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Abstract 

Prostate cancer (PCa) is among the most common malignancies in males worldwide. Low 

specificity in diagnosis and diverse levels of limitations in current therapeutic options have 

been reported. Therefore, alternative and complementary therapies that demonstrate efficacy 

and safety in PCa treatment are crucially demanded. The medicinal herb Curcuma longa has 

been reported to have anticancer effects. This study aims to evaluate the anti-cancer activity 

of C. longa in human PCa cells, to understand the mechanisms involved, and to discover 

potential biomarkers for the early diagnosis and treatment of PCa. 

Stability tests and quality control assessments of the purified C. longa extract were conducted. 

We performed cell viability assay on the human PCa cell lines DU145, PC3, and the prostate 

epithelial cell line PNT2, followed by FACS-based apoptosis detections. Quantitative real-time 

PCR and western blot analysis were used to quantify the expression levels of different cancer-

related genes. In addition, Illumina RNA sequencing and subsequent bioinformatic analysis of 

gene expression profiles and signaling pathways were performed. 

Our data suggest that C. longa inhibited the cell viability of the PCa cell lines DU145 and PC3, 

and induced cell apoptosis. The expression of the tumor suppressor p21, and the PCa-specific 

genes TMEM79 and ACOXL were significantly up-regulated in both RNA and protein levels. 

An up-regulation of diverse tumor suppressors and a down-regulation of multiple tumor-

promoting genes were detected through the RNA sequencing. Furthermore, various cancer-

related signaling pathways were dysregulated after the C. longa treatment. 

Conclusively, C. longa inhibited cell viability, induced apoptosis and dysregulated multiple 

cancer-related genes in PCa cells, indicating the efficacy of C. longa in the treatment of PCa. 

Moreover, TMEM79 and ACOXL could be putative biomarker candidates for the early 

diagnosis and therapy of PCa. 

 

Key words: Anticancer activity, Curcuma longa, herbal medicine, signaling pathways, prostate 

cancer cells 
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Zusammenfassung 

Prostatakrebs (PCa) gehört weltweit zu den häufigsten bösartigen Tumoren bei Männern. 

Vielfach wird über eine geringe Spezifität bei der Diagnose und verschiedene Grade von 

Einschränkungen bei den derzeitigen therapeutischen Optionen berichtet. Daher besteht ein 

dringender Bedarf an alternativen und komplementären Therapien mit Wirksamkeit und 

Sicherheit bei der PCa-Behandlung. Dem Heilkraut Curcuma longa wird eine krebshemmende 

Wirkung nachgesagt. Diese Studie zielt darauf ab, die krebshemmende Aktivität von C. longa 

in menschlichen PCa-Zellen zu bewerten, die beteiligten Mechanismen zu verstehen und 

potenzielle Biomarker für die frühe Diagnose und Behandlung von PCa zu entdecken.  

Es wurden Stabilitätstests und Qualitätskontrollen des gereinigten C. longa-Extrakts 

durchgeführt. Wir führten einen Zellviabilitäts-Assay an den menschlichen PCa-Zelllinien 

DU145, PC3 und der Prostata-Epithelzelllinie PNT2 durch, gefolgt von FACS-basierter 

Apoptose-Detektion. Quantitative Real-Time PCR und Western-Blot-Analysen wurden 

unternommen, um die Expressionsniveaus verschiedener krebsbezogener Gene zu 

quantifizieren. Zusätzlich wurden eine Illumina-RNA-Sequenzierung samt anschließender 

bioinformatischer Analyse von Genexpressionsprofilen und Signalwegen durchgeführt. 

Unsere Daten legen nahe, dass C. longa die Viabilität der PCa-Zelllinien DU145 und PC3 

hemmte und die Zellapoptose induzierte. Die Expression des Tumorsuppressors p21 und der 

PCa-spezifischen Gene TMEM79 und ACOXL waren sowohl auf RNA- als auch auf 

Proteinebene signifikant hochreguliert. Durch die RNA-Sequenzierung wurde eine 

Hochregulation diverser Tumorsuppressoren und eine Herunterregulation mehrerer 

tumorfördernder Gene nachgewiesen. Darüber hinaus waren verschiedene krebsrelevante 

Signalwege nach der Behandlung mit C. longa fehlreguliert. 

Zusammenfassend hemmte C. longa die Zellviabilität, induzierte die zelluläre Apoptose und 

dysregulierte mehrere krebsrelevante Gene in PCa-Zellen, was auf eine mögliche Wirksamkeit 

von C. longa bei der Behandlung von PCa hinweist. Darüber hinaus könnten TMEM79 und 

ACOXL mutmaßliche Biomarkerkandidaten für die Früherkennung und Therapie von PCa 

darstellen. 

 

Stichwörter: Antikrebsaktivität, Curcuma longa, Kräutermedizin, Signalwege, 

Prostatakrebszellen 
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Abbreviation 

ACOXL Acyl-coenzyme A oxidase-like protein 

ACTs Artemisinin-based combination treatment  

ADT androgen deprivation therapy  

AKR1C2 Aldo-Keto reductase 1C2  

AP1 activating protein-1  

AR androgen receptor 

AS active surveillance 

BP biological process  

BPH benign prostatic hypertrophy  

CC cellular component  

CDKs cyclin dependent kinases  

CL Curcuma longa 

CRPC castration-resistant prostate cancer  

CTLA-4 cytotoxic T-lymphocyte antigen 

CYP cytochrome P 

CYR61 cysteine-rich angiogenic inducer 61 

DBD DNA-binding domain 

DKK1 Dickkopf 1 

DRE digital rectal exam  

ECM extracellular matrix 

ER estrogen receptor  

FOSL1 Fos-like gene 1 

GO gene ontology  

GR glucocorticoid receptor  

GSEA Gene Set Enrichment Analysis 

GSTP1 glutathione S-transferase  

HLH helix-loop-helix  

HPLC  High Performance Liquid Chromatography  

INSIG1 insulin-induced gene 1 

IPA Ingenuity Pathway Analysis 

LBD ligand-binding domain  

LHRH leuteinizing hormone-releasing hormone  

LUTS lower urinary tract symptoms 

mCRPC metastatic castration-resistant prostate cancer  

MF molecular function 

MSigDB Molecular Signatures Database  
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NCOA2 nuclear receptor coactivator  

