaptations to
ER translational stress, beyond the local resolution of ribosome stalling. Indeed, two recent genome-wide CRISPR
screens in human iPSC-derived neurons independently identified UFMylation as major modifiers of tau aggregation
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and propagation °-3°. While paradoxical at first glance, given that tau is a cytosolic protein, these studies also suggest
UFMylation plays a role beyond ER-RQC.

Here, we uncover a mechanism that resolves this paradox. Phylogenetic profiling revealed an unexpected coevo-
lutionary link between UFMylation machinery and nuclear mRNA processing factors. Further mechanistic analyses
show that ribosome stalling triggers retention of SR splicing factors at UFMylated ER-bound ribosomes, depleting
their nuclear pools. This spatial redistribution rewires the splicing landscape, with intron retention emerging as the
predominant outcome across plants, human cells, and mouse neurons. The affected transcripts are enriched for
genes encoding membrane lipid metabolism and endomembrane processes, suggesting a feedback circuit for mem-
brane remodeling under stress. Our findings define a retrograde signaling pathway coupling translational surveillance
to mRNA splicing.

Results

Phylogenetic profiling and nuclear proteomics link UFMylation with nuclear mRNA
processing

Previous studies have identified co-evolutionary relationships among the canonical components of the UFMylation
cascade®' ', To examine UFMylation function more broadly, we used phylogenetic profiling to identify additional
UFM1-associated proteins. Correlating the presence-absence patterns of UFM1 with eukaryotic protein families
across diverse taxa revealed 103 putatively co-evolving protein families (Fig. 1a, b). As expected, these included
the core UFMylation machinery (UFL1, UFC1, DDRGK1, C53, UBA5, and UFSP2) and known associated factors
such as ODR4>? (Fig. 1c). Gene ontology analysis of the co-evolved proteins revealed functional enrichments be-
yond ER homeostasis, including actin related Scar-WAVE complex, double strand break repair (the Fanconi anemia
complex), cytokinesis, and RNA processing (Fig. 1c and Fig. S1a, Table S1). The link to DNA damage response is
consistent with recent studies linking UFMylation to genome stability and DNA repair'*.

To assess whether this evolutionary link reflects physical interactions, we used AlphaFold2-Multimer to screen
for potential contacts between UFMylation machinery and co-evolving proteins. High-confidence models predicted an
interaction between the E3 ligase component DDRGK1 and the transcription-export (THO/TREX) subunit THO6 (Fig.
1d, Table S2). Co-immunoprecipitation in Arabidopsis further confirmed that THO6 physically associates with both
DDRGK1 and C53 (Fig. Sic, d).

Since our phylogenetic profiling and AlphaFold multimer analyses indicated a link between UFMylation and the
nucleus, we next tested whether UFMylation remodels the nuclear proteome during translational stress. We per-
formed quantitative proteomics on nuclear fractions from wild-type (Col-0) and ufm1 mutant Arabidopsis seedlings
subjected to translational stress (anisomycin, ANS) (Fig. 1e, Table S3). Fractionation purity was validated by Histone
H3 enrichment and the absence of the cytosolic marker UGPase (Fig. Sie, f). Gene Ontology analysis revealed
that spliceosome-related proteins were significantly reduced in the nuclear fraction in a UFM1-dependent manner
(Fig. 1f). Consistent with phylogenetic predictions, proteomic profiling confirmed the reduced nuclear abundance of
multiple mRNA processing factors, including spliceosomal components and splicing factors (e.g., RSZ22, RSZ22a),
THO/TREX subunits (THO1), and nucleoporins (Fig. 1g, h). The known UFMylation-associated autophagy protein
ATG6 was also depleted from the nuclear fraction®*. Importantly, integrated proteomic and RNA-seq analysis indi-
cated that these changes were independent of transcriptional regulation (Fig. S1g-I; Table S4). Since UFMylation is
induced at the ER, we reasoned that nucleocytoplasmic shuttling proteins among the nuclear-depleted factors could
represent candidates for UFM1-dependent spatial regulation. We focused on RSZ22 for further investigation, as it is
a well-characterized member of the serine/arginine-rich (SR) protein family with established nucleocytoplasmic shut-
tling activity®®*. Immunoblotting validated the UFM1-dependent reduction of nuclear RSZ22 following stress, while
total cellular levels in whole-cell lysates remained unchanged (Fig. 1i—j; Fig. S1m). Together, these data indicate
that UFMylation regulates the stress-induced redistribution of mMRNA processing factors between the nucleus and
cytoplasm.
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Figure 1 | Integrated evolutionary and proteomic profiling links UFMylation to nuclear mRNA processing. a, Phylogenetic
distribution of UFM1 across major eukaryotic lineages. Conservation status is color-coded as conserved (blue), partial loss (light
blue) or total loss (grey). The inferred evolutionary origin is indicated. b, Co-evolutionary heatmap of core UFMylation machinery
and co-evolved genes across representative eukaryotes. Color intensity indicates copy number; supergroups shown on the right. c,
Association plot of nuclear genes co-evolving with UFMylation components (point-biserial correlation > 0.3, P < 0.05). Candidates
are colored by functional category, highlighting enrichment in DNA damage, chromatin, and RNA processing pathways. d, Dot plot
illustrating AlphaFold2 (AF2) Multimer interaction predictions of coevolved genes against UFMylation machinery. The Y-axis represents
the average protein interaction score across the top three ranked models, calculated from domain-specific Predicted Aligned Error
(PAE) values rescaled from 0 to 1. Abbreviations: P1, P2: UFSP1 and 2; E1, E2, E3: UBA5, UFC1, and UFL1; C: CDK5RAP3; D:
DDRGK1. Coevolved genes with Scaled PAE > 0.75 are colored according to key in Fig. 1c. e, Experimental workflow for nuclear
fractionation of 10-day-old Arabidopsis Col-0 and ufm1 seedlings treated with DMSO or anisomycin (ANS, 4 h). f, GO enrichment
of proteins altered by ANS. Top four terms per condition (< 300 genes, adjusted P < 0.01, fold enrichment > 5) are shown. Dot
size and color indicate —log;,(FDR) and fold enrichment, respectively. g, h, Scatter plots of log, fold-changes (ANS versus DMSO)
in ufm1 (x-axis) versus Col-0 (y-axis). Proteins significantly altered in Col-0 (green, g) or ufm1 (blue, h) are highlighted, dot size
reflects —log;,(FDR). i, Immunoblotting analysis of RSZ22 abundance in total (whole cell lysates) and nuclear fractions from 10-
day-old RSZ22-3xFLAG seedlings (Col-0 and ufm1 backgrounds) treated with DMSO or ANS (4 h). H3 and UGPase are nuclear
and cytosolic markers. Mono- (1) and di- (2) UFMylated RPL26 are indicated. See (Fig. S1m) and source data for replicates. j,
Quantification of RSZ22 nuclear abundance normalized to H3. Dots represent independent biological replicates; bars indicate mean
=+ standard error of the mean (s.e.m.). Statistical significance: Wilcoxon rank sum test, **** P < 0.0001; ns, not significant. Fig. S1
on page 27
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Nucleus

UFMylation retains nucleocytoplasmic shuttling factors at the ER upon ribosome
stalling
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Given that SR proteins are evolutionarily conserved nucleocytoplasmic shuttling factors®*°°, we hypothesized that
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Figure 2 | UFMylation retains nucleocytoplasmic shuttling factors at the ER upon ribosome stalling. a, Experi-
mental workflow for microsomal proteome analysis of 10-day-old seedlings treated with DMSO or ANS (4 h). b, Principal
component analysis (PCA) of microsomal proteome (n = 3 biological replicates). PC1 and PC2 reflect proteomic sepa-
ration by genotype and treatment. ¢, d, Scatter plots comparing ANS-induced log, fold-changes in microsomal (x-axis)
versus nuclear (y-axis) fractions in Col-0 (¢) and ufm1 (d). RNA-associated factors (e.g., RSZ22, XPO1B) and UFMylation
machinery components are highlighted, illustrating UFM1-dependent redistribution. e, Functional annotation of quantified
microsomal proteome (total quantified proteins n = 6,691), showing number of RNA-related proteins by categories. f,
g, Stacked bar charts show the distribution of proteins across subcellular enrichment classes following ANS treatment.
Proteins were classified based on A enrichment, defined as log,FC(microsome) — log,FC(nucleus): A > +0.25 indi-
cates microsome enrichment, A < —0.25 indicates nuclear enrichment, and intermediate values indicate no detectable
shift. Statistical significance denotes enrichment of microsome-shifted proteins relative to all quantified proteins (back-
ground), assessed using Fisher’'s exact test with Benjamini-Hochberg FDR correction ( ** P < 0.01, *** P < 0.001). h,
i, Immunoblot analysis of RSZ22-3xFLAG and endogenous C53 in total lysates and microsomal fractions (n = 3 for
RSZ22-3xFLAG in Col-0; n = 2 for RSZ22-3xFLAG in ufm1). CNX1/2 serves as an ER marker. Mono- (1) and di- (2)
UFMylated RPL26 are indicated. See (Fig. S2f—h) and source data for replicates. j, Quantification of RSZ22 microsomal
enrichment (FLAG/CNX1/2 ratio) from (h), (i); Bars indicate mean + s.e.m. Statistical significance: Wilcoxon rank sum
test, **** P < 0.0001; ns, not significant. K, I, Representative confocal images of RSZ22-mCherry and DDRGK1-GFP (ER
marker) in root cells from Col-0 (k) and ufm1 (I) backgrounds. ANS (1-2 h) induces RSZ22-ER signal overlap in Col-0
(k), and the signal overlap was absent in ufm1 (I). Enlarged views and white lines indicate line-scan regions. Scale bars,
10 um. See (Fig. S3a-b) for line-scan profiles. m, Quantification of ER-to-nucleus RSZ22 signal ratios from (k), (I). Data
are mean + SD from 3 biological replicates. Each dot represents an individual cell (n = 15 cells from 3 biological repli-
cates). Bars indicate mean + SD. Statistical significance was determined by two-tailed unpaired t-test **** P < 0.0001;
ns, not significant. n, o, In vivo Co-IP of RSZ22 interactions with DDRGK1 and UFMylated RPL26 (n) or interaction of
RSZ22 with endogenous C53 and UFMylated RPL26 (o) under DMSO or ANS (4 h) treatment (n = 2). Proteins were
extracted from Arabidopsis lines co-expressing DDRGK1-GFP with either mCherry (control) or RSZ22-mCherry in Col-0
background seedlings (n), or from mCherry (control) and RSZ22-mCherry seedlings (0). Input samples were normalized
by Bradford assay prior to loading. The consistent level of endogenous free UFM1 (unconjugated) in input fractions serves
as an internal loading control to show equal protein loading across all lanes. RSZ22-mCherry was immunoprecipitated
using RFP-Trap beads. Mono- (1), di- (2) UFMylated RPL26 and free UFM1 are indicated. See (Fig. S3c—d) for replicates.
Fig. S2 and S3 on page 29 and 30

UFMylated ribosomes at the ER could serve as platforms for spatially retaining these factors, thereby depleting them
from the nucleus under stress. To test this, we isolated ER-derived microsomal fractions from wild-type (Col-0) and
ufm1 mutant Arabidopsis seedlings treated with DMSO or ANS (Fig. 2a). Microsomal purity was confirmed by enrich-
ment of the ER marker CNX1/2 and the absence of the cytosolic protein NIT1 (Fig. S2a). Principal component analysis
revealed that the microsomal proteome displayed clear segregation by genotype and stress treatment, whereas the
nuclear proteome showed limited separation (Fig. 2b and Fig. S2b). This disparity likely reflects the fact that seques-
tration of shuttling factors at the ER, a compartment where they are normally sparse, generates a high-contrast signal,
whereas their depletion from the nucleus represents a subtle shift against a large nuclear background.

Quantitative analysis of the microsomal proteome revealed significant UFM1-dependent enrichment of several
nucleocytoplasmic shuttling factors following stress, including RSZ22 and the export factor XPO1B (Fig. 2c, d). RSZ22
is the Arabidopsis homolog of human SRSF7 and undergoes active shuttling between the nucleus and cytoplasm,
a process partially mediated by the XPO1 export pathway>*2%:37. Integrating the nuclear and microsomal datasets
revealed a reciprocal redistribution pattern: multiple mRNA processing factors exhibited decreased nuclear abundance
coupled with increased ER retention, and this redistribution was UFM1-dependent (Fig. 2e—g and Fig. S2d, e, Table
S5). Immunoblotting confirmed this spatial shift for RSZ22, showing increased ER association with a corresponding
reduction in nuclear levels following ANS treatment (Fig. 1i, j; Fig. 2h—j; Fig. S1m; S2f-h). Confocal imaging of
RSZ22-mCherry with the ER marker DDRGK1-GFP confirmed a shift from nucleus to cytoplasm, partially localizing
to the ER upon stress, which was absent in ufm1 mutants (Fig. 2k—m and Fig. S3a, b).

We next tested whether this mechanism extends to other co-evolved factors. THO6, which physically associates
with the UFMylation machinery (Fig. 1c and Fig. Sic, d), similarly accumulated at the ER in a UFM1-dependent
manner upon stress (Fig. S3e—i). To determine whether the microsomal retention of RSZ22 is mediated by physical
association with the UFMylation machinery, we performed co-immunoprecipitation experiments. RSZ22 associated
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with UFMylation components C53 and DDRGK1, as well as with UFMylated RPL26 (Fig. 2n, o and Fig. S3c, d), con-
sistent with its ER recruitment. Together, these findings demonstrate that ribosome stalling induces UFM1-dependent
retention of nucleocytoplasmic shuttling factors at the ER, providing a mechanism for their nuclear depletion.

UFM1-dependent anchoring of splicing factors to stalled ER-associated ribosomes

To determine whether ER retention occurs directly at ribosomes, we performed proteomics of ribosomes isolated from

Arabidopsis seedlings treated with ANS at various times (4 h, pooled time-course, and 16 h).

Ribosomal fractions

(60S, monosomes, and disomes) were isolated via sucrose-gradient fractionation and analyzed by LC-MS/MS (Fig.
3a). As an internal benchmark, the UFMylation E3 ligase complex (C53, UFL1, and DDRGKT1) was enriched on stalled
ribosomes in a UFM1-dependent manner (Fig. 3b and Fig. S4a—f, Table S6).
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Figure 3 | UFM1-dependent anchoring of splicing factors to stalled ER-associated ribosomes. a, Schematic work-
flow for ribosome proteomics using 10-day-old Col-0 and ufm1 seedlings treated with DMSO or ANS. Ribosomal fractions
(60S, monosome and disome) were isolated by RNase | digestion and sucrose gradient sedimentation for LC-MS/MS.
Three datasets were analyzed: 4 h, a bulk sample (pooled from 1, 4, 8, 16 h treatments), and 16 h. b, Volcano plots
(4-h dataset) showing ANS-induced recruitment of UFMylation components (UFL1, C53 and DDRGK1) to 60S, mono-
somes and disomes in Col-0. x-axis, log,FC (ANS versus DMSO); y-axis, —log; (P value). ¢, GO enrichment analysis
of stalling induced ribosome-enriched proteins in Col-0 plants. Dot color and size indicate — log;,(FDR) and fold enrich-
ment, respectively. Representative functional categories are highlighted. d, e, MS-based abundance profiles of C53 (d)
and RSZ22 (e) across ribosomal fractions. Bars represent log, fold change (ANS versus DMSO) in Col-0 (olive) and
ufm1 (cyan) from three datasets (4 h, bulk and 16 h). f, g, Sucrose gradient sedimentation and immunoblot analysis of
endogenous C53 from Col-0 (f) and ufm7 (g) seedlings treated with DMSO or ANS (4 h). UV absorbance (Azg0) profiles
(top) indicate ribosome distribution across 10%—45% gradients. Fractions were immunoblotted for C53, L13 (60S marker),
and UFM1 (n = 3). Free: ribosome-free fractions. See (Fig. S5d—q) for replicates. h, i, Sucrose gradient sedimentation
and immunoblot analysis of RSZ22-3xFLAG in Col-0 (h) and ufm1 (i) backgrounds. Fractions were immunoblotted for
FLAG, L13, and UFM1 (n = 3). See (Fig. S5h—k) for additional replicates. Fig. S4 and S5 on page 31 and 32

Gene Ontology analysis of the stalling-induced ribosome-enriched proteins revealed the significant enrichment
for mRNA binding and spliceosome proteins (Fig. 3c). Intersection analysis revealed a complex, translation-state-
specific response to ANS stress (Fig. S4g). Heatmap clustering showed a largely intact global response in the ufm1
mutant. But distinct subsets of candidate proteins showed UFM1-dependent association (Fig. S4h). For example,
both C53 and the splicing factor RSZ22 are recruited to ribosomes in a stress and UFM1-dependent manner, while
total cellular levels remained unchanged (Fig. 3d—i and Fig. S5a—c). Independent biological replicates confirmed the
robustness of this association (Fig. S5d—k).

Importantly, the UFM1-dependent retention of mRNA processing factors represents a functionally distinct layer
from known stalled ribosome sensing and splitting process. The conserved factors PEL1 and MBF1b (plant homologs
of mammalian PELO and EDF1, respectively)'?:**:3° were similarly enriched on stalled ribosomes in both wild-type
and ufm1 mutants (Fig. S4i, j). These results demonstrate that while the foundational ribosome rescue machinery
remains intact in the ufm1 mutant and operates independently of UFMylation, the UFM1 cascade supports an addi-
tional signaling function: capturing nucleocytoplasmic shuttling factors at ER-associated ribosomes. Together, these
results establish that translational stress triggers UFM1-dependent recruitment of mMRNA processing proteins to stalled
ribosomes, where they are physically retained.

UFM1-dependent intron retention selectively targets ER-related transcripts across
species

To test the functional consequences of UFM1-dependent splicing factor retention, we analyzed stalling-induced alter-
native splicing across three systems: Arabidopsis seedlings, human colorectal carcinoma cell line (RKO), and mouse
primary neurons. We fractionated the Arabidopsis and human samples into cytosolic and nuclear components, while
total RNA was used for the mouse primary neurons. Ribosome stalling triggered widespread alternative splicing in all
three models, with intron retention (IR) as the conserved outcome (Fig. 4a—c, Table S7). Strikingly, the magnitude of
this response, measured by the mean absolute error (MAE) of aggregate splicing changes was significantly reduced
in ufm1 mutants, indicating that a substantial fraction of IR events depends on UFM1 (Fig. 4a—f and Fig. S6a—e,
h—k). This establishes UFMylation as a key conserved regulator of stress-induced splicing via the spatial retention of
splicing factors at ER-associated ribosomes.

We next characterized the features of stalling-responsive introns. While approximately half of IR events were
strictly UFM1-dependent (Fig. 4a—c, Table S7), the overall IR landscape exhibited conserved positional biases: re-
tained introns were specifically located within 3’UTRs that are longer than the genomic average, a feature typical for
nonsense-mediated decay (NMD) substrates®®:*! (Fig. 4g—i). Specifically, these introns are followed by downstream
splice junctions beyond the 55-nt boundary that triggers NMD, a pattern conserved across species (Fig. 4j, k and Fig.
S7a—d). In both Arabidopsis and human cells, stress-induced IR events detected in the nuclear fraction were depleted

from the cytosolic fraction, suggesting potential NMD targeting (Fig. S6f, g). Both UFM1-dependent and -independent
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introns exhibited weak splice site signatures, including lower entropy (maximum entropy score) at the 3’ splice site
and reduced polypyrimidine tracts (Fig. 41, m and Fig. S7e—i).
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Figure 4 | A conserved UFM1-dependent program of intron retention targets a distinct RNA landscape. a—c, Quantification
of alternative splicing changes induced by anisomycin (ANS)-mediated ribosome stalling in nuclear RNA from Arabidopsis thaliana
seedlings (a) and human RKO cells (b), and total RNA from mouse neurons (c¢). Significant events were identified in wild-type
(WT) samples using rMATS (FDR < 0.05) with an absolute change in percent spliced-in (JAPSI| > 0.1), for all event types except
cassette exons (|JAPSI| > 0.2). Events detected in WT but absent in UFM1-deficient systems (human UFM1 knockout, mouse Ufm1
knockout, and Arabidopsis ufm1 knockout) were classified as UFM1-dependent (light shading); events in both WT and UFM1-deficient
backgrounds were classified as UFM1-independent (dark shading). Event type: A3, alternative 3’ splice site; A5, alternative 5’ splice
site; MXE, mutually exclusive exons; IR, retained intron; CE, cassette exon. d—f, Scatter plots comparing percent spliced-in (PSI)
value under control and ANS conditions for UFM1 dependent intron retention events. WT events are shown in yellow, and events in
UFM1-deficient systems are shown in dark yellow with black outlines; dot size reflects the False Discovery Rate (FDR). Mean Absolute
Error (MAE) values summarize global splicing shifts per genotype. g, h, Genomic distribution of UFM1-dependent (g) and independent
(h) retained introns across 5’ untranslated regions (UTRs), coding sequences (CDS), and 3’UTRs. Odds ratios calculated relative to
constitutive introns. Ribosome stalling-dependent intron removal is significantly enriched in 3’ untranslated regions (3’UTRs) (Fisher’s
exact test; *P < 0.05, **P < 0.001, ***P < 0.0001). i, Length distribution of 3'UTRs colored by species and shaded by type: all 3’UTRs
with introns (dark shade), 3’"UTRs with UFM1-independent IRs (medium shade), and 3’UTRs with UFM1-dependent IRs (light shade).
The 3’UTRs undergoing stalling-induced intron retention are significantly longer than all 3'UTRs with constitutive introns in the genome
(Wilcoxon rank-sum test; *P < 0.05, **P < 0.001, ***P < 0.0001). j, k, Metagene profiles of splice junction coverage (j) and stop codon
density (k) relative to intron position. Compared with constitutive introns (grey), which are efficiently spliced and typically reside
downstream of stop codons (canonical 3’"UTR introns), UFM1-dependent (green) and independent (orange) introns retain junction
coverage and are enriched for premature termination codons near the 3’ splice site. Persistence junction signal downstream of the
55-nucleotide nonsense-mediated decay (NMD) boundary (yellow line) indicates these introns are potentially sensitive to NMD. Kb:
Kilobases; B: Bases. I, Splice site strength quantified by maximum entropy (MaxEnt) scores. Both UFM1-dependent and independent
introns display weaker 5’ and 3’ splice sites compared with constitutive introns (Wilcoxon rank-sum test; ***P < 0.0001), with UFM1-
dependent introns exhibiting significantly weaker 5’ splice sites. m, Sequence logos of nucleotide composition surrounding the 5’ and
3’ splice sites. UFM1-dependent introns characterized by a conserved 5’ exonic CAG motif and C-rich sequences (see (Fig. S7e—g) for
nucleotide probability). n, Comparison of RNA-binding protein (RBP) motif enrichment in UFM1-dependent versus UFM1-independent
introns relative to constitutive introns from human. The diagonal indicates equal enrichment (y = z). Dashed curves denote hyperbolic
significance thresholds (y = = + ¢ + k/z, where ¢ = 1.0 and k& = 1.5). Dot size represents the absolute difference in — log;(E-value)
between UFM1-dependent and UFM1-independent enrichments. UFM1-dependent introns are preferentially enriched for CAG and
C-rich motif-binding RBPs (e.g., SRSF3, YTHDC1, SRSF5); UFM1-independent introns enriched for G-rich binding factors (e.g., ILF2,
TAF15). o, p, Subcellular localization (o) and signal peptide (p) analyses of transcripts containing stalling-induced introns. Colored
according to key in Fig. 4g. Both UFM1-dependent and independent targets are depleted for secretory pathway annotations and
signal peptides (Fisher’s exact test; *P < 0.05, ***P < 0.0001). ¢, GO enrichment analysis of UFM1-dependent transcripts shows
overrepresentations of biological processes related to membrane lipid metabolism and endomembrane-associated processes rather
than protein secretion. Fig. S6 and S7 on page 33 and 35

What distinguishes UFM1-dependent introns? Focusing on introns whose retention was reduced in ufm?1 mu-
tants, we identified a distinct RNA signature: even weaker 3’ splice sites, a conserved 5 exonic CAG motif, and
CT-rich sequences (Fig. 4m and Fig. S7e—i). Motif analysis in human cells predicted that these features facilitate
recognition by SR proteins including SRSF3 and SRSF5, as well as the m°A reader YTHDC1 (Fig. 4n), suggesting
selective regulation of mRNA splicing in UFM1-dependent manner.

Functional annotation revealed that genes affected by UFM1-dependent IR events were enriched for membrane
lipid metabolism and endomembrane-associated processes but depleted for secreted proteins (Fig. 40—q). In con-
trast, UFM1-independent events were enriched for spliceosome and RNA-processing components (Fig. S7j, k). This
functional divergence suggests that UFMylation imposes a selective layer of regulation on transcripts encoding ER-
remodeling machinery.

Together, these results demonstrate that ribosome stalling induces a conserved, UFM1-dependent splicing pro-
gram defined by a unique RNA signature and enriched for membrane-associated cellular processes. By sequestering
splicing factors at the ER, UFMylation couples translational stress to nuclear mRNA processing, selectively reshaping
the expression of membrane-associated genes, likely leading to membrane remodeling.
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Discussion

Our findings establish UFMylation as a retrograde signaling system that couples ER translational stress to nuclear
gene expression. By anchoring SR splicing factors at stalled ribosomes, UFMylation creates a spatial regulatory axis
between the ER and nucleus that reprograms the splicing landscape (Fig. 5). The conservation of this pathway from
plants to mammals suggests it represents a fundamental adaptation for coordinating membrane homeostasis with
translational surveillance. This mechanism operates in parallel to the canonical Unfolded Protein Response but acts
post-transcriptionally rather than through transcriptional reprogramming. The conservation of this pathway from plants
to mammals suggests it represents a fundamental adaptation for coordinating membrane homeostasis with transla-
tional surveillance. While the three UPR branches (IRE1, PERK, and ATF6) restore ER homeostasis primarily through
transcriptional reprogramming or translational attenuation***?, the UFMylation-SR axis enables post-transcriptional
adjustment of gene expression. This distinction has important implications: whereas UPR activation requires sus-
tained stress to trigger transcriptional programs, UFMylation-mediated splicing changes can occur rapidly upon ri-
bosome stalling, potentially providing a faster adaptive response. The bidirectional intron retention we observe is
consistent with altered nuclear availability of SR factors. SR proteins regulate alternative splicing in a concentration-
dependent manner®*, and UFM1-dependent ER retention of RSZ22 (Fig. 2-3) reduces its nuclear abundance, po-
tentially shifting the stoichiometric balance among nuclear SR family members**~*®. Consistent with this hypothesis,
the enrichment of SR-binding motifs among UFM1-dependent targets supports a direct mechanistic link between SR
protein sequestration and splicing outcomes (Fig. 4n).