NDRG1 N-myc downregulated gene 1 

NFB  nuclear factor-B 

NTD N-terminal domain  

ODC1 ornithine decarboxylase 

p21 cyclin-dependent kinase inhibitor p21 

p53 tumor protein 53  

PBS phosphate-buffered saline  

PCa prostate cancer 

PCNA proliferating cell nuclear antigen  

PDXs patient-derived xenografts  

PI propidium iodic  

PIK3CG phosphatidylinositol-4,5-bisphosphate 3-kinase  

PIN prostatic intraepithelial neoplasia  

PKB protein kinase B  

PR progesterone receptor 

PSA Prostate Specific Antigen 

RT room temperature  

SD standard deviations  

SRC steroid receptor coactivator family  

TCM Traditional Chinese Medicine 

TCMSP Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform  

TNF tumor necrosis factor-alpha 

TRAMP transgenic adenocarcinoma mouse prostate  

TRUS transperineal or transrectal 

UPP1 uridine phosphorylase 1 
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1 Introduction 

With 1.2 million new cases in 2019, prostate cancer (PCa) is currently one of the most 

common malignancies, and a leading cause of cancer mortality in males worldwide. In Austria 

and Germany, PCa has been reported to have the highest in-patient discharge rates among 

men [1, 2]. Modern diagnosis and treatment of PCa include screening trial, prostate specific 

antigen (PSA) testing, advanced functional imaging, hormone manipulation, surgery, 

chemotherapy and radiotherapy. The wide variety of diagnostic and therapeutic options mainly 

depend on the clinical scenario and the risk category of the patient [3, 4]. However, limitations 

and adverse effects have been reported [5, 6, 7, 8]. PSA tests might potentially results in over-

diagnosis and consequently overtreatment, due to its low specificity [5, 6]. All aggressive 

therapies for PCa have the possibility to cause erectile dysfunction and urinary incontinence 

[7, 8]. Recurrences from chemotherapy and resistance to chemotherapy are the leading 

causes of drug failure upon metastasis [9]. With the progress of the disease, patients with 

metastatic PCa are highly likely to become resistant to androgen suppression, the mortality of 

the patients significantly increase once entering the castration-resistant state [9, 10]. Therefore, 

novel biomarkers, as well as new alternative and complementary therapies that demonstrate 

efficacy in PCa treatment with less associated side effects, are still in urgent need. Research 

on novel therapeutic opportunities continues to attempt to prolong survival and improve quality 

of life.  

Chinese medicinal herbs embrace a cocktail of diverse bioactive compounds, mainly in the 

roots, leaves and stems of the plant [11]. The anticancer effects of different Chinese herbal 

medicine and medicinal herbs have nowadays been actively evaluated [2].  

Curcuma longa is a medicinal herb that belongs to the ginger family. The most commonly used 

part of the plant is the dried rhizome, which has a long history of being used as herbs, spice 

and colorant in China and other Asian countries [12, 13]. C. longa and its main chemical 

compounds have been reported to present anticancer effect on different types of cancer, by 

modulating different molecular regulators and interfering with various signaling pathways [12, 

13, 14].  

 

2 Background 

2.1 Clinical features of PCa 

PCa is among the most common cancer in males worldwide. The incidence of PCa is 

strongly age-related, with the majority of the cases in men aged above 50 and reaches the 
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peak in men above 90 [15]. Although most of the slow-growing PCa cases are considered to 

have relatively low risk and are not life-threatened, patients who develop high-risk localized, 

locally advanced or metastatic cancer is highly possible to become resistant to treatment. 

Therefore, PCa results in a globally high cancer-related mortality among men [2, 3] 

Early PCa barely presents symptoms. Some studies suggested that, most of the symptoms 

occurred in patients with an early PCa share similarities and have crossover with other 

abnormalities like prostatitis and benign prostatic hypertrophy (BPH), making it a challenge of 

distinguishing the diseases only based on the symptoms [15, 16]. 

However, according to a population-based case-control study in UK, eight pre-diagnostic 

clinical features, including urinary retention, hesitancy, impotence, frequency, nocturia, 

haematuria, first and second presentation of weight loss, were independently linked to PCa 

[16]. Therefore, lower urinary tract symptoms (LUTS) might also be a potential indicator for the 

early diagnosis of PCa.  

With the disease progression, advanced PCa presents more significant symptoms, including 

blood in the urine or semen, erectile dysfunction, weakness in the lower limbs, and pain in the 

hips, spine or some other areas of the body [17].   

An early diagnosis and treatment of PCa leads to a significantly reduced possibility of tumor 

progression and metastasis, and is positively linked to an improved survival rate [17].  

 

2.2 Current diagnostic and therapeutic options for PCa 

The widespread use of PSA screening in asymptomatic men has contributed to the 

rising diagnosis of PCa in the last decades, mainly in the United States and many parts of 

Europe [15]. PSA is a glycoprotein expressed by both normal and neoplastic prostate tissue. 

The absolute value of PSA in the serum is used as a marker for determining the extent of PCa 

and evaluating the response of the treatment. Under normal circumstances, PSA is 

synthesized by secretory cells in the prostate gland into the prostate lumen, where active PSA 

directly diffuse into the blood circulation, and undergoes proteolytic process to generate 

inactive PSA. Part of the inactive PSA enters the bloodstream, in an unbound state, which in 

healthy people reflects the amount of the glandular epithelium, and thus the prostate size. The 

concentration of the free unbound PSA in the serum is lower in men with prostate cancer, while 

the complexed amount higher [18]. According to Johns Hopkins Medicine, a range between 

1.0 and 1.5 ng/ml is considered normal [19]. However, age, race, body weight and medications 

are all factors affecting the PSA levels and should be taken into consideration for the 

determination of the reference ranges [18, 19]. Therefore, the level of PSA below 4.0 ng/ml is 
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accepted by most doctors as normal [20]. A borderline range of PSA between 2.5 and 10 ng/ml 

creates a diagnostic conundrum, further diagnostic methods like prostate biopsy and digital 

rectal exam (DRE) is recommended [18, 20]. Prostate biopsy is currently accepted as the gold 

standard diagnostic method for PCa after PSA test, via a transperineal or transrectal (TRUS) 

approach instructed by ultrasound, while DRE enables clinicians to roughly identify the 

abnormalities of the prostate [21]. In addition, an advanced PSA testing, which includes 

parameters like PSA density, PSA velocity and free versus complexed or bound PSA would 

be helpful for the detection and the decision making [18]. The short half-life of PSA and the 

fact that it could be affected by multiple factors causes the low sensitivity and low specificity of 

the PSA tests, which might further result in over-diagnosis and overtreatment [5, 6]. Hence, an 

improvement of the diagnosis accuracy is crucially required.  