Basal condition ER-Ribosome Stalling
—— S
\ / SR\

/ SR SR
SR SR sr SR SR
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SR = SR g
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Normal mRNA splicing ~&R IR landscape remodeling
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\‘\\ UFM1-dependent IR targets

Membrane lipid metabolism
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Figure 5 | Working model of UFM1-dependent spatial retention coupling ER-translational stress to nuclear splic-
ing. Under basal conditions, SR shuttling proteins circulate between the ER and nucleus, supporting normal constitutive
splicing. Under translational stress, activation of UFMylation at the translocon converts the ER-bound ribosomes into
a docking platform, resulting in spatial retention of specific SR splicing factors (e.g., RSZ22) at the ER membrane, de-
pleting their nuclear pool and remodeling the intron retention landscape of transcripts enriched for ER-related functions
(e.g., membrane lipid metabolism and endomembrane-associated processes). UFM1-dependent introns are defined
by a conserved RNA signature (weak splice sites, C-rich region, SR-binding motif). ER, endoplasmic reticulum; SR,
serine/arginine-rich.
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The functional significance of UFM1-dependent splicing changes is underscored by convergent evidence across
independent datasets. Cross-species analysis reveals that UFM1-responsive intron retention events are consistently
enriched in pathways governing membrane lipid metabolism and endomembrane-associated processes (Fig. 4q).
This functional bias is mirrored at the evolutionary level, where UFM1 co-evolves with a broad network of membrane-
remodeling genes (Fig. S1a, Table S8), and at the proteomic level, where the stress-responsive microsome proteome
is enriched for membrane remodeling factors (Fig. 2b, Fig. S2c, Table S9). These observations suggest that UFMyla-
tion does not primarily reduce protein load entering the ER, as might be expected from a quality control pathway, but
rather reshapes ER membrane composition to adapt to translational stress. This reframing positions UFMylation as a
coordinator of membrane homeostasis rather than simply a ribosome rescue mechanism.

Our findings also provide a mechanistic framework for understanding the unexpected connections between
UFMylation and neurological diseases. The identification of UFMylation components as modifiers of tau aggrega-
tion in iPSC-derived neurons initially seemed paradoxical®®-3°, given tau’s cytosolic localization. Our discovery that
UFMylation controls nuclear splicing through SR protein sequestration resolves this paradox: disruption of UFMylation
would alter the splicing landscape of numerous transcripts, potentially including those encoding factors that influence
tau proteostasis (Table S7). More broadly, the diverse pathologies associated with UFMylation defects?"-28:47:48
including developmental abnormalities, metabolic dysfunction, and neurodegeneration, may reflect tissue-specific
consequences of dysregulated splicing rather than solely defects in ribosome quality control. Our work reveals that
ER-bound ribosomes serve not only as sites of protein synthesis and quality control but also as signaling platforms
that communicate with the nucleus. The UFMylation-SR axis illustrates that organellar stress responses extend be-
yond local repair mechanisms to coordinate genome-wide changes in gene expression. While RSZ22 serves as a
representative candidate, the extensive interactions within the SR family suggest it likely acts as part of a broader
network subject to UFM1-dependent retention®**%:5° . Whether other SR factors undergo similar retention and what
molecular determinants govern their recognition remain key questions for future investigation. Given the essential
role of UFMylation in development and its links to human disease, therapeutic modulation of this pathway, whether
through targeting UFMylation itself or downstream splicing events, may offer new avenues for intervention in conditions
characterized by ER stress.

Materials and methods
Plant materials and growth conditions

All Arabidopsis thaliana transgenic lines used in this study originate from the Columbia (Col-0) ecotype background
and are listed in the materials section. Mutant lines used in this study are listed in the materials section.

Seeds were sterilized in 70% (v/v) ethanol with 0.5% (v/v) Tween-20 for 10 min, washed with absolute ethanol and
sterile distilled water. After stratification at 4 °C for 2 days in the dark, seeds were germinated in liquid half-strength
Murashige and Skoog (1/2 MS) medium containing Murashige and Skoog salt + Gamborg B5 vitamin mixture, 1%
(w/v) sucrose, and 0.5 g L=! MES (pH 5.7). Seedlings were grown under a 16-h light/8-h dark photoperiod with a light
intensity of 50 umol m~2 s~ with constant shaking at 90 rpm.

For chemical treatments, 7- to 10-day-old Arabidopsis seedlings grown in liquid 1/2 MS medium were treated with 100
1M anisomycin (ANS, Santa Cruz Biotechnology) or an equal volume of DMSO (control) for 4 h under continuous light
with shaking at 90 rpm.

Cloning and transgene construction

Coding sequences of RSZ22 (At4g31580) and THO6 (At2g19430) were amplified from Col-0 cDNA. PCR fragments
were digested with Bsal restriction enzyme and cloned into pMiniT 2.0 vectors with the same Bsal site to gener-
ate intermediate constructs pMiniT-RSZ22 and pMiniT-THO6. Arabidopsis thaliana transformation constructs were
assembled using the GreenGate (GG) cloning system in the pGGSun backbone®. E. coli DH5a was used for plas-
mid propagation (Vienna BioCenter, in-house). All plasmids and primers used in this study are listed in the Materials
section. Constructs were introduced into Agrobacterium tumefaciens strain GV3101 (C58 [RifR] Ti pMP90 [pTiC58DT-
DNA] [gentR] Nopaline [pSoup-tetRY]), all transgenic plants were generated using the floral dipping method®?.

The ufm1 mutant and the transgenic lines include pUbi::DDRGK1-GFP/Col-0 and pUbi::mCherry were described
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previously®®3. Double transgenic lines were generated by introducing constructs into existing transgenic backgrounds.
Specifically, the pGGSun_Ubi10::RSZ22-mCherry and pGGSun_Ubi10:: THO6-mCherry constructs were separately
transformed into pUbi::DDRGK1-GFP/Col-0 plants to generate the pUbi::RSZ22-mCherry; pUbi::DDRGK1-GFP/Col-
0 and pUbi:: THO6-mCherry; pUbi::DDRGK1-GFP/Col-0 lines, respectively.

For experiments in the ufm1 background, the pGGZ003::Ubi10_DDRGK1-GFP construct was introduced into pUbi:: RSZ22-
mCherry/ufm1 and pUbi:: THO6-mCherry/ufm1 plants to obtain the respective double transgenic lines. Additionally,
pUbi::DDRGK1-GFP; pUbi::mCherry double transgenic lines were generated by transforming the pGGZ003::Ubi10_DDRGK-
GFP construct into pUbi::mCherry plants. All transgenic lines were confirmed by confocal microscopy or immunoblot-

ting.

Immunoblotting analysis in Arabidopsis

Total protein was extracted from 7-day-old Arabidopsis seedlings using Grinding Buffer (50 mM Tris-HCI, 150 mM
NaCl, 1% Glycerol, 0.5% NP-40, 1.5 mM MgCl., 1 x Protease inhibitor cocktail (Roche)). Lysates were incubated
on ice for 10 min and cleared by two rounds of centrifugation (16,000 x g, 10 min, 4 °C). Protein concentration was
determined via the Bradford method using Coomassie Blue G-250 (Sigma-Aldrich). Equal amounts of proteins were
mixed with SDS loading buffer (250 mM Tris-HCI pH 6.8, 10% SDS, 0.05% bromophenol blue, 30% glycerol, freshly
supplied with 5% of 3-mercaptoethanol), boiled at 95 °C for 10 min. 10 g of total protein was loaded to the 4-20%
Mini-PROTEAN TGX Precast Protein Gels (BioRad). Proteins were transferred to nitrocellulose membranes using a
semi-dry Turbo Transfer Blot System (BioRad). Membranes were blocked with 5% skimmed milk in TBS and 0.1%
Tween 20 (TBS-T) for 1 h at room temperature or overnight 4 °C and were subsequently incubated with primary
antibody for 1 h at room temperature, followed by incubation with secondary antibody conjugated to horseradish
peroxidase (HRP) for 1 h at room temperature. After three 10-min washes with TBS-T, signals were developed using
Pierce ECL Western Blotting Substrate or ECL SuperSignal West Femto (Thermo Fisher Scientific) and visualized
with a ChemiDoc Touch Imaging System (BioRad) or iBright Imaging System (Invitrogen). Images were processed
using Image Lab software (BioRad).

Protein band intensities were quantified with ImageJ°*. Rectangular regions of interest of equal size were defined
around the target bands and the corresponding marker protein lanes (as internal controls for normalization). Band
intensities were measured as the area under the peak from the generated profile. Target protein levels were normal-
ized to the internal controls. Relative protein abundance was calculated from at least three biological replicates. The
relative signal intensity of the control group samples was set as 1.0. The relative signal intensity of all other samples
in each replicate was converted against the average signal intensity of the control sample. Data are presented as
mean + s.e.m.

Immunoblotting analyses were performed using the antibodies listed below, anti-AtC53, anti-GFP (Roche), anti-
HsUFM1 (Abcam), anti-L13-1 (Agrisera), anti-UGPase (Agrisera), anti-CNX1/2 (Agrisera), anti-Nitrilase 1 (PhytoAB),
anti-Histone H3 (Agrisera), anti-FLAG M2 (Sigma-Aldrich), and HRP-conjugated secondary antibodies (BioRad).

Confocal microscopy and image analysis in Arabidopsis

Five-day-old Arabidopsis seedlings were used for confocal imaging. Seedlings were treated in liquid 1/2 MS supple-
mented with either DMSO (control) or 100 M anisomycin (ANS) for 1 h prior to microscopy. Arabidopsis roots were
imaged using a Zeiss LSM 800 upright confocal microscope equipped with an Apochromat 40x objective lens (2x
digital zoom). GFP was excited at 488 nm and detected at 510 nm; mCherry was excited at 561 nm and detected
at 610 nm. All imaging parameters, including laser power, pinhole diameter, and detector gain, were kept constant
across samples to ensure quantitative comparability.

Confocal images were processed using the ZEN (blue edition) and Imaged. To evaluate the spatial relationship be-
tween target proteins and ER, fluorescence intensity line profiles were generated using the Plot Profile plugin in
Imaged. For each treatment, a linear ROI (Region of Interest) was drawn across representative cellular structures.
The resulting gray values for each channel were plotted against distance (pixels). Colocalization was defined by the
spatial coincidence of fluorescence intensity peaks across two channels. To quantify the ER/Nucleus signal ratio,
three regions of interest (ROIs) were randomly selected within the nucleus and the ER. The mean gray value was
calculated for each ROI to determine the relative signal intensity. For each cell, each of the three ER values was
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divided by all the nucleus values, and the mean of these three ratios was calculated as the representative signal ratio
for that ROI. These three ROI-level ratios were then averaged to obtain a single value per cell. Quantification was
performed on at least five representative images per treatment group, and the data are presented as mean + s.e.m.
from at least three biological replicates.

In planta co-immunoprecipitation

For in planta Co-IP assays, 10-day-old Arabidopsis seedlings grown in liquid 1/2 MS medium were treated for 4 h in
1/2 MS liquid medium supplemented with DMSO (control) or 100 M anisomycin (ANS). Approximately 1-2 g plant
material was harvested, flash-frozen in liquid nitrogen, and homogenized into a fine powder. Proteins were extracted
using Co-IP grinding buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 10 mM MgCl., 10% glycerol and 0.1% Nonidet
P-40, 1x Protease inhibitor cocktail) by vortexing. Plant lysates were cleared by multiple rounds of centrifugation
(16,000 x g, 5 min, 4 °C). To minimize non-specific binding, lysates were precleared by incubation with 10 L of
Protein A Agarose (Roche) for 10 min at 4 °C. The protein concentrations were measured by Bradford assay. For
each independent experiment, equal amounts of total protein across all samples and treatments were loaded for the
Input analysis. For the pull-down, equal amounts of total proteins (2-3 mg) was incubated with 25 L of RFP-Trap
Magnetic Agarose beads (ChromoTek) for 2.5 h at 4 °C with gentle rotation within each experiment. Beads were
washed six times with Co-IP buffer and bound proteins were eluted by boiling the beads in SDS loading buffer for
10 min at 95 °C. The resulting supernatants were analyzed by immunoblotting as described above with respective
antibodies. Endogenous unmodified UFM1 (free form) was detected on the same membrane in the input fractions as
an internal loading control, as its level remained stable across all treatments.

Subcellular fractionation from Arabidopsis
Microsome isolation

Ten-day-old Arabidopsis seedlings grown in liquid 1/2 MS medium were treated for 4 h in 1/2 MS liquid medium
supplemented with DMSO (control) or anisomycin (ANS) and subsequently harvested for microsome isolation using
a modified protocol®. Briefly, 1.5-2 g seedlings were homogenized in liquid nitrogen and resuspended in 6 mL of
microsome extraction buffer (MEB; 100 mM Tris-HCI pH 8.0, 5 mM EGTA, 15 mM MgCls, 2 M DTT, 0.3 M sucrose
(Sigma-Aldrich), 20 U mL~! SUPERase-In RNase Inhibitor (Thermo Fisher Scientific), 50 p mL™" cycloheximide
(Sigma-Aldrich), and 1x Protease inhibitor cocktail). Homogenates were filtered with two layers of Miracloth and
cleared by sequential centrifugation at 1,000 x g for 5 min and 8,000 x g for 10 min at 4 °C. Supernatant was
layered on a step gradient (3 mL 0.6 M/ 3 mL 1.7 M sucrose in MEB) in polyclear tubes (Laborgeraete Beranek),
and centrifuged at 100,000 x g for 1.5 h at 4 °C using a TH-641 rotor (Sorvall Discovery SE Ultracentrifuge). The
microsome fraction at the 0.6—1.7 M sucrose interface was collected into new polyclear tubes, diluted with 5 mL MEB
buffer, and pelleted at 100,000 x g for 30 min at 4 °C to remove residue sucrose.

For mass spectrometry analysis, microsome pellets were precipitated following a trichloroacetic acid (TCA) precipita-
tion method. Briefly, microsome pellets were resuspended in ultrapure water to a final volume of 1 mL, precipitated by
adding 20 ulL of 10% sodium deoxycholate (NaDOC, Sigma-Aldrich) and 100 pL of 50% TCA. Samples were vortexed
thoroughly and incubated at —20 °C for 1 h to overnight. Proteins were pelleted by centrifugation at 16,000 x g for 30
min at 4 °C, washed with 1 mL of cold acetone, and pellets were air dried at room temperature. Protein pellets were
further processed into peptides using the iST 96 x kit (PreOmics) according to the manufacturer’s instructions.

For immunoblotting, microsome pellets were first resuspended in 0.5 mL of dissolving buffer (50 mM Tris—HCI pH 7.5,
150 mM NaCl, 10 mM MgClz, 10% glycerol and 1% Nonidet P-40 supplemented with 1x Protease inhibitor cocktail).
Pellets were homogenized by pipetting and incubated with gentle rotation at 4 °C for 20—-30 min to ensure complete
protein recovery. Proteins were subsequently subjected to TCA-precipitation as described above. The resulting protein
pellets were fully dissolved in the same dissolving buffer. Protein concentrations were determined using the Pierce
BCA Protein Assay Kits (Thermo Fisher Scientific), and the sample pH was adjusted with Tris-HCI (pH 7.5) to ensure
proper electrophoretic migration. Equal amounts of microsome protein were denatured and resolved by SDS-PAGE
for subsequent immunoblotting.
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Nucleus isolation

Subcellular fractionation of nuclei was performed with modifications based on a previously described protocol®®. Ten-
day-old Arabidopsis seedlings (~ 2g) grown in liquid 1/2 MS medium were treated for 4 h in the 1/2 MS liquid medium
supplemented with DMSO or anisomycin. Seedlings were harvested, ground into fine powder in liquid nitrogen, and
immediately resuspended in 5 mL of Honda buffer (0.44 M Sucrose, 1.25% Ficoll (Carl ROTH), 2.5% Dextran T40
(PanReac AppliChem), 20 mM HEPES, pH 7.4, 10 mM MgCl,, 0.5% Triton X-100, 1 mM DTT, 1 x Protease inhibitor
cocktail and RNaseOUT nuclease inhibitor (Thermo Fisher Scientific)). The homogenate was filtered through two
layers of Miracloth and centrifuged at 2,000 x g for 5 min at 4 °C to pellet nuclei. Supernatant was further centrifuged
at 14,000 x g for 5 min at 4 °C. This step was repeated twice to remove residual nuclear contaminants, and the final
supernatant was collected as the cytoplasmic fraction.

For isolation of the nuclear fraction, the pellet obtained after the initial 2,000 x g centrifugation was resuspended
in 15 mL Honda buffer and centrifuged again at 2,000 x g for 5 min at 4 °C. The pellet was resuspended and
washed once more with 10 mL of Honda buffer and centrifuged. The final nuclear pellet was resuspended in 1 mL of
Honda buffer and transferred to a new RNase/DNase-free 1.5 mL microcentrifuge tube, followed by centrifugation at
8,000 x g for 1 min at 4 °C. The resulting pellet was resuspended in 500 uL of Honda buffer for subsequent mass
spectrometry and immunoblotting analyses. For nucleus mass spectrometry analysis, samples were processed using
the TCA precipitation method followed by peptide purification using the iST 96 x kit (PreOmics), as described above
for microsome isolation.

Sucrose gradient fractionation of ribosomes for biochemical analysis in Arabidopsis

Sucrose gradient fractionation was performed with modifications based on previously described methods®:5. Seven-

day-old Arabidopsis seedlings (~ 0.5 g) grown in liquid 1/2 MS medium were harvested and ground into a fine powder
in liquid nitrogen. The powder was resuspended in 150 uL of protein extraction buffer (PEB; 0.1 M Tris—HCI pH
8.0, 40 mM KCI, 2.5 mM MgClz, 0.4% polyoxyethylene-10-tridecyl ether (PTE, Sigma-Aldrich), 0.4% detergent mix
(20% Triton, 20% Tween-20, 20% Brij-35 (Sigma-Aldrich), 0.4% sodium deoxycholate, 1 mM DTT, 100 pug mL™*
cycloheximide). Samples were incubated on ice for 10 min with constant vortex to ensure resuspension. Cell debris
was removed by centrifugation at 21,000 x g for 10 min at 4 °C. The supernatant was transferred to a new tube, and
the clarification step was repeated three times. Equal amounts of RNA (~ 200 n.g) were adjusted to a final volume of
220 pL. RNase | (Ambion, Thermo Fisher Scientific) was added at a ratio of 1 uL per 100 ug of total RNA, and samples
were digested for 1 h 15 min at 4 °C with gentle rotation. Digestion was terminated by centrifugation and addition of
0.5 uL SUPERase*In RNase Inhibitor.

A total of 200 uL of each sample was loaded onto 10—-45% (w/v) sucrose gradient prepared in gradient buffer (24 mM
Tris—=HCI pH 8.0, 16 mM Tris—HCI pH 9.0, 40 mM KCI, 10 mM MgCls, 1 mM DTT and 100 ug mL™" cycloheximide).
Gradients were centrifuged at 35,000 rpm for 3 h at 4 °C using an SW-40 Ti rotor (Beckman Coulter Optima L-90K
ultracentrifuge) or at 35, 700 rpm for 3 h at 4 °C using a TH-641 rotor (Sorvall Discovery SE ultracentrifuge).

Gradients were fractionated using a top-down Biocomp Piston Gradient Fractionator (Biocomp) equipped with a Triax
UV detector and flow cell. UV (Az60) absorbance across 10-45% sucrose gradients was continuously monitored, and
fractions (0.5 mL per tube) were collected and stored on ice or flash-frozen in liquid nitrogen until further processing.
Peaks corresponding to the 60S subunit, monosome, and disome were collected for subsequent mass spectrometry
or immunoblotting analyses.

For ribosome-associated mass spectrometry, individual or pooled fractions corresponding to 60S, monosome, or
disome peaks were flash frozen in liquid nitrogen and processed using TCA precipitation, followed by tryptic digestion
and purification using the iST 96x kit, as described above. For ribosome SDS-PAGE and immunoblotting, each
0.5 mL fraction was adjusted to a final volume of 1 mL with ultrapure water and subjected to TCA-precipitation.
Protein pellets were resuspended and denatured. Equal volumes of ribosome-containing fractions were loaded for
immunoblotting, whereas ribosome-free fractions (free) were loaded at one-fifth of the volume used for the ribosome-
containing fractions.
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Mass spectrometry data acquisition and analysis

All samples submitted for mass spectrometry were prepared using the iST 96 x kit. 16 h and time-course pooled ribo-
some mass spectrometry samples, and the nucleus mass spectrometry samples were processed using the Orbitrap
Exploris 480 mass spectrometer. 4 h ribosome mass spectrometry samples were processed using the Eclipse mass
spectrometer. Orbitrap Exploris 480 and Eclipse mass spectrometer was operated in data-dependent mode, perform-
ing a full scan. Microsome mass spectrometry samples were processed using the timsTOF HT mass spectrometer.
The timsTOF HT was operated in DIA mode where 1 MS1 scan was followed by 8 DIA-PASEF ramps.

nanoLC-MS/MS Analysis for data-dependant acquisition (DDA)

The nano HPLC system (UltiMate 3000 RSLC nano system or Vanquish Neo UHPLC-System, Thermo Fisher Sci-
entific) was coupled to an Orbitrap Exploris 480 mass spectrometer equipped with a FAIMS pro interfaces and a
Nanospray Flex ion source (all parts Thermo Fisher Scientific). Peptides were loaded onto a trap column (PepMap
Acclaim C18, 5 mm x 300 um ID, 5 um particles, 100 A pore size, Thermo Fisher Scientific) at a flow rate of 25 ul
min~! using 0.1% TFA as mobile phase. After 10 minutes, the trap column was switched in line with the analytical
column (PepMap Acclaim C18, 500 mm x 75 um ID, 2 zm, 100 A, Thermo Fisher Scientific or zPac 110cm generation
2 micropillar column, Pharmafluidics) operated at 30 °C (PepMap) or 50 °C (uPac). Peptides were eluted using a flow
rate of 230 nl/min, starting with the mobile phases 98% A (0.1% formic acid in water) and 2% B (80% acetonitrile, 0.1%
formic acid) and linearly increasing to 35% B over the next 180 min.

The Orbitrap Exploris 480 mass spectrometer was operated in data-dependent mode, performing a full scan (m/z
range 350-1200, resolution 60,000, normalized AGC target 100%) at 3 different compensation voltages (CV -45, -60,
-75), followed each by MS/MS scans of the most abundant ions for a cycle time of 0.8 seconds per CV. MS/MS spectra
were acquired using HCD collision energy of 30, isolation width of 1.0 or 1.2 m/z, orbitrap resolution of 15,000,
normalized AGC target 100%, minimum intensity of 25,000 and maximum injection time of 30 ms. Precursor ions
selected for fragmentation (include charge state 2—6) were excluded for 40 s. The monoisotopic precursor selection
filter and exclude isotopes feature were enabled.

The Eclipse was operated in data-dependent mode, performing a full scan (m/z range 380—-1500, Orbitrap resolution
120k, AGC target value 400,000, normalized AGC target 100%) at 4 different compensation voltages (CV -45, -55,
-65, -75), followed each by MS/MS scans of the most abundant ions for a cycle time of 0.6 sec per CV. MS/MS spectra
were acquired using an isolation width of 1.2 m/z, absolute AGC target value of 10,000, normalized AGC target 100%,
minimum intensity of 5,000 and a maximum injection time of 35 ms, using the lontrap for detection with HCD collision
energy of 30. Precursor ions selected for fragmentation (including charge state 2—6) were excluded for 20 s. The
monoisotopic precursor selection filter and exclude isotopes feature were enabled.

Data Processing protocol for DDA Data

For peptide identification, the RAW-files were loaded into Proteome Discoverer (version 2.5.0.400, Thermo Scientific).
All MS/MS spectra were searched using MSAmanda v2.0.0.19924°%. The peptide mass tolerance was set to +10 ppm
and fragment mass tolerance to +-10 ppm for measurements done on the Exploris and to 400 mmu for measurements
done on the Eclipse, the maximum number of missed cleavages was set to 2, using tryptic enzymatic specificity with-
out proline restriction. Peptide and protein identification was performed in two steps. For an initial search the RAW-files
were searched against the Arabidopsis taxonomy database (TAIR; 32,785 sequences; 14,482,855 residues), supple-
mented with common contaminants and sequences of tagged proteins of interest using lodoacetamide derivative on
cysteine as a fixed modification. The result was filtered to 1% FDR on protein level using the Percolator algorithm
integrated in Proteome Discoverer®. A sub-database of proteins identified in this search was generated for further
processing. For the second search, the RAW-files were searched against the created sub-database using the same
settings as above and considering the following additional variable modifications: oxidation on methionine, deami-
dation on asparagine and glutamine, glutamine to pyro-glutamate conversion at peptide N-terminal glutamine and
acetylation on protein N-terminus. For some files phosphorylation on serine, threonine and tyrosine was included
as variable modification in the search. The localization of the post-translational modification sites within the peptides
was performed with the tool ptmRS, based on the tool phosphoRS®°. Identifications were filtered again to 1% FDR
on protein and PSM level, additionally an Amanda score cut-off of at least 150 was applied. Proteins were filtered to
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be identified by a minimum of 2 PSMs in at least 1 sample. Protein areas have been computed in IMP-apQuant by
summing up unique and razor peptides®'. Resulting protein areas were normalized using intensity-based absolute
quantification (iIBAQ) and sum normalization was applied for normalization between samples®?. Match-between-runs
(MBR) was applied for peptides with high confident peak area that were identified by MS/MS spectra in at least one
run.

Proteins were required to be identified by a minimum of 2 PSMs in at least 1 sample, and quantified proteins were
filtered to include at least 3 quantified peptide groups. The statistical significance of differentially expressed proteins

was determined using the limma package®.

LC-MS/MS setup for Data independent Acquisition (DIA)

Peptide samples were analyzed by the LC-MS/MS approach. The nano HPLC system used was an UltiMate 3000
nano HPLC RSLC (Thermo Scientific) equipped nano-electrospray source (CaptiveSpray source 1, Bruker Daltonics),
coupled to a timsTOF HT mass spectrometer (Bruker Daltonics).

Peptides samples were injected on a pre-column (PepMap C18, 5 mm x 300 ym x 5 um, 100 A pore size, Thermo
Scientific) with 2% ACN/water (v/v) containing 0.1% TFA at a flow rate of 10 ul min~! for 10 min. Peptides were then
separated on the 25 cm Aurora ULTIMATE series HPLC column (CSI; 25 cm x 75 um ID, 1.7 um C18, lonOpticks)
operating at 50 °C controlled by the Column Oven PRSO-V1-BR (Sonation), using UltiMate 3000 (Thermo Scientific
Dionex). The analytical column flow was set to 300 nL/min and the mobile phases water/0.1% FA and 80% ACN/0.08%
FA (A and B, respectively) were applied in the linear gradients starting from 2% B: 2%—10% B in 10 min, 10%—24% B
in 35 min, 24%—35% B in 15 min, 35%—95% B in 1 min, 95% for 5 min, and finally the column was equilibrated in 2%
B for next 10 min (all % values are v/v; water and ACN solvents were purchased from Thermo Scientific at LC-MS
grade).