Once diagnosed, there is a wide range of therapeutic options, either as monotherapy or used 

in combination, based on the clinical risk category and the condition of the patients, although 

some remain controversial [3, 4, 7]. Despite the fact that the criteria for the definition of low-

risk prostate cancer vary between different institutions, the following attributes are generally 

accepted: Gleason score ≤ 6/10; serum PSA value ≤ 10 ng/ml; biopsy cores positive for cancer 

≤ 30%, negative DRE and ≤ 50% involvement for the positive core containing the most cancer 

[22]. Based on histological patterns, the Gleason grading system is the most widely used 

grading system defining PCa aggressiveness [23]. Current treatment options for low-risk 

prostate cancer include active surveillance (AS), ablative therapies, radiation therapy (RT), 

and radical prostatectomy [4, 22]. Active surveillance refers to the regular monitoring process 

of the following index: Gleason score, serum PSA value, serial biopsies, DRE findings and 

various diagnostic imaging, aiming to provide immediate treatment when the disease 

progresses, while avoiding overtreatment and adverse impact at the same time [4, 22]. Ablative 

therapies destroy the cancerous foci on the prostate using energy in a minimally invasive way, 

and thus provides a compromise between AS and surgery in patients with low-risk PCa [4]. 

Radiation therapy, a type of treatment using high-energy rays to shrink tumors and kill tumor 

cells, can be applied to patients receiving both primary and adjuvant therapy. Brachytherapy 

is usually given to patients with a relative low- to intermediate-risk disease; while external beam, 

the main delivery method for RT, is given as primary therapy to patients with a locally advanced 

disease, when radical prostatectomy is no longer an option [4, 24]. The open surgical treatment 

method for PCa has been widely replaced by the minimally invasive robot-assisted option. For 

whom surgery is still necessary, radical prostatectomy, the main type of surgery for PCa is 

mostly suggested as the first step in advanced local, or sometimes even early metastatic 

disease. In this surgery, the entire prostate gland is removed, along with some of the tissue 

around it. With the development of therapeutic options for PCa, surgical treatment might be 

less relevant, while on the other hand, radical prostatectomy might still remain significant for 
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some patients with a changing indication [4, 7, 25]. According to different statistics, low-risk 

and slow-growing PCa generally have a relative high survival rate [3, 4, 8]. 

Androgen-deprivation therapy (ADT), an antihormone therapy based on the crucial role of 

androgen on the survival and growth of PCa cells, is widely used in advanced, metastatic PCa, 

aiming to reduce the androgen level and slow down the disease progression by castrating the 

levels of androgen, mainly testosterone, via pharmaceutical or surgical method, the former 

being used more frequently these days. The pharmaceutical candidates of ADT to block the 

androgen receptor (AR) or the synthesis of testosterone include leuteinizing hormone-

releasing hormone (LHRH) agonists and antagonists, the inhibitors of cytochrome P (CYP), 

AR abtagonists, 5-reductase inhibitors, AR degrading agents and N-terminal AR inhibitors, 

some of which are still investigational products [3, 4, 27]. Drugs that inhibit 5-reductase (eg, 

dutasteride and finasteride) are less aggressive form of ADT, mainly for the primary treatment 

of BPH [4]; while the CYP inhibitor abiraterone acetate and the AR inhibitor enzalutamide, are 

proved to have long-lasting survival benefits for metastatic castration-resistant prostate cancer 

(mCRPC) [3, 4, 26]. ATP can be used either alone or in combination with other therapeutic 

options, including radiation therapy and chemotherapy, in both cases effective control and an 

improvement in the overall survival rate have been demonstrated [3, 4, 10]. However, adverse 

effects have been reported: abiraterone acetate has the possibility of inducing hypertension 

and cardiac disorders, enzalutamide blocks AR transfer and might cause suppression in 

agonist-like activities [2]. Additionally, patients have the possibility of developing androgen 

resistance, leading to a progression of mCRPC and treatment failure in ADT [28].  

Chemotherapy and immunotherapy are two other viable options for systemically advanced 

PCa [4, 29]. Chemotherapy drugs including Docetaxel, a microtubule inhibitor and Cavazitaxl, 

a tubulin-binding agent are proved to be beneficial for the treatment of mCRPC in randomized 

studies and clinical trials, and present an improvement in progression-free and survival rate, 

despite possibility of neutropenia and infection, as well as side effects including headache and 

muscle weakness being reported [4, 30]. Immunotherapies kill cancer cells by the own immune 

system of the patients. Current immunotherapy approaches such as cancer vaccines, immune 

checkpoints and adoptive cellular therapy has presented morphologic changes in clinical trials 

[4, 29]. Cancer vaccines stimulate the immune system by targeting the PSA with T cells via 

endogenous T cell receptors, thus inducing the T cell-mediated responses. Immune 

checkpoints inhibitors enhance immune-mediated antitumor effect by removing signals which 

block the activation of T cells. Typical immune checkpoints inhibitors are: Cytotoxic T-

lymphocyte antigen (CTLA-4), protein PD1 and PD-L1 inhibitors, leading to the restoration of 

T cells for targeting cancer cells [4, 29]. In spite of recent progress and clinical application, 
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immunotherapies only present modest efficacy. Side effects, short half-life of the agents and 

relative low levels of the targeting molecules are limitations to overcome [29].  

All aggressive therapies result in distinct levels of adverse effects and dysfunction of 

neighboring tissues and organs [4, 7]. Furthermore, therapeutic opportunity for mCRPC is 

crucially limited [3, 26]. Despite current progress in drug development, PCa still remains a 

significant medical problem, thus novel alternative therapies with promising efficacy and less 

associated toxicities or side effects are in urgent need. 

 

2.3 Pathological progression of PCa 

The pathogeneses and malignances of PCa follows a complicated, multistep process, 

undergoing the transformation of the following states: normal prostate epithelial, prostatic 

intraepithelial neoplasia (PIN), localized PCa, invasive adenocarcinoma, primary castration-

resistant prostate cancer (CRPC) and mCRPC [23, 31]. 

Anatomically, the human prostate consists of four zones: a peripheral zone, where around 70% 

- 80% of PCas arise; a transition zone, which associates with the development of BPH; a 

central zone and the anterior fibromuscular stroma [23, 31]. Histologically, the prostate is 

comprised of a stroma compartment and a pseudostratified epithelium, separated by a 

basement membrane [31]. Three terminally differentiated cells: luminal cells, basal cells and 

neuroendocrine cells make up the pseudostratified epithelium of the prostate gland and are 

closely related to different types of carcinogenesis. Luminal cells and basal cells are believed 

to be the cell of origin, developing adenocarsinoma, neuroendocrine carcinoma and squamous 

carcinoma, and contribute to the tumorigenesis of PCa, while the link between neuroendocrine 

cells and PCa remains unclear [23, 31].  