The LC system was coupled with TIMS quadrupole time-of-flight mass spectrometer (timsTOF HT, Bruker Daltonics)
and samples were measured in dia-PASEF mode. The CaptiveSpray source parameters were: 1600 V of capillary
voltage, 3.0 L min~? of dry gas, and 180 °C of dry temperature. MS data was acquired in the MS scan mode, using
positive polarity, 100—1700 m/z range, mobility range was set up from 0.64—1.42 V-s/cm?, ramp time was set to 100
ms and estimated cycle time was 0.95 s. Collision energy was 27 eV at 1/ko 0.85 V-s/cm?, and 45 eV at 1/ko 1.3
V-s/cm?. Automatic calibration of ion mobility was set ON. The timsTOF HT was operated in DIA mode where 1 MS1
scan was followed by 8 DIA-PASEF ramps.

Proteomics data analysis for DIA data

DIA data was analysed in Spectronaut 18.7%4. Trypsin/P was specified as a proteolytic enzyme and up to 2 missed
cleavages were allowed in the Pulsar directDIA+ search. Dynamic mass tolerance was applied for calibration and
main search. The search was performed against the Arabidopsis taxonomy database (TAIR; 32,785 sequences;
14,482,855 residues), with common contaminants (347 sequences) and common tags (28 sequences) appended.
Here, Carbamidomethylation of cysteine was searched as fixed modification, whereas oxidation of methionine and
acetylation at protein N-termini were defined as variable modifications. Peptides with a length between 7 and 52
amino acids were considered and results were filtered using Spectronaut default filtering criteria (Precursor Qvalue
< 0.01, Precursor PEP < 0.2, Protein Qvalue < 0.01 per Experiment and < 0.05 per Run, Protein PEP < 0.75).
Quantification was performed as specified in Biognosys BGS Factory Default settings, grouping Peptides by Stripped
Sequence and performing protein inference using IDPicker. Cross-Run Normalization in Spectronaut was deactivated
due to subsequent mode normalization.

Spectronaut results were exported using Pivot Reports on the Protein and Peptide level and converted to Microsoft
Excel files using our in-house software MS2Go. For DIA data MS2Go utilizes the python library msReport (developed
at the Max Perutz Labs Proteomics Facility) for data processing. Abundances were normalized by the mode of protein
ratios in msReport and missing values were imputed with values obtained from a log-normal distribution with a mean of
100. To compensate for different protein lengths, protein quantification was then normalized using iBAQ®?. Statistical

significance of differentially expressed proteins was determined using limma®?.
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Subcellular enrichment shifts quantification and functional categorization from Arabidopsis mass spectrom-
etry data

To quantify subcellular enrichment shifts in response to anisomycin treatment, we compared log, fold changes in
normalized protein abundance between microsomal and nuclear fractions in both wild-type and ufm? mutant back-
grounds. Only proteins detected in both compartments were retained to ensure comparability. For each protein,
enrichment was defined as the difference in anisomycin-induced fold change between compartments (Anisomycin vs
DMSO), calculated as: A enrichment = Microsome - Nuclear. This was computed separately for wild-type and ufm1
mutants. To limit the influence of outliers, A enrichment values were winsorized to the range of —1 to +1. Proteins
were categorized as microsome-enriched (A > 25%), nucleus-enriched (A < —25%), or no-shift (—25% < A < 25%).

Gene Ontology (GO) annotations were retrieved from Ensembl Plants using the biomaRt package and filtered for
RNA-related terms containing keywords including splicing, binding, export, decay, and processing. These GO terms
were grouped into six RNA-related categories: RNA binding, RNA splicing, RNA processing, RNA decay and stability,
RNA export, and RNA catabolic processes. Functional categories with fewer than ten proteins were not considered
for statistical testing. For each category, the proportion of proteins in each enrichment class was calculated and
visualized using stacked bar plots. Fisher’s exact tests were used to assess whether category-specific enrichment
patterns significantly deviated from the total proteome, and P-values were adjusted for multiple testing using the
Benjamini-Hochberg method. In parallel, empirical cumulative distribution functions (ECDFs) of A enrichment values
were generated using the base R ecdf () function to compare the distributional behavior of each RNA-related category
against the global proteome. This allowed systematic evaluation of how protein localization patterns across RNA-
associated functions are altered by stress and UFM1 pathway disruption.

Human cell culture and cell line generation

RKO-iCas9 cells (doxycycline-inducible Cas9) were cultured in RPMI-1640 media (Sigma) supplemented with 10%
fetal bovine serum (Gibco), 2 mM L-Glutamine (Sigma), 1% Penicillin-Streptomycin (Sigma), 1x Non-Essential Amino
Acids (Thermo Scientific), and 1 mM sodium pyruvate (Gibco). Cell lines were grown in a humidified incubator at 37 °C
and 5% CO. and regularly tested for Mycoplasma infection with the EZ-PCR™ Mycoplasma Detection Kit (Biological
Industries).

RKO-iCas9 cells expressing sgRNAs against the non-coding locus AAVS?1 were generated in®® and were a kind
gift from the Gijs Versteeg lab. RKO-iCas9 cells expressing sgRNAs against UFM1 were generated in our previous
study'?; gRNA sequences 5-CGACGTCAGCGTGATCTTAA-3' and 5-ACACTTTGTACGGCAGCCGT-3’ were used
to target the UFM1 gene. The parental RKO-iCas9-GFP cell line was a kind gift from the Johannes Zuber lab®.

Cytoplasmic and nuclear fractionation of human cells for RNA and protein analysis

0.75 million RKO-iCas9 cells were plated per 6-well plate. To induce Cas9 expression, 250 ng mL~! doxycycline was
added at the time of seeding. DMSO in 1:2000 dilution was used as a control. 72 h after doxycycline induction, cells
were treated with 200 nM anisomycin (ANS) for 1 h followed by fractionation of cytoplasmic and nuclear RNA according
to the published protocol®” with modifications. Cells were washed with ice-cold phosphate-buffered saline (PBS) and
lysed on the plate in 335 uL of 0.1% NP-40 in 1x PBS. Plates were incubated on ice for 5 min and lysates collected
by scraping. Samples were pipetted 5 times, transferred to 1.5 mL Eppendorf tubes, and pipetted 2 additional times.
30 uL were transferred to a separate tube for immunoblotting analysis (whole cell lysate).

Cell lysates were centrifuged at 3,000 x g for 2 min at 4 °C. 250 uL of supernatant were transferred to 1.5 mL Eppendorf
tubes for a second round of centrifugation at 3,000 x g for 2 min at 4 °C. 130 uL of supernatant (cytosolic fraction)
were transferred to 1.5 mL Eppendorf tubes. 30 uL were transferred to a separate tube for immunoblotting analysis
and 100 pL were kept for RNA extraction. The nuclear pellet was washed with 1 mL of 0.1% NP-40 in 1x PBS and
centrifuged at 3,000 x g for 2 min at 4 °C. After removal of the supernatant, the pellet was used for RNA extraction
or dissolved in 1x SDS sample buffer (50 mM Tris-HCI pH 6.8, 2% SDS, 0.1% Bromophenol blue, 10% glycerol, 20
mM DTT) for immunoblotting analysis. The following antibodies were used for immunoblotting: anti-UFM1 (Abcam) at
1:2000, anti-lamin A/C (Santa Cruz) at 1:1000, anti-eEF2 (Proteintech) at 1:10000, and IgG (H+L), HRP Conjugates
(Promega).
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Mouse lines and primary hippocampal neuronal culture

Mouse lines were maintained in the animal facility of the Max Planck Institute for Multidisciplinary Sciences. The
Ufm1-cKO mouse line, which carries loxP sites 5’ of exon 3 and 3’ of exon 5 of the Ufm7 gene, was obtained from
GemPharmatech. The physiological consequences of Cre-induced Ufm1-loss in cultured neurons were described
previously®®. The line was kept in a homozygous mutant state. Animals homozygous for Ufm1-cKO were viable,
fertile, and exhibited no overt phenotypic changes in the cage environment.

We have complied with all relevant ethical regulations for animal use and received ethical approval from the
Niedersachsisches Landesamt flir Verbraucherschutz und Lebensmittelsicherheit (LAVES). Mouse breeding was done
with permission of the LAVES and according to European Union Directive 2010/63/EU. Mice were housed in individu-
ally ventilated cages with bedding and nesting material in specific pathogen-free conditions at 21 °C and 55% relative
humidity, under a 12 h/12 h light/dark cycle. Mice received food and water ad libitum. Health monitoring was done
quarterly following FELASA recommendations with either NMRI sentinel mice or animals from the colony. All mice
used for experiments were sacrificed by decapitation on their day of birth. Animals from both sexes were used without
further distinctions.

Mouse primary hippocampal neuron cultures were prepared as described previously?®-%:%°_ Briefly, brains of newborn

mice were dissected, and hippocampi were isolated and digested for 1 h at 37 °C in Dulbecco’s modified Eagle’s
medium (DMEM) containing 2.5 U mL™* papain (Worthington Biomedical Corporation), 0.2 mg mL~* L-cysteine, 1
mM CaCl., and 0.5 mM EDTA. Papain digestion was stopped by incubation with DMEM supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (FBS), 2.5 mg mL™* aloumin, and 2.5 mg mL™" trypsin inhibitor. Hippocampi
were triturated in Neurobasal medium (Neurobasal medium-A) containing 2% (v/v) B27, 2 mM Glutamax, 100 U
mL~! penicillin and 100 ug mL™~! streptomycin and subsequently grown in this medium. Neurons were seeded in
Poly-L-Lysine (PLL)-coated plates, using cells from two hippocampi (~ 150,000 cells) per 6 cm plate for protein
and RNA extraction experiments. The day of dissection was counted as day in vitro 0 (DIV 0). At DIV 1, primary
hippocampal neurons were infected with viruses expressing either RFP as control, or CRE-RFP to ablate UFM1
expression. Anisomycin (ANS) was obtained from SIGMA and dissolved in DMSO and flash frozen. Neurons were
treated with 20 uM ANS or DMSO for 2 h. All other reagents were obtained from Gibco or Sigma-Aldrich, unless
stated otherwise.

Immunoblotting analysis of mouse neurons

Cells were washed with PBS, lysed in RIPA buffer (150 mM NaCl, 1% (v/v) Triton X-100, 0.1% (v/v) SDS, 20 mM Tris
pH 7.4-7.7) with protease inhibitors (1 g mL™* aprotinin, 0.5 ug mL™! leupeptin, 17.4 ug mL~* PMSF) and 20 mM
N-Ethylmaleimide (NEM) to prevent de-UFMylation. Protein concentration was determined using the Bradford method
(Biorad). Proteins were then heated in a sample buffer at 65 °C for 20 min.

SDS-PAGE was performed with standard discontinuous gels or with commercially available 4%—12% Bis-Tris gradi-
ent gels (Invitrogen). Blot transfers were done using nitrocellulose membranes, according to standard procedures.
Reversible MemCode protein staining (ThermoFisher) was performed to determine the total protein amount. Blots
were blocked with a blocking buffer (PBS containing 5% (w/v) milk and 1% (v/v) Tween) and probed using primary
and secondary antibodies diluted in blocking buffer. Blots were developed using enhanced chemiluminescence (GE
Healthcare). Chemoluminescent signals were detected using the INTAS ECL Chemostar Imager. MemCode protein
stain and blot images were analyzed using Fiji.

RNA extraction and library preparation

Cytosolic and nuclear fractions from Arabidopsis and human RKO cells were homogenized and stored in TRIzol
at —80 °C until further processing. RNA was extracted using the Direct-zol RNA Microprep Kit (Zymo Research)
according to the manufacturer’s instructions. Mouse neuronal cell samples stored in 300 pL of DNA/RNA Shield
were also kept at —80 °C until use. RNA from total cells of these samples was extracted using the Quick-RNA
Miniprep Plus Kit (Zymo Research), following the recommended protocol. DNase | (NEB) treatment was performed
during RNA isolation. Polyadenylated mRNA was enriched from total RNA using oligo(dT) magnetic beads (NEBNext
Poly(A) mRNA Magnetic Isolation Module), followed by strand-specific library preparation using the NEBNext Ultra Il
Directional RNA Library Prep Kit for lllumina. All steps, including mRNA capture, first- and second-strand synthesis,
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end repair, adaptor ligation, and library amplification, were performed according to the manufacturer’s instructions.
Library quality and fragment size distribution were assessed using an Agilent Fragment Analyzer. Final libraries were
sequenced in single-end or paired-end 150 bp mode on an lllumina NovaSeq X Plus system at Vienna Biocentre NGS
facility.

RNA-seq processing and splicing analysis

Raw FASTQ files were preprocessed using Trim Galore with default settings to remove adapter sequences and low-
quality bases. Trimmed reads were aligned using STAR™ in two-pass mode to improve splice junction detection.
For Arabidopsis, alignments were performed against a genome index generated using the TAIR10 primary assembly
and the Ensembl Plants Release 56 GTF annotation. For human RKO, reads were aligned to the GRCh38 primary
assembly using the GENCODE v45 annotation. For mouse, reads were aligned to the GRCm39 primary assembly
using the Ensembl Release 112 annotation. Transcript-level quantification was performed using Salmon with strand-
specific settings, using the aligned BAM files as input™.

Aligned BAM files were sorted and indexed using samtools™, and splice junction files from STAR were used as input
for IMATS™ to identify differential alternative splicing events between control and anisomycin-treated samples. rMATS
was run in paired-end mode for Arabidopsis and human samples and in single-end mode for mouse samples, with
strand-specific orientation and the variable read length option enabled. Splicing events were quantified across five
canonical types: skipped exons (SE), alternative 5’ and 3’ splice sites (A5SS and A3SS), mutually exclusive exons
(MXE), and retained introns (IR). Events were considered significant if they exhibited a false discovery rate (FDR)
< 0.05 relative to wild-type and a difference in percent splice inclusion (JAPSI|) of at least 20% for SE events or 10% for
all other event types. To define UFM1-dependent splicing changes, we selected events that were significantly altered
in wild-type (FDR < 0.05) but not in the UFM1 mutant background (FDR > 0.05) under anisomycin treatment. For
downstream analysis splicing events identified by rMATS were mapped to host Ensembl gene identifiers by overlapping
event coordinates with a transcript database (TxDb) constructed from species-specific GTF annotations using the
GenomicRanges and GenomicFeatures R packages™.

Alternatively spliced transcripts characterization

To characterize the structural and functional features of alternatively spliced transcripts, genomic coordinates of splic-
ing events were overlapped with transcript models derived from the reference GTF. Spliced regions were classified in
a strand-aware manner relative to the coding sequence (CDS): segments upstream of the CDS start were defined as
5" UTR, those overlapping the coding region as CDS, and those downstream of the CDS end as 3’ UTR. In cases
of isoform ambiguity, a consensus classification was assigned using a priority hierarchy (CDS > 5 UTR > 3’ UTR
> non-coding > intronic). Subsequently, subcellular localization and presence of signal peptide were evaluated by
querying Ensembl BiomaRt"®. The presence of signal peptides (analyzed for human and mouse) was determined by
annotated "SignalP” start positions, while subcellular localization was assessed using Gene Ontology (GO) terms for
major compartments (e.g., Nucleus, Mitochondria, Endoplasmic Reticulum). Enrichment odds ratios for these features
were calculated using Fisher’s exact test relative to the genomic background.

Nonsense-mediated decay (NMD) susceptibility evaluation

To predict susceptibility to Nonsense-Mediated Decay (NMD), the genomic architecture of retained introns (IR) was
analyzed for Exon Junction Complex (EJC) proximity and Premature Termination Codon (PTC) density. EJC depo-
sition sites were inferred using splice junction density as a proxy from GTF annotations; genomic distances were
calculated from the IR boundaries to the centers of all other introns within the same transcript. Downstream splice
junctions located > 55 bp from the stop codon were classified as potential NMD-triggering EJC sites”!. Additionally,
the local sequence context of the 5" and 3’ splice sites (420 bp) was scanned for stop codon motifs (TAA, TAG, TGA)
to quantify the density of potential PTCs introduced by the retention event.

Splice site strength and motif analysis

To evaluate the strength of splice signals, the Maximum Entropy Model implemented in MaxEntScan’® was used to

score 9-nt 5’ splice sites and 23-nt 3’ splice sites based on their adherence to position weight matrices derived from
constitutive sites. Sequences flanking annotated junctions were extracted and processed using a Python wrapper.
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The ggseqlogo R package”” was used to visualize differences in consensus motif conservation between stalling-
regulated retained introns and constitutive controls. Genomic sequences spanning the 5 donor (20 bp exonic, 6 bp
intronic) and 3’ acceptor (20 bp intronic, 6 bp exonic) junctions were extracted, with strand orientation computationally
validated and corrected based on canonical GT-AG dinucleotides to ensure accurate alignment.

Motif enrichment analysis

Motif Enrichment Analysis of RNA-binding proteins (RBP) and splicing regulatory elements was performed using
AME (Analysis of Motif Enrichment) from the MEME Suite”®, querying the CisBP-RNA database™. To establish a
background control set, constitutive introns were extracted from human and mouse gene annotations. Sequences
from UFM1-dependent and UFM1-independent splicing events were then individually tested for motif enrichment
relative to this constitutive background. Analyses were restricted to specific genomic intervals: the 5’ splice site
(spanning -20 exon/+6 intron nucleotides), the 3’ splice site (-20 intron/+6 exon nucleotides), and the remainder of the
full intron body. Significant enrichment was determined based on E-values.

Phylogenetic profiling of UFM1

Eukaryotic proteins families co-evolving with UFM1 were identified as described previously®®:3'. Firstly, we assem-

bled a dataset of genome-predicted proteomes representing diverse eukaryotic taxa, as described previously®'. The
resulting proteins were compared to one another using Diamond BLASTP v2.1.11.165 (ultra-sensitive, maximum 250
hits, percent identity > 25%, E < 10~°, query coverage > 25%) and clustered based on similarity using MCL v22.282
using a variety of inflation parameters (I = 1.4,2,4, and 6)%%%%, Initial clusters were established with an inflation
value of 1.4, and clusters larger than 450 proteins were sub-divided based on higher inflation values when possible.
To compensate for fragmented clusters, those with 20 assigned proteins or less were aligned using MAFFT +7.520 and
profile hidden Markov Models (HMM) were generated®*®°. These HMMs were used as queries to search the initial
dataset using HMMER 3.4 (E < 10~2°) and small clusters were merged with larger clusters (at least 50 sequences)
when homology was detected, resulting in a final set of protein families.

To identify protein families which correlate with the presence of UFM1, the distribution of UFM1 was assigned across
taxa based on previous curation®'. To account for taxon sampling, species represented within the database were
subdivided into supergroups, and monophyletic groupings of UFM1 presence and absence were defined. To calculate
phylogenetic correlations, the median protein number for protein families with representation from at least 25 species
was determined across UFM1 presence/absence clades and point-biserial correlations (PBC) were used to identify
correlation coefficients between binarized UFM1 presence and median protein number®®. Correlation significance
was assessed using permutation tests (n = 100, 000) whereby protein families of equal size were generated through
random sampling of the initial dataset without replacement. Given the independent generation of each test distribution,
multiple test corrections were not applied. Correlating protein families were defined as those with a PBC > 0.3 and
P < 0.05. The distribution of correlated protein families was visualized using ITOL v6°7.

To assess functional associations within UFM1-correlated protein families, all proteins included within the initial dataset
were annotated with Gene Ontology (GO) terms. To this end, each protein was compared to the UniProt Knowledge-
base using Diamond BLASTP (sensitive, maximum 100 hits, percent identity > 25%, E < 107>, query coverage
> 50%) and annotated using the Pfam database using HMMER (E < 1075)%%:%9 Annotations were extracted from the
resulting hits using Wei2Go®°. GO-terms were assigned to individual protein families when at least 25% of proteins
within a given cluster received the annotation. To identify GO-enrichments, term frequencies were compared between
UFM1-correlated subsets and all eukaryotic protein families, and significance was assessed using permutation tests
(P < 0.01,n = 100, 000).

AlphaFold-Multimer Prediction

Protein-protein interactions between the UFMylation machinery and co-evolved candidates (P < 0.05, PBC > 0.3)
were predicted using AlphaFold-Multimer® ~“3. Predictions were executed using the ht-colabfold pipeline (https:
//gitlab.com/BrenneckelLab/ht-colabfold) on the Vienna BioCentre CLIP Batch Environment (CBE) cluster.
Human protein sequences were retrieved from UniProt and supplied in FASTA format. Interaction confidence was
assessed using the interface predicted TM-score (ipTM) and a custom PEAK score, calculated as the inverted and
scaled (0 to 1) minimum Predicted Aligned Error (PAE) between chains, excluding intra-molecular interactions.
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Key resources

Reagents/Resource Source Catalog number/ Identifier Notes
Experiment models

Col-0 A. thaliana
ufm1 Stephani et al (2020) AT1G77710 A. thaliana
pUbi::RSZ22-mCherry This study A. thaliana
pUbi::RSZ22-3 x FLAG This study A. thaliana
pUbi:: THO6-mCherry This study A. thaliana
pUbi:: THO6-3 x FLAG This study A. thaliana
pUbi::RSZ22-mCherry; pUbi::DDRGK1-GFP/Col-0 This study A. thaliana
pUbi::RSZ22-mCherry; pUbi::DDRGK1-GFP/ufm1 This study A. thaliana
pUbi:: THO6-mCherry; pUbi::DDRGK1-GFP/Col-0 This study A. thaliana
pUbi:: THO6-mCherry; pUbi::DDRGK1-GFP/ufm1 This study A. thaliana
pUbi::DDRGK1-GFP; pUbi:mCherry This study A. thaliana
pUbi:DDRGK1-GFP/Col-0 Stephani et al (2020) A. thaliana
pUbi::mCherry Zhao et al (2022) A. thaliana
HCT116 (Human colorectal carcinoma) ATCC CRL-2577 Human
RKO-iCas9 UFM1 KO This study Human
RKO-iCas9 AAVST control This study Mouse
Ufm1-cKO GemPharmatech Mouse
Recombinant DNA for transgenics

pGGSun_Ubi10::RSZ22-3x FLAG This study for A. thaliana
pGGSun_Ubi10:: THO6-3x FLAG This study for A. thaliana
pGGSun_Ubi10::RSZ22-mCherry This study for A. thaliana
pGGSun_Ubi10:: THO6-mCherry This study for A. thaliana

Antibodies

Rabbit polyclonal anti-AtC53 Stephani et al (2020) 1:5000
Goat anti-rabbit IgG HRP-Conjugate Biorad 1706515 1:10000
Goat anti-mouse IgG HRP-Conjugate Biorad 1706516 1:10000
Mouse monoclonal anti-GFP Roche 11814460001 1:5000
Rabbit monoclonal anti-HsUFM1 Abcam Ab109305 1:3000
Rabbit polyclonal anti-L13-1 Agrisera AS13 2650 1:1000
Rabbit polyclonal anti-UGPase Agrisera AS14 2813 1:1000
Rabbit polyclonal anti-CNX1/2 Agrisera AS12 2365 1:3000
Rabbit polyclonal anti-Nitrilase 1 PhytoAB PHY2194S 1:5000
Rabbit polyclonal anti-Histone H3 Agrisera AS10 710 1:5000
Mouse monoclonal anti-FLAG M2 Sigma F3165 1:3000
Mouse monoclonal anti-lamin A/C Santa Cruz sC-376248 1:1000
Rabbit polyclonal anti-eEF2 Proteintech 20107-1-AP 1:10000
Anti-Mouse IgG (H+L), HRP Conjugate Promega W4021 1:5000
Anti-Rabbit IgG (H+L), HRP Conjugate Promega W4011 1:5000
Strains

DH5« (E. coli) In-house facility VBC

GV3101 (pSoup) (A. tumefaciens) In-house facility VBC

Chemicals / Enzymes

Anisomycin Santa Cruz sc-3524

EDTA-free Protease Inhibitor Cocktail Roche 5056489001

Brilliant Blue G Sigma B0770

Cycloheximide Sigma C7698

Sucrose Sigma 84097

Nuclease-Free Water Sigma W4502

SUPERase:-In RNase Inhibitor Thermo Fisher AM2696

Sodium deoxycholate Sigma 30970

Ficoll 400 Carl ROTH CN90.2

Dextran 40 BioChemica PanReac A2249

RNaseOUT Recombinant RNase Inhibitor Thermo Fisher 10777019

Polyoxyethylene-10-tridecyl ether Sigma P2393

Brij-35 Sigma 801962

Ambion RNase | Thermo Fisher AM2294

RPMI-1640 media Sigma R8758

Fetal bovine serum Gibco 10437028

L-Glutamine Sigma G7513

Penicillin-Streptomycin Sigma P0781

Non-Essential Amino Acids Thermo Fisher 11140050

Sodium pyruvate Gibco 11360070

DNase | NEB MO0303S

ERCC RNA Spike-In Mix Thermo Fisher 44565740

Critical commercial assays

RFP-Trap Magnetic Agarose beads ChromoTek rtma-200

Protein A Agarose Roche 11719408001

Pierce BCA Protein Assay Kits Thermo Fisher 23227

iST 96x Kit PreOmics P.0.00027

Direct-zol RNA Microprep Kit Zymo Research R2060

Quick-RNA Miniprep Plus Kit Zymo Research R1507

NEBNext Poly(A) mRNA Magnetic Isolation NEB E7490L

NEBNext Ultra Il RNA Library Prep NEB E7760L
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Reagents/Resource Source Catalog number/ Identifier Notes
Software and algorithms
CLC main work bench 7 Qiagen Cloning
Zen Software Carl Zeiss Microscopy
Image J (Fiji) NIH Quantification
Image Lab BioRad Western Blotting
Adobe lllustrator 2022 Adobe Inc. Graphics editing
MS2Go Inhouse ms.imp.ac.at
RStudio 1.2.5019 RStudio Graphics editing
AlphaFold-Multimer Jumper et al., 2021 github.com/alphafold PPI prediction
ht-colabfold gitlab.com/ht-colabfold AlphaFold
pipeline
Trim Galore Babraham babraham.ac.uk Adapter trimming
Python 3.10.13 Python python.org Analysis
Numpy 1.26.4 NumPy numpy.org Statistics
Scipy 1.12.0 SciPy scipy.org Statistics
Pandas 2.2.3 Pandas pandas.pydata.org Data processing
Profiling.py In house Phylogeny script
Go_enrichment.py In house GO-enrichment
STAR Dobin et al., 2013 github.com/STAR RNA-seq align
Salmon Patro et al., 2017 github.com/salmon Transcript quant
samtools Danecek et al., 2021 github.com/samtools BAM processing
rMATS Shen et al., 2014 github.com/rmats Splicing analysis
MaxEntScan Yeo & Burge, 2004 hollywood.mit.edu Splice site scoring
MEME Suite (AME) McLeay & Bailey, 2010 meme-suite.org Motif enrichment
biomaRt Durinck et al., 2005 Bioconductor GO retrieval
GenomicRanges Lawrence et al., 2013 Bioconductor Genomic intervals
GenomicFeatures Lawrence et al., 2013 Bioconductor Transcript DB
ggseqlogo Wagih, 2017 CRAN/Bioconductor Sequence logo
Diamond BLASTP v2.1.11 Buchfink et al., 2021 github.com/diamond Seq comparison
MCL v22.282 Enright, 2002 micans.org/mcl/ Protein clustering
MAFFT v7.520 Katoh & Standley mafft.cbre.jp Alignment
HMMER v3.4 Mistry et al., 2013 hmmer.org HMM search
ITOL v6 Letunic & Bork, 2024 itol.embl.de Tree visualization
Wei2Go Reijnders, 2022 N/A GO extraction
Databases and reference genomes
UniProt UniProt Consortium uniprot.org Protein seqgs

Ensembl Plants

Ensembl

plants.ensembl.org

Arabidopsis (Rel
56)

GENCODE GENCODE Consortium gencodegenes.org Human (v45)
Ensembl Ensembl ensembl.org Mouse (Rel 112)
CisBP-RNA Rosado-Tristani 2025 cisbp-rna RBP motif DB
Gene Ontology (GO) GO Consortium geneontology.org Func annotation
TAIR10 Ensembl Plants A. thaliana primary assembly Arabidopsis ref
GRCh38 GENCODE H. sapiens primary assembly Human ref
GRCm39 Ensembl M. musculus primary assembly Mouse ref

Pfam Mistry et al., 2021 pfam.xfam.org Domain annota-

tion

Code availability

All custom code generated in this study for visualization, statistical analysis, and feature analysis is available at
https://github.com/Papareddy/UFMylation_Ribosome_stalling RNA_Splicing. Primary bioinformatics scripts
were developed using human intelligence and subsequently streamlined via the Antigravity agentic framework (using
Gemini or Claude Code) for redundancy mitigation.