Multiple genetic alterations, such as overexpression of oncogenes and conditional inactivation 

of tumor suppressor genes contribute to the transformation of PCa [23, 31]. The abnormal 

expression of the gene regulators differs depending on the stages of PCa progression. In the 

premalignant lesions, overexpression of the anti-apoptotic oncogenic protein BCL2 was 

reported and suggested to be the key regulator of the progression from normal to malignant 

PCa. Moreover, an elevated expression of the -class glutathione S-transferase (GSTP1), the 

proliferative marker Ki-67, and the protooncogene MYC; as well as a decreased expression of 

the cyclin-dependent kinase inhibitor p27, TMPRSS2-ERG fusion gene, NKX3.1 and SPOP 

were observed in the high grade PIN, contributing to the early events of the PCa development. 

During the transformation from PIN to carcinoma, the loss of RB1, PTEN and an activation of 

telomerase plays critical roles. Overexpression of numerous oncogenes including CXR4, 
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EZH2, cMYB, ATM, RAD51 leads to the activation of multiple oncogenic pathways and are 

reported to be crucially related to the PCa progression towards metastatic stage [23, 31, 32].  

Due to the androgen dependence of PCa cells, AR plays a crucial role in the pathogenesis of 

PCa [3, 31]. AR share structural similarities with other steroid receptors, like estrogen receptor 

(ER), glucocorticoid receptor (GR) and progesterone receptor (PR) etc., and has four domains: 

a DNA-binding domain (DBD), a ligand-binding domain (LBD), an N-terminal domain (NTD), 

and a hinge region which separates the DBD and the LBD [31]. Most of the point mutations of 

AR occurs at LBD, indicating the significance of the domain in PCa progression with altered 

AR signaling. Furthermore, the point mutations at the LBDs can result in the loss of specificity 

of AR to natural agonists, and are often linked with castration-resistance of the PCa. Other 

domains might also be associated with the genetic alteration of various key regulators and the 

aberrant AR signaling, leading to the pathogenesis of PCa. The actions of AR differs based on 

different activation types of AR, and are related to the activation of multiple signaling cascades. 

Apart from point mutations of the AR domain, AR amplification is also a frequent issue in CRPC. 

The overexpression of AR hypersensitizes PCa cells to low levels of androgen, switching the 

agonists to antagonists, and therefore result in resistance to various AR targeting agents. 

Moreover, by interfering with AR, some AR co-regulators are also critical in the modulation of 

gene expression [31]. More than 170 co-regulators have been confirmed to be related to CRPC. 

For instance, members of the steroid receptor coactivator family (SRC) interact with AR, and 

are associated with tumor cell proliferation, metastasis, and the activation of tumor promoting 

cascades like PI3K and AKT/mTOR [31, 32].  

Apart from the above mentioned factors, other regulators might also participate in the key 

activities of the PCa progression and could be targets of multiple therapeutic approaches.  

 

2.4 In vitro models for the preclinical studies of PCa 

Multiple preclinical models systems and techniques have been adapted to the study of 

the complex pathological processes of PCa, and the development of novel cancer precision 

strategies. Cell lines, patient-derived xenografts (PDXs) and patient-derived organoid/ 

spheroid models are widely used in PCa related preclinical studies, depending on their 

advantages and limitations [33].  

Three cell lines, LNCaP, DU-145 and PC3 are standard cell models in most of the published 

in vitro studies. Some new cell lines and new sublines were also adapted for research proposes 

via genetic alterations, chemical mutagenesis and viral transformation [27, 33]. Established in 

1977, the LNCaP cell line was isolated from the metastatic lesion of the left supraclavicular 
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lymph node of a 50-year-old Caucasian diagnosed with PCa.  LNCaP cells are sensitive to 

androgen and estrogen, and present PSA. The cell line has the lowest metastasis level 

comparing to the other two [33, 34]. DU145 cells present AR, but are hormone-insensitive and 

do not present PSA. This cell line with epithelial morphology was derived from the CNS 

metastasis of a 69-year old Caucasian patient with PCa [33, 35]. The PC3 cell line, with the 

highest metastasis character among the three, was initiated from the bone metastasis of a 62-

year-old Caucasian with PCa in 1979. Similar to DU145 cells, PC3 cells present AR, are 

androgen-insensitive and do not present PSA [33, 36]. Under laboratory conditions, all of the 

mentioned cell lines perform adherent or semi-adherent characteristics [33, 34, 36]. The infinity 

growth, simple application and the high through-put ability of PCa monolayer cell culture has 

made them perfect in vitro models for the study of PCa tumorigenesis and pharmacological 

mechanisms, despite some limitations including lack of heterogeneity comparing to in vivo 

models, and no microenvironment and immune influence [33].  

PDXs models are advanced models overcoming some of the limitations of PCa cell lines [33, 

37]. The aim of PDXs models is to provide an environment allowing the natural growth of tumor 

cells, normally generated by transplanting cells or tissues derived from primary or metastasis 

lesions of a patient into immunodeficient mice. Benefited from the progress of tissue 

engineering technique, PDXs show advantages in retaining cellular heterogeneity and 

molecular diversity including mutations of the tumor, and possessing tumor microenvironment 

[33, 37]. The initial problem of poor transplantation success rate has been improved by current 

technical innovations including the option of highly immunodeficient mice, and the co-injection 

of extracellular matrix (ECM) along with PCa tissues. The mouse and human prostates exhibit 

cellular similarities as well as anatomic differences, thus, the differences of tumor 

microenvironment between human and mouse remains a problem to discuss [33].  

The recently developed three-dimensional organoids or spheroids cultures from patients-

derived samples retain the original characteristics of the tumor by allowing physiologically 

relevant cell-cell or cell-matrix contacts and interactions, exhibiting gene expression and 

signaling pathway profiles, possessing cellular heterogeneity and structural complexity which 

reflect in vivo tumorigenesis, and therefore attract substantial attention. The culture systems 

enable the study of host-tumor interactions and model tumor growth determinants, thus play 

an increasingly significant role in the cancer target discovery and drug development [33, 38]. 

However, the lack of tumor microenvironment and the poor success rate especially from 

primary hormone-naive cancer types remain the biggest problem to conquer [33].  
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2.5 The history and the modern perspectives of the Traditional 

Chinese Medicine (TCM) 

Traditional Western and Chinese herbal medicine agreed on the concept of using herbs 

for multiple therapeutic approaches [39].  

Chinese herbal medicine has a history of over centuries. The oldest herbal classic in China, 

Shen Nong’s Herbal Classic (神农本草经, Shénnóng Běn Cǎo Jīng) which classifies 365 

species of roots, grass, woods, into three categories of herbal medicine was written around 

206 B.C. to 220 A.D and is believed to be the first book contributed to the description of herbs 

and their therapeutic values [40]. In 659 A.D, the first pharmacopoeia, Tang Materia Medica 

(唐本草 also known as Xin Xiu Ben Cao 新修本草) was published by the government of Tang 

Dynasty (618 – 907 A.D.). Documenting a total of 850 drugs, it is widely accepted as the first 

pharmacopoeia with legal effect and the first medicinal book published by the organ of power. 

Completed in 1578 and printed in 1596, the Compendium of Materia Medica (Ben Cao Gang 

Mu本草纲目) provided not only information on the classification, compilation and formation of 

the traditional medicine, but also other related information including pharmaceutics, chemistry, 

biology, geography and geology. These ancient classics have largely contributed to the 

evolution of traditional and folk medicine [40, 41].  

The development of modern chemical and analytical techniques has enabled the application 

of traditional medicinal herbs and their chemical compounds in numerous molecular research. 

Combined with modern biochemical methods, traditional Chinese medicinal herbs have been 

proved to exhibit multiple therapeutic effects, including anti-tumor, anti-oxidant, immune 

stimulatory, anti-inflammatory, analgesic, and regulation of digestive systems etc., and 

become candidates of first line, complementary and alternative medicine [2, 42, 43, 44].  

Artemisinin, for instance, is an example of modern application of the bioactive compound from 

a traditional Chinese medicinal herb. The Nobel Prize winning drug is extracted from Artemisia 

annua (Qing Hao) from the Artemisia family, which has been prescribed in traditional Chinese 

herbal practice for thousands of years. Nowadays, Artemisinin-based combination treatment 

(ACTs) is globally the standard treatment for malaria induced by all kinds of Plasmodium [42, 

45]. In spite of this, other Chinese medicinal herbs like Panax quinquefolius saponins (PQS) 

and Coptis chinensis have been proved to have beneficial properties including anti-cancer 

activity and anti-inflammatory effects [2, 46].  
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2.6 Curcuma longa and its bioactive compounds 

Curcuma longa (Jiang Huang in Chinese) is a flowering plant which belongs to the 

family Zingiberacere. In China, it has been first documented as herbal medicine in 659 AD and 

has been widely applied to medical practice since then [41]. The most commonly used part of 

the plant is the dried rhizome, Curcumae longae 19cetoni, which can be made into dark yellow 

powder for longer storage. C. longa has a long history as herb, spice and colorant in South, 

Southeast, and East Asian countries and is nowadays becoming increasingly popular in 

Western countries [12, 47]. 

C. longa has been demonstrated to have no toxicity [30]. The herb along with its three main 

compounds, curcumin, demethoxycurcumin, and bisdemethoxycurcumin (Table 1), have been 

proved to present pleiotropic pharmacological effects, including anti-inflammatory, antioxidant, 

antimicrobial and anticancer effects by numerous studies [43]. The therapeutic property of C. 

longa and its bioactive compounds against different types of cancer by modulating multiple 

molecular regulators and interfering with various signaling pathways has attracted common 

attention [48, 49, 50, 51].  

 

Table 1. Main compounds of C. longa [52]. 

Compound Chemical structure 

Curcumin 

 

Demethoxycurcumin 

 

Bisdemethoxycurcumin 

 

 

 

In order to have a brief view of the possible therapeutic targets and mechanism of C. longa on 

Pca based on the existing evidence and knowledge, we performed a Network Pharmacology 

Analysis in cooperation with the China Academy of Chinese Medical Sciences (Fig. 1). The 

three main compounds of C. longa, marked as JH1, JH2 and JH3 were established using the 

Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform 
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(TCMSP) and the gene targets were set up via the Swiss Target Prediction Database [53]. The 

outcome suggested that, curcumin (JH1) is associated with the most of the Pca-related genes, 

including a bunch of oncogenes and tumor-suppressors of multiple cancer types, as well as 

some Pca-specific genes. Demethoxycurcumin (JH2) is closely related to genes such as the 

progesterone receptor gene (PGR), a crucial player in the development of androgen 

independent state of Pca; the gamma catalytic subunit of phosphatidylinositol-4,5-

bisphosphate 3-kinase (PIK3CG), a potential therapeutic target for mCRPC patients; and 

nuclear receptor coactivator (NCOA2), a significant candidate in the treatment of aggressive 

Pca [54, 55, 56 ]. Bisdemethoxycurcumin shows correlation with PGR, NCOA2 and a tumor 

suppressor gene NR3C2 [57].   

 

 

Figure 1. Network Pharmacology Analysis of C. longa compounds 

 

A further investigation on the potential signaling pathway using the KEGG Pathway Enrichment 

Analysis was performed (Fig. 2). The outcome indicates significant enrichment of cancer-

related pathways including non-small and small cell lung cancer pathways, cGMP-PKG 
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signaling pathway, calcium signaling pathway etc. The multifunctional cGMP-PKG pathway 

was reported to be an endogenous apoptotic signaling cascade in various types of cancer, 

while calcium signaling pathway is crucially associated with the progression of different types 

of cancer [58, 59].  

 

 

 

Figure 2. KEGG Pathway Enrichment Analysis. 

 

Previous research already demonstrated the anti-tumor property of C. longa on different types 

of cancer, including Pca [43, 48, 49].  

The potential of C. longa in suppressing tumor invasion, by down-regulating cell cycle genes 

and tumor suppressor genes p57kip2 and Rad9 in PC3 prostate cancer cell line has been 
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confirmed in a study using Ethyl Acetate Fraction of Curcumae longae Rhizoma with 

concentrations between 2 to 6 μg/ml [49].  

However, existed studies using C. longa are crucially limited. In various studies, curcumin, the 

main compound of C. longa has presented cytotoxic effect on PC3, LNCaP and DU145 Pca 

cell lines by inhibiting cell proliferation and inducing apoptosis [50, 60, 61].  

Protein kinase B (PKB/Akt), encoded by the protooncogene cAkt, plays a role in stimulating 

cell proliferation as well as inhibiting apoptosis, and is, therefore, a significant cell survival 

factor. According to an in vitro study, after treating three kinds of Pca cell lines, LNCaP, PC3, 

and DU145 with 35 µL, 35 µL, and 14 µL curcumin, the activation of Akt has been strongly 

inhibited, detected by specific antibodies. In this way, curcumin might show its anticancer 

activity by altering the cell survival factor PKB [60].  

Inhibitor of DNA binding 1 (Id1) is a transcriptional factor that belongs to the family helix-loop-

helix (HLH). It functions as a promotor that participates in several significant cellular steps and 

is closely related to apoptosis, cell proliferation, migration, and angiogenesis in Pca cells. 

According to the group of Yu et al., curcumin down-regulates the mRNA and protein levels of 

Id1 both in vitro and in vivo. In the in vitro study, a maximum concentration of 20 µm was added 

to PC3 cell lines for 48h while in the in vivo study, curcumin concentration of 100 mg/kg in 0.1 

ml medium was injected into mice models weighted between 15-18 g [50].  

The production of intratumoral androgen, such as testosterone and dihydrotestosterone 

biosynthesis, plays a role in the pathogenesis of castration-resistant Pca. It has been 

demonstrated that curcumin leads to a decrease in the biosynthesis of testosterone and 

dihydrotestosterone by up-regulating the expression of Aldo-Keto reductase 1C2 (AKR1C2). 

The 3-ketosteroid reductase down-regulates dihydrotestosterone level and inhibits the 

activation of the AR, at the same time alters the expression of different enzymes related to 

testosterone production in Pca cell line LNCaP. Furthermore, the in vivo study using the 

transgenic adenocarcinoma mouse prostate (TRAMP) model presents similar result in the 

increase of testosterone and dihydrotestosterone biosynthesis [61]. 

The group of Choi et al. found that curcumin suppresses the expression of AR in a dose-

dependent manner (from 0 to 30 um), by regulating the intracellular level of β-catenin, one of 

the coregulators that interacts with AR and modulates its transcriptional activity, in LNCaP cell 

line. In the in vitro study, curcumin suppresses the phosphorylation of GSK-3β, which 

determines the intracellular level of β-catenin, and therefore interferes with the Wnt/ β-catenin 

pathway, which has been proved to have a crucial role in the pathogenesis of Pca [62].  

Another study from the year 2018 has confirmed the essential role of curcumin in JNK pathway, 

which was considered as one of the main signaling pathways in different tumor pathogenesis. 



23 
 

In this study, curcumin inhibits the growth of Pca in vivo and suppresses JNK pathway 

epigenetically by decreasing the phosphorylation level of JNK as well as the level of H3K4me3, 

an epigenetic marker associated with tumor progression, in LNCaP cell lines [48, 63].  

Moreover, curcumin has been proved to have promising effects in other oncogenic processes 

including cell cycle arrest, cancer invasiveness and metastasis [64, 65, 66]. 

 

3 Aims and objectives of the study 
 

3.1 Aims 

The aims of this study are to evaluate the anti-cancer activity of the Chinese medicinal 

herb Curcuma longa in human prostate cancer cells, to understand the mechanisms involved, 

and to discover potential biomarkers for the early diagnosis and treatment of prostate cancer.  

3.2 Objectives 

 To perform the quality control assessments of the purified C. longa extract. 

 To evaluate the cell viability of different Pca cell lines after treatment with C. longa. 

 To determine the amount of apoptotic and necrotic cells after treatment with C. longa, 

using the Annexin and propidium iodic (PI) staining. 

 To study the expression level of three cancer-related genes and their corresponding 

proteins by RT-qPCR and Western blot. 

 To explore the gene expression profile of the anti-cancer effect of C. longa by RNA 

sequencing. 

 To investigate the interactions among multiple sets of genes and perform pathway 

analyses.  

 

4 Methods 

4.1 C. longa sample preparation 

The purified C. longa extract was supported by St. Anna-Apotheke, Firma Magister 

Martin Diskar pharm. Produkte e.U., Vienna, Austria. The C. longa powder was dissolved in 

RPMI-1640 culture medium (1%Pen/Strep, 10% FBS, 1% glutamine, and 1% Hepes, GIBCO, 

Dublin Ireland) for cell culture experiments. The samples were heated at 60°C for 30min for 

getting better solubility. After the heating process, no precipitation was visible by naked eves 

and under the light microscope (10X, 40X), and the C. longa samples exhibited uniform dark 
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yellow color. The stock samples were sterilized using the 0.2 μm Pore PES Membrane Sterile 

Filters (Corning Life Science, New York, USA). 

 

4.2 Sample stability test 

C. longa sample solutions were fresh prepared in two concentrations of 100 μg/mL and 

600 μg/mL. The stability of samples at different temperatures (at room temperature, heated for 

5 min at 60°C and at 95°C) and pH values were evaluated by measuring OD absorbance of 

260 nm and 280 nm using the DeNovix DS-11 Spectrophotometer/Fluorometer Series. The 

pH value was measured using a pH-meter (827 pH lab, Metrohm, Switzerland) at room 

temperature. At the first two weeks, samples were measured every day. From day 15, the 

samples were measured every two days, and from day 31, the samples were measured every 

week. All the samples for the tests under different conditions were prepared in triplicates.  

 

4.3 Quality control of C. longa by High Performance Liquid 

Chromatography (HPLC) 

Using Agilent 1260 Infinity II, we performed a High Performance Liquid Chromatography 

(HPLC) for the quality control assessments of the purified C. longa extract. 1 mg standard 

sample of curcumin was precision weighed using MT5 0.001 mg Analytical Microbalance 

(Mettler Toledo, Switzerland) and ultrasonicated for 10 min at 400 W with 1 mL methanol using 

a KQ-500DE numerical control ultrasonic cleaner (Kunshan, China) for a stock solution of 1 

mg/mL. The standard solution was then diluted into 50 μg/mL, and centrifuged at 13000 rpm 

for 10 min (SL4F Centrifuge, Thermo Fisher Scientific, MA, USA). 0.2 g C. longa extract was 

precision weighted via AT201 0.01 mg Analytical Balance (Mettler Toledo, Switzerland) and 

ultrasonicated for 15 min at 400 W with 1 mL methanol. After centrifuging for 10 min at 13000 

rpm, the supernatant of the sample was collected and diluted to 5 mg/ mL. The sample was 

then centrifuged again. The supernatant was stored for lateruse. Six samples were prepared 

following the same procedure. The chromatographic separation was conducted by an Alltima 

C 18 (250 mm x 4.6 mm, 5μm) liquid chromatographic column. The mobile phases consisted 

of 24cetonitrile – 4% glacial acetic acid (48:52) with gradient elution. The temperature for the 

column was 25 °C and the detection wavelength was 430 nm. The injection volumes for the 

curcumin standard solution and the C. longa extract samples were 5 μL, with a flow rate of 1 

mL/ min. Each sample was injected three times. The accurate mass and elemental composition 

was analyzed by the MassLynx V4.1 software (Waters Co., Milford, MA, USA). 
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4.4 Cell lines and cell culture 

Human prostate cancer cell lines PC3, DU145, and prostate epithelial cell line PNT2 

were used in this study. We incubated the cells in RMPI-1640 medium at 37°C with 5% CO2, 

in a 25 cm2 Nunclon tissue culture flask (Thermo Scientific, Waltham, MA, USA). The cells 

were supplied with fresh medium every 48 h. After the PBS wash, cells were centrifuged at 

900 rpm for 5 min at room temperature. The cells were collected and calculated by a TC20 

automated cell counter (BIO-RAD, CA, USA) and split into the tissue culture flasks for further 

experiments. In different experiments, the cells were treated with different concentrations of C. 

longa (0, 50, 100, 200, 400, and 800 μg/mL).  

 

4.5 Cell imaging  

0.3 x 106 cells/mL DU145 were seeded in 6-well plates and incubated with increasing 

concentrations of C. longa (0, 50, 100, 200, 400, and 800 μg/mL) for 48 h. After the incubation, 

cells were imaged using the EVOS digital inverted microscope (Thermo Fisher Scientific, 

Germany). 

 

4.6 Cell viability assay 

DU145, PC3, and PNT2 cells were seeded in the 96-well plates (Thermo Fisher Scientific, 

MA, USA). Following the incubation of 24 h at 37°C, the cells were treated with increasing 

concentrations of C. longa (0, 50, 100, 200, 400, and 800 μg/mL) for 48 h. The cell viability of 

all three cell lines was measured after the treatment using a CellTiter-Blue Cell Viability Assay 

Kit (Promega Co., WI, USA). The absorbance was measured using a Tecan microplate reader 

(Epoch, Bio-Tek Instruments, Winooski, VT, USA) at 560 nmEx/ 590 nmEm. We calculated 

the data as a ratio of treated versus untreated cells (vehicle set at 100%).  

 

4.7 Apoptosis detection 

To detect the apoptosis of DU145 cells after 48 h of C. longa treatment, we applied a 

FITC Annexin V Apoptosis Detection Kit with PI (Biolegend, CA, USA). DU145 cells were 

treated with 400 μg/mL and 800 μg/mL of C. longa for 24h at a seeding density of 105 cells/ 

mL in 6-well plates. Cells treated with PBS were set as negative control respectively. After 24 
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h of incubation, cells were harvested, washed twice with PBS, and centrifuged. Afterwards, 

cells were resuspended in 300 μL binding buffer. 10 μL Annexin V-FITC and 5 μL propidium 

iodide (PI) were added to the cell suspension and incubated for 15 min without exposure to 

light at room temperature. After incubation, 400 μL binding buffer was added. The flow 

cytometer (BD FACS CantoII, BD Biosciences, CA, USA) was used to analyze the stained 

cells under the excitation wavelength of 488 nm. We repeated the experiment three times, to 

obtain mean value. The data was analyzed with the help of FlowJo software V10.  

 

4.8 Quantitative detection of mRNA expression via qRT-PCR 

DU145 cells were incubated with increasing concentrations of C. longa (0, 50, 100, 200, 

400, and 800 μg/mL) for 48 h. The total RNA of DU145 was isolated following the TRIzol 

Reagent protocol (Thermo Fisher Scientific, MA, USA). After seeding 0.7 x 106 cells / well in 

6-well plates and incubating them for 48 h, cells were harvested using TRIzol reagent. 200 μL 

chloroform was then added to the harvested samples in TRIzol reagent. The mixture was 

separated into a lowered phenol chloroform, an interphase, and a transparent upper aqueous 

phase after centrifuged for 15 min at 12000 g at 4°C. The upper phase was collected into the 

new tubes. 500 μL isopropanol was added to the samples to ensure the stability of the RNA. 

After 10 min of centrifugation at 12000 g, 4°C, the total RNA precipitate formed a white pellet 

at the bottom of the tube. The supernatant was removed and the pellet was washed twice with 

900 μL 75% ethanol. During the washing step, the pellet was resuspended in ethanol and 

centrifuged for 5 min at 7500 g, 4°C. The ethanol supernatant was removed and the RNA pellet 

was left air dry for 15 min until no liquid can be observed. At last, the pellet was dissolved in 

20–50 μL Rnase-free water for downstream application or storage at -80°C. The 

concentrations of the isolated RNA samples of DU145 cells were quantified using the DeNovix 

DS-11 Spectrophotometer/Fluorometer Series, before synthesized into cDNA strands via 

OneScript cDNA Synthesis Kit (Applied Biological Materials Inc. (abm), Richmond, Canada). 

The fold changes of the following cancer related genes (p21, TMEM79, and ACOXL) were 

determined after C. longa treatment with the help of qRT-PCR. 18S served as a control. 

For qRT-PCR analysis, we prepared the reaction mixture containing 10 pmol/μL of SYBR 

Green Master Mix (Applied Biosystem, USA). The respective forward and reverse primers were 

generated using the NCBI BLAST and listed in Table 2.  
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Table 2. The sequences for the human-specific primers p21, TMEM79, ACOXL and 18S. 

primer forward reverse 

p21 AGTCAGTTCCTTGTGGAGCC CATTAGCGCATCACAGTCGC 

TMEM79 GTCTTTCCGGCTTCTCCAAA GTGGGTACACTGTCCGTTCTC 

ACOXL GGAGCCTCAAGAACGAGCTG AGAGGTCAAAGGTGGCTTCG 

18S CTCAACACGGGAAACCTCAC CGCTCCACCAACTAAGAACG 

 

The program for thermal cycling conditions was: 10 min at 95°C, followed by 40 cycles for 15 

s at 95°C, 1 min at 60°C, and 15 s at 95°C. During the amplification, an incremental 

temperature increases from 60°C to 95°C. Afterwards, a melting curve analysis of the products 

was performed. The qRT-PCR was performed on QuantStudioTM 5 Smart Start Real-Time PCR 

System (Thermo Fisher Scientific, MA, USA) and analyzed on the corresponding software.  

The experiments of all the genes were repeated three times in duplicate. Relative expression 

levels of the genes were assessed using the 2-ct method. 

 

4.9 Western blot analysis 

DU145 cells were centrifuged and collected after 48 h of treatment with C. longa with 

increasing concentrations (0, 50, 100, 200, 400, and 800 μg/mL), and lysed following the RIPA 

Lysis and Extraction Buffer manual from Thermo Fisher Scientific. RIPA buffer was enriched 

with a Pierce Protease Inhibitor Tablet (Thermo Scientific, USA) to avoid protein degradation. 

After centrifugation, the supernatant of the samples was collected. The collected supernatant 

samples were then diluted to an appropriate concentration, mixed with Laemmli Buffer, and 

denatured at 95°C for 5 min. for SDS-PAGE, the samples were loaded on 4-15% Mini 

PROTEAN TGX gels (Bio-Rad, Hercules, CA, USA). The proteins were separated according 

to their sizes by electrophoresis for 1 h at 100 V. Subsequently, the proteins were transferred 

to a polyvinylidene fluoride or polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Hercules, 

CA, USA) and blocked in tris-buffered saline, 0.1% Tween (TBST) buffer with 5% nonfat milk. 

Blots were incubated with 1:2500 dilution for p21 antibody; 1: 1000 dilution for TMEM79 

antibody; 1: 500 dilution for ACOXL antibody and 1:1000 dilution for -actin antibody overnight 

at 4°C, followed by incubations of 2 h with 1: 4000 dilution of goat anti-rabbit IgG (H + L) 
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secondary antibodies. The protein bands were stained using Amersham ECL Prime 

Western Blotting Detection Reagent (GE Healthcare, UK), and visualized under ChemiDoc 

Imaging System (Bio-Rad, CA, USA). -actin was used as a control protein.  

 

4.10 Illumina RNA sequencing 

RNA samples were isolated following the same steps as described in chapter 8. The 

isolated, quantity determined and quality controlled total RNAs were 28ubmitted to the Core 

Facilities Genomics of the Medical University of Vienna for RNA sequencing. Sequencing 

libraries from the total RNA samples were prepared using the QuantSeq FWD protocol 

(Lexogen). Optimal numbers of PCR cycles were determined by qPCR following the library 

prep manual. Libraries were QC-checked on a Bioanalyzer 2100 (Agilent) via a High Sensitivity 

DNA Kit for correcting the insert size and then quantified using Qubit dsDNA HS Assay 

(Invitrogen). The pooled libraries were sequenced on a NextSeq500 instrument (Illumina) in 

1x75bp single-end sequencing mode. Around 7 million reads were performed per sample. 

Reads in fastq format using the Illumina bcl2fastq command line tool (v2.19.1.403) were 

generated. Reads were filtered using cutadapt version 1.15 to remove reads with N’s and trim 

polyA tails. Reads in fastq format were aligned to the human reference genome version 

GRCh38 with Gencode 29 annotations using STAR aligner version 2.6.1a in 2-pass mode. 

STAR was used to count the raw reads per gene. Differential gene expression was calculated 

using DESeq2 version 1.22.2 [67, 68, 69, 70, 71]. 

 

4.11 Statistical analysis 

All the data are expressed as mean ± SEM/SD of three independent experiments and 

three technical copies. One-way ANOVA analysis was calculated using the GraphPad Prism 

9 software. Statistically significant results among means were set at *p < 0.05, **p < 0.01, ***p 

< 0.001. 

The cell viability assay data was calculated as a ratio of treated versus non-treated cells, with 

the vehicle set as 100%. 

The data of the apoptosis detection was analyzed with the help of FloJo software V10.  

The obtained Illumina RNA sequencing data consists of three parts of different analyses: gene 

expression analysis, gene ontology (GO) analysis and pathway analysis. 
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4.12 Bioinformatic analyses of the gene profiles and the signaling 

pathways 

The differential gene expression data from the Illumina sequencing of the 12 h and the 

24 h treated samples comparing to the untreated samples, were selected with an up-

/downstream of more than two-fold in the C. longa treated DU145 cells compared to the non-

treated cells. We listed the most cancer-related and Pca-specific genes with top regulation 

scores (Log2 fold change) and p < 0.05, and created a heat map using GraphPad Prism 9 

software.  

Additionally, a volcano plot using VolcaNoseR (https://huygens.science.uva.nl/VolcaNoseR/) 

to visualize the expression changes of the samples after 24 h of C. longa treatment, based on 

the distance to the origin was created [72]. log2FoldChange was selected for X-axis, and 

minus_log10_padj was set as Y-axis. A fold change threshold between -1.1 and 1.1, and a 

significance threshold < 1.5 was selected, Mahattan distance was used as the criterion for 

ranking hits.  

A Gene Set Enrichment Analysis (GSEA) comparing the data of untreated DU145 cells with 

24h treated DU145 cells, using fifty cancer-related hallmark gene sets from the Molecular 

Signatures Database (MsigDB) v7.5.1 was conducted using BubbleGUM (GSEA Unlimited 

Map) software “Signal to Noise” settings [73, 74, 75, 76]. The affected regulators were plotted 

in the volcano plot using GraphPad Prism 9 software. 

For the analyses of the affected signaling pathway, the gene ontology (GO) functional 

annotation was analyzed based on the DAVID Bioinformatic Resources (2021 update) 

(https://david.ncifcrf.gov/tools.jsp) [77, 78]. The analyses was based on the background of the 

Homo sapiens species, GOTERM_BP_DIRECT, GOTERM_CC_DIRECT, and 

GOTERM_MF_DIRECT were selected among the Gene_Ontology database, and 497 DAVID 

IDs were detected. The dysregulated pathways of biological process (BP), cellular component 

(CC), and molecular function (MF) were ranked based on the altered gene counts.  

Subsequently, a Pathway over-representation analysis using Ingenuity Pathway Analysis (IPA) 

using the QIAGEN IPA (QIAGEN Inc. version 01-12, https://digitalinsights.qiagen.com/IPA) 

was performed [79]. Genes were prefiltered to remove the genes with low expression levels. 

Top 20 dysregulated pathways with the highest –log (p-value) were listed.  
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5 Results 

5.1 C. longa is temperature and pH stable in solutions  

In order to evaluate the stability of C. longa in different experimental concentrations over 

a longer period of time, the stability of different temperatures and pH velums were measured. 

We used two concentrations of C. longa (100 μg/mL and 600 μg/mL) for the experiments. 

Samples were prepared at room temperature (RT), heated for 5 min at 60C° and at 95°C for 

the measurements. The absorbance of the samples under two UV wavelengths (OD 260 and 

OD 280) was measured (Fig. 3a, b). The pH values of the two concentrations of C. longa were 

measured at room temperature with the same timeline