Data availability

All RNA sequencing data generated in this study are available at the National Center for Biotechnology Informa-
tion Gene Expression Omnibus (NCBI GEO, https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE325905. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE®* partner repository with the dataset identifier PXD075540. All the raw data are available via Zenodo
https://doi.org/10.5281/zenodo.19305729.
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Fig. S1 | Validation of UFM1 co-evolutionary candidates and transcriptomic-proteomic integration. a, Semantic
clustering of GO terms for UFM1 co-evolutionary candidates (point-biserial correlation > 0.3, P < 0.05). Dot size and
color indicate fold enrichment and —log,,(P). b, Dot plot illustrating AlphaFold2 (AF2) Multimer interaction predictions
of coevolved genes against UFMylation machinery. The Y-axis represents the average protein interaction score across
the top three ranked models, calculated from domain-specific Predicted Aligned Error (PAE) values rescaled from 0 to 1.
Abbreviations: P1, P2: UFSP1 and 2; E1, E2, E3: UBA5, UFC1, and UFL1; C: CDK5RAP3; D: DDRGK1. Coevolved
genes with Scaled PAE > 0.75 are colored according to key. ¢, In vivo co-immunoprecipitation (Co-IP) of THOG interactions
with DDRGK1-GFP and UFMylated RPL26 (left panel) or with endogenous C53 and UFMylated RPL26 (right panel)
under DMSO or ANS (4 h) treatment. Proteins were extracted from the Arabidopsis lines co-expressing DDRGK1-GFP
with either mCherry (control) or THO6-mCherry in Col-0 background seedlings (left panel), or from mCherry (control)
and THO6-mCherry seedlings (right panel). Input samples were normalized by Bradford assay prior to loading. The
consistent level of endogenous free UFM1 (unconjugated) in input fractions serves as an internal loading control to show
equal protein loading across all lanes. THO6-mCherry was immunoprecipitated with RFP-Trap magnetic agarose, bound
proteins detected by immunoblotting (n = 2). Mono- (1), di- (2) UFMylated RPL26 and free UFM1 are indicated. d,
Biological replicate of (c). e, f, Immunoblotting of nuclear fractionation quality in 10-day-old Col-0 and ufm1 seedlings (4 h
ANS treatment). H3 and UGPase are nuclear and cytosolic markers, respectively. UFM1 blot confirms genotype-specific
conjugates upon ANS as indicated (n = 3). @, Proportion of proteins showing RNA-dependent versus RNA-independent
abundance changes in Col-0 and ufm1 after ANS treatment based on integrated proteomic and RNA-seq analysis. h,
Counts of proteins significantly enriched or depleted (P < 0.05) upon ANS treatment in indicated genotypes. i, UpSet
plot showing intersections of nuclear DEGs (ANS versus DMSO) in Col-0 and ufm1. Bar heights indicate shared and
genotype-specific upregulated (red) and downregulated (blue) gene set sizes, defining shared and genotype-specific
transcriptional responses. j, k, Volcano plots of nuclear RNA-seq DEGs (ANS versus DMSO) in Col-0 (j) and ufm1 (k).
Genes with adjusted P > 0.05 are highlighted, indicating stable transcript levels and that many UFMylation-dependent
proteomic changes are RNA-independent. I, GO enrichment of upregulated and downregulated DEGs in Col-0 and ufm1.
Dot size and color denote —log;,(FDR) and fold enrichment, respectively. Distinct transcriptional programs indicate
that UFMylation dependent proteomic responses are primarily post-transcriptional. m, Immunoblot analysis of RSZ22-
3xFLAG in total (whole-cell lysates) and nuclear fractions (replicate for Fig. 1i). 10-day-old RSZ22-3xFLAG seedlings
(Col-0 and ufm1 backgrounds) were treated with DMSO or ANS (4 h). H3 and UGPase serve as nuclear and cytosolic
markers, respectively. Mono- (1) and di- (2) UFMylated RPL26 are indicated.

Zhan and Papareddy et al. 28 of 35



a ) c
Total Cyto Micro
Col-0 ufm1
Col-0 ufm1  Col-0 ufm1 Col-0 ufm1 —
kDa - + - + -+ - o+ - + - + ANS G0:0044391: ribosomal subunit
° G0:0022626: cytosolic ribosome )
1004w __ e - = = | 0-C53 G0:0022625: cytosolic large ribosomal subunit
704 G0:0015934: large ribosomal subunit _
404 o G0:0022627: cytosolic small ribosomal subunit
b m__ 4 G0:0015935: small ribosomal subunit
351+ X GO:0005795: Golgi stack
251" a-UFM1 G0:0031985: Golgi cisterna
la G0:0005802: trans—Golgi network
151 G0:0005797: Golgi medial cisterna
104 “—— Prawmr=) — GO:0000502: proteasome complex
G0:1905369: endopeptidase complex
40~ - - NIT1 GO0:1905368: peptidase complex
35, MERERER o= S o G0:0030117: membrane coat
G0:0048475: coated membrane
o H G0:0008681: Splicsosomal compl
704 - - H : spliceosomal complex
55 - W) o-CNX1/2 [ G0O:0030659: c;'/)toplasmic vesicle'?’nembrane
100d= = = [ d G0:0012506: vesicle membrane
704~ - [ ] G0:0030662: coated vesicle membrane
55— « e S W W .. o G0:0045271: restator chain complex |
20— - & Ponceau S o G0:0030964: NADH dehydrogenase complex
354~ - e (4 G0:0005743: mitochondrial inner membrane
o5~ - -4 ° G0O:0098803: respiratory chain complex
154~ a & Down Up Down Up = 50 g 50
[a) I 40
¥RPL26-(UFM1),  ¥RPL26-(UFM1), 40 G M3
- o) c
o]0 w EE20
b Nuclear proteome d e ! 10
1007 Col-0 ufm1
Col-0 ° 1 o 1
sof 0@ g g
= O a 3 5
R c c
& a Es £S5
s 0 A A 3% 3%
Nt = L% 3 L% Background
© o AN AA 2 £ Splicing
] a c ' Processin
/\ DMSO = e : g
w q ! w0 h
~1004 O ANS T T i T 1 T T t T |
r T v T -10 05 00 05 10 -10 05 00 05 1.0
10050 0 50 100 ANS vs DMSO, log,FC ANS vs DMSO, log,FC
PC1 (21.3%) (Microsome - Nuclear) (Microsome - Nuclear)
f RSZ22-3xFLAG/Col-0 9 RSZ22-3xFLAG/Col-0
Total Micro Total Micro
kDa -+ - + ANS kDa - + - + ANS
35 v | - 35 = o-FLAG
25 " o-FLAG oF
1004+ = 0-C53 1004 — o &0 w8| 0-C53 h Total Micro
707 701 100 R
018 -] 0 ONX12  190] | 0-CNX1/2 gg_{ Repeat 2
551= 55- 100 =
401~ T 401 — xR 704 Repeat 3
35~ yo— 357 - 56 ==
257 a-UFM1 257 a-UFM1 a-CNX1/2 high exposure
159~ 151
——y T — -_qanf
101 104
¥RPL26-(UFM1),  »RPL26-(UFM1),
Fig. S2 | Validation of microsomal enrichment and analysis of microsome-associated proteome. a, Validation

of microsome isolation quality. Markers CNX1/2 (ER) and NIT1 (cytosol) confirm fraction purity. UFMylated RPL26 is
enriched in the microsomal fraction. Mono- (1) and di- (2) UFMylated RPL26 are indicated. Ponceau S indicates total
protein loading. b, PCA of nuclear proteomes (n = 3 for DMSO; n = 2 for ANS). PC1 and PC2 segregation reflects
separation by genotype and treatment. ¢, GO enrichment analysis of proteins significantly altered in microsomal fraction
upon ANS treatment in Col-0 and ufm1. Dot size and color denote —log;,(FDR) and fold enrichment. d, e, Empirical
cumulative distribution function (ECDF) plots showing subcellular redistribution. Aenrichment is defined as the difference
in log, fold change (ANS versus DMSO) between microsomal and nuclear fractions, for total proteome (grey) and RNA-
related categories (colored) in Col-0 (d) and ufm1 (e). RSZ22 is indicated as a representative example. f=h, Additional
biological replicates for Fig. 2h. Immunoblot analysis of RSZ22-3 x FLAG in total lysates and microsomal fractions. Mono-
(1) and di- (2) UFMylated RPL26 are indicated. h, High exposure immunoblots of CNX1/2. n = 3 total biological replicates

used for Fig. 2j quantification.
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Fig. S3 | UFMylation-dependent subcellular redistribution of RSZ22 and THO6, and RSZ22-UFMylation interac-
tions. a, b, Fluorescence intensity profiles (line-scans) of RSZ22-mCherry and DDRGK1-GFP along the regions indi-
cated in Fig. 2k, I. In Col-0 background (a), RSZ22 and DDRGK1 signals are shown in magenta and green, respectively,
and ANS induces synchronized shifts and overlapping peaks. In ufm1 background (b), RSZ22 and DDRGK1 signals are
shown in yellow-green and purple, respectively, and the two signals remain spatially distinct regardless of ANS treatment.
¢, d, Representative biological replicates for Fig. 2n, o. In vivo Co-IP analysis of RSZ22 interactions with DDRGK1
and UFMylated RPL26 (c), or with endogenous C53 and UFMylated RPL26 (d), under DMSO or ANS (4 h) treatment.
Lysates were incubated with RFP-Trap magnetic agarose, input and bound proteins were analyzed by immunoblotting.
Mono- (1), di- (2) UFMylated RPL26 and free UFM1 are indicated. e, f, Confocal microscopy of THO6—-mCherry and
DDRGK1-GFP (ER marker) in roots from Col-0 (e) and ufm? (f) backgrounds. Five-day-old seedlings were treated with
DMSO or ANS (1-2 h). ANS induces UFM1-dependent spatial overlap between THO6 and the ER in Col-0 but not in
ufm1. Enlarged views and white lines indicate line-scan regions. Scale bars, 10 um. g, h, Fluorescence intensity profiles
along the regions indicated in (e), (f). In Col-0 background roots (g), THO6 and DDRGK1 signals show overlapping peaks
after ANS treatment, indicating co-localization. In ufm1 background (h), the two signals remain spatially separated after
ANS treatment. i, Quantification of ER-to-nucleus THO®6 signal ratios from e, f. Data are mean + SD from 3 biological
replicates. Each dot represents an individual cell (n = 15 cells from 3 biological replicates). Statistical significance was
determined by two-tailed unpaired t-test **** P < 0.0001; ns, not significant.
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Fig. S4 | Ribosomal proteomics evaluation and cytosolic RQC factor recruitment. a—c, Volcano plots from the bulk ribosome
proteomics dataset (pooled from 1, 4, 8, 16 h treatments), showing ANS-induced recruitment of UFMylation components (UFL1, C53
and DDRGK1) to 60S (a), monosome (b), disome (c) fractions. x-axis, log, fold change (ANS versus DMSO). y axis, — log;, (P-value).
d—f, Volcano plots from the 16 h ribosome proteomics dataset, showing recruitment of UFL1, C53, and DDRGK1 to 60S (d), mono-
somes (e), and disomes (f). g, UpSet plot showing the intersections of significantly up-regulated (red) and down-regulated (blue)
proteins across the indicated fractions (60S, Monosome, Disome) and conditions (Bulk, 4h, 16h). Vertical bars represent the size of
the intersection; horizontal bars represent the total set size. h, Heatmap showing log, fold changes (ANS versus DMSO) for proteins
identified as significantly differentially abundant in Col-0 (WT). These same proteins are visualized in ufm1 mutants to compare abun-
dance patterns across time points (4h, Bulk, 16h) and ribosomal fractions (60S, Mono, Di). i, j, MS abundance profiles for PEL1 (i,
plant homolog of mammalian PELO) and MBF1B (j, plant homolog of mammalian EDF1) across ribosomal fractions. Bars represent
log, fold change (ANS versus DMSO) in Col-0 (olive) and ufm1 (cyan) from three datasets (4 h, bulk and 16 h). Both Col-0 and ufm1
show comparable ribosomal recruitment of these two proteins.

Zhan and Papareddy et al. 31 0f 35



a8 RSZ223xFLAG/Col0 b Rsz223xFLAGICONO c BR1 BR2 BR3
Col-0 ufm1 Col-0 ufm?  Col-0 ufm1?
kDa -+ ANS kDa -+ ANS — ST
S emw- 57 = o e
5] a-FLAG o5 R a-FLAG 100 o oy ™ o= o o e ™ o e wm | 1-C53
40 P 404 0~ - - -
35 35 - 35+ - - -
25 25+ ) 257 a-UFM1
154 a-UFM1 154 a-UFM1 15—
1o — 10— 10 — ] a——
— == Ry y—g——
| Ponceau S i Ponceau S : vt 44 | ) a Ponceau S
d Col-0 e ufm1 f Col-0 g9 ufm1
s ==DMSO __ 15 - == DMSO 15
£ ANS £ £ ANS £
D§1.5 Dg Q§ 15 « D§
o sucrose o 10 o Q10
© 1.0 @ o 10 Py
2 10%  45% 2 2 2
8 o5 3 Sos
o) Qo
g%° g g °° 3
£ g £ £
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 2 4 6 8 1012 14 16 18 2 4 6 8 10 12 14 16 18
Fractions Fractions Fractions Fractions
Free 60S-Mono-Di Free 60S-Mono-Di Free 60S-Mono-Di Free 60S-Mono-Di Free 60S-Mono-Di Free 60S-Mono-Di Free 60S-Mono-Di Free 60S-Mono-Di
kDa__2 8911121415 2 8 9 11121415 kDa 28 9101113142 8 9 10111314 kDa_2 8 9111214152 8 9 11121415 kDa_2 8 9101113142 8 910111314
1004 - = [100-|W -Cc53 1004 - e o o e o] 100 1 a-C53
70 70 ® | 701 ® 704 @
5 SR ——— -, LU PR gg:: e —cm———] 2 e = b {aLis
404 = | 40 404 | 405%
359 ——— 22‘— a-UFM1 gg- - (232-~ a-UFM1
257 ™ s e = -
DMSO ANS DMSO ANS DMSO ANS DMSO ANS
RSZ22-3xFLAG/Col-0 i RSZ22-3xFLAG/ufm1 RSZ22-3xFLAG/Col-0 k RSZ22-3xFLAG/ufm1
~15 —DMSO ~15 — DMSO ~ 18 —DMSO  ~15] | — DMSO
§’ ANS % ANS § ANS § | ANS
o) a a ai
o 10 Q10 o 10 S 10
Q @ @ [0l
g g g g
Sos Sos S 05 So0s
<] S S <
3 2 3 2
Q Q Qo Q
< < < <

2 4 6 8 10 12 14 16 18
Fractions

Free 60S-Mono-Di Free 60S-Mono-Di

2 4 6 8 10 12 14 16 18
Fractions

Free 60S-Mono-Di Free 60S-Mono-Di

2 4 6 8 10 12 14 16 18
Fractions

Free 60S-Mono-Di Free 60S-Mono-Di

2 4 6 8 10 12 14 16 18
Fractions

Free 60S-Mono-DiFree 60S-Mono-Di

kDa 28010111314 2 8 9 10111314

kDa_ 28010111314 2 8 910111314 kDa 2 8 910111314 2 8 910111314 kDa 2 8910111314 2 8 910111314
S e "™ penpT e aFLAG 21w e YIS TSI s ST BT | a-FLAG

J 354 J =
gg VR [ e T e [ R 51 -—— —-———— gg - a-L13
404=77 —— ] 4= 404 o= 40S
351 - b o "| 351~ a-UFM1 354 Nt 354 a-UFM1
254 254= 254 o5=

DMSO ANS DMSO ANS DMSO ANS DMSO ANS

Fig. S5 | Supporting evidence for the ribosomal recruitment of C53 and RSZ22.

a, b, Immunoblot analysis of

RSZ22-3xFLAG in total lysates of 7-day-old RSZ22-3x FLAG seedlings (Col-0 background) treated with DMSO or ANS
(4 h). Lysates were probed using anti-FLAG and anti-UFM1 antibodies; Ponceau S indicates loading (n = 2 independent
biological replicates). ¢, Immunoblot analysis of endogenous C53 in total lysates from Col-0 and ufm1 seedlings treated
with DMSO or ANS (4 h) (n = 3 independent biological replicates). d—g, Additional biological replicates of sucrose gradient
sedimentation and immunoblot analysis of endogenous C53 in Col-0 (d), (f) and ufm7 (e), (g). UV absorbance (Aze0)
profiles (top) indicate ribosome distribution across 10%—45% gradients. Fractions were immunoblotted for C53, L13 (60S
marker), and UFM1. Free: ribosome-free fractions. Results correspond to the second (d), (e) and third (f), (g) independent
experiments, complementing Fig. 3f, g. h—k, Additional biological replicates of sucrose gradient sedimentation and
immunoblot analysis of RSZ22-3xFLAG in Col-0 (h), (j) and ufm1 (i), (k) backgrounds. UV absorbance (Asgo) profiles
(top) indicate ribosome distribution. Fractions were immunoblotted for FLAG, L13, and UFM1. Results correspond to the
second (h), (i) and third (j), (k) independent experiments, complementing Fig. 3h, i.
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Figure S6 | Validation of subcellular fractionation and cross-species analysis of UFM1-dependent splicing. a,
Immunoblot analysis of nuclear and cytosolic fractions in iCas9 UFM1 KO cells treated as in Fig. 4b. Membranes were
probed for eEF2, Lamin A/C, and UFM1. eEF2 and Lamin A/C serve as cytosolic and nuclear markers, respectively.
Mono- (1) and di- (2) UFMylated RPL26 are indicated. b, Schematic and validation of the Ufm1 conditional allele. (Top)
Schematic representation of the Ufm1 targeting strategy, indicating LoxP sites (grey triangles), coding exons (black boxes),
and non-coding exons (white boxes); diagram is drawn to scale. (Bottom) Immunoblots (right) and total protein stain (left)
of lysates from primary cortical neurons. Neurons were infected at DIV1 with lentiviruses expressing either RFP (WT)
or Cre-RFP (KO) and treated at DIV12 with 20 M anisomycin (ANS) or DMSO vehicle for 2 h. Mono- (1) and di- (2)
UFMylated RPL26 are indicated. ¢, d, UFM1 transcript abundance (transcripts per million, TPM) in human nuclear (c)
and cytosolic (d) fractions across AAVS1, WT, and UFM1-KO cell lines under control (CTRL) or ANS treatment conditions.
e, Ufm1 transcript abundance in whole cell lysates from mouse neurons comparing WT and Ufm1-KO under CTRL or
ANS conditions. f, g, Quantification of ANS-induced alternative splicing events from the cytoplasmic fractions in WT
Arabidopsis (f) and Human RKO cells (g), classified by event type. Lighter bars indicate UFM1-dependent events lost
in UFM1-deficient systems; darker bars indicate UFM1-independent events retained. h—k, Scatter plots comparing PSI
values between CTRL and ANS treatment for UFM1-dependent and independent events across Arabidopsis, human, and
mouse transcriptomes. UFM1-dependent splicing events shown in WT backgrounds (h), and in UFM1-deficient systems (i)
to demonstrate loss of splicing shift. UFM1-independent splicing events are shown in WT (j) and UFM1-deficient systems
(k), demonstrating preserved splicing changes. Mean Absolute Error (MAE) values summarizing the global splicing shifts
are indicated in each panel.
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Figure S7 | Molecular features and functional enrichment of UFM1-associated splicing events. a, ¢, Metagene
profiles showing the splice junction distribution relative to the stop codon in mouse (a) and Arabidopsis (c). Constitutive
introns are shown in grey, UFM1-dependent events in blue, and UFM1-independent events in red. The 55-nt NMD zone
is indicated by dashed lines and arrows. b, d, Density of stop codons in upstream exons, intron bodies, and downstream
exon regions for mouse (b) and Arabidopsis (d). Comparison includes constitutive introns (grey), UFM1-dependent events
(blue), and UFM1-independent events (red). Sample sizes (n) are provided for each category. e—g, Sequence logos
displaying nucleotide probabilities at the -20 to +6 positions for 5SS and 3’SS. Profiles are shown for constitutive, UFM1-
dependent, and UFM1-independent introns in human (e), mouse (f), and Arabidopsis (g). h, i, Maximum entropy (MaxEnt)
scores for 5’SS and 3’SS in mouse (h) and Arabidopsis (i). Box plots compare constitutive (black), UFM1-independent
(dark green/grey), and UFM1-dependent (beige) introns. Statistical significance: *** P < 0.001; ** P < 0.01; * P < 0.05;
ns, not significant. j, Odds ratios for subcellular localization (nucleus, cytoplasm, ER/Network, mitochondria, secreted)
associated with UFM1-independent retained introns across three species. k, GO enrichment analysis UFM1-independent
target transcripts, highlighting RNA splicing and protein processing functions in human, mouse, and Arabidopsis. Dot
size indicates gene count; color gradient indicates significance (— log;, P-value). |, Comparison of RNA-binding protein
(RBP) motif enrichment in UFM1-dependent versus UFM1-independent introns relative to constitutive introns from mouse
neurons. Dot size denotes motif enrichment in UFM1-dependent introns compared to UFM1-independent introns.
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To: yasin.dagdas@cos.uni-heidelberg.de

Cc: romy.zhou@springernature.com

Reply-To: jie.wang@nature.com

Dear Professor Dagdas,

Thank you for submitting your manuscript, "UFMylation anchors splicing factors at the ER to
reprogram nuclear splicing", to Nature. | am pleased to tell you that we are sending your paper
out for review.

CHECKLISTS: We are continually improving the quality of methods, statistics reporting and code
availability in our papers. To that end, we require that for all life sciences papers, a reporting
summary that collates information on experimental design and reagents is provided. In addition,
a code and software checklist that ensures the availability of code to referees and includes
details of its potential release on publication must be supplied if any novel code is used. Please
send the completed form(s) within 48 hr to the Editorial Assistant copied to this email. These
forms are 'smart pdfs' and must therefore be downloaded and completed in Adobe Reader (i.e.
they cannot be opened in a web browser); see here for guidance. Because the forms will be
accessible to the referees to aid in their evaluation of your work, if you have selected double-
blind peer review, you should ensure that they do not contain any information that could
potentially identify you.

RAW DATA (GELS): The original source images for all data obtained by electrophoretic separation
(e.g., EMSA, northern/Southern/western blots, etc) must be provided. The raw images must be
assembled into a single .pdf or .tif file (multiple gels on a single page is encouraged). The full
scanned images must be in uncropped form and contain labeled size/molecular weight markers
and loading controls. There should be an accurate indication of how the gels were cropped for
the final figure. The figure legends and raw data files should indicate whether controls (such as
beta-actin) were run on the same gel as loading controls, or on separate gels as sample
processing controls (see here for guidance).

STRUCTURAL DATA: Papers reporting structural data must use the standard Nature templates;
there are separate links to tables for X-ray crystallography, NMR and cryoEM structures. In
addition, all structures must be submitted to an appropriate database (e.g. PDB) before review,
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and validation reports provided (required for crystallography and NMR; strongly suggested for
cryoEM), before the paper can be sent to referees. We also now require that authors provide the
raw data for X-ray crystallography and cryoEM structures.

CO-REVIEWS: We offer referees the opportunity to enlist a single co-reviewer to aid in preparing
their review. This process allows the co-reviewer to receive credit for doing so. Functionally, this
workflow involves adding the co-reviewer separately in our system, although there will be one
joint review submitted. We mention this to alert you that the number of reviews may be less
than the number of referees.

TRANSPARENT PEER REVIEW: We support transparent peer review of original research
manuscripts, in which we publish the referees' comments to the authors and the authors'
rebuttal letters as a supplementary peer review file. Upon your request, confidential information
and data can be removed from the referee reports and rebuttal letters prior to publication. More
information can be found at our https://www.nature.com/documents/nature-transparent-peer-
review.pdf target="new">FAQ page.

We would like to ask you that you please provide a link to a code repository and complete the
following software and custom code submission checklist:

Software supplement: https://www.nature.com/documents/nr-software-policy.pdf
(Please note that the form is a dynamic 'smart pdf' and must therefore be downloaded and
completed in Adobe Reader.)

Alternatively, or as an additional resource, please consider setting up an executable compute
capsule for your code on the cloud-based platform Code Ocean, to facilitate the review process
as well as the reproducibility and re-usability of your code. Code Ocean staff will assist you in
generating a compute capsule for your code and provide a working copy of this compute capsule
for use in the peer review process (after a brief review by Code Ocean staff, to ensure that
everything runs). If you have selected Double Blind Peer Review, we will make sure the capsule
contains no information about your identity.

Please let us know as soon as possible if you wish to participate and we will provide you with
further information about setting up a compute capsule. An overview of the process can be
found here: https://help.codeocean.com/publishing-on-code-ocean/peer-review-on-code-
ocean.

If you do not opt for setting a Code Ocean capsule, please fill in the software and custom code
submission checklist.

Some further information about using Code Ocean for peer review and publication of code can
be found in this blog post and in Code Ocean's user guide here/.

We will be in touch again once we have received comments from our referees. In the meantime,
the status of your manuscript can be followed in the manuscript tracking system.

Yours sincerely,
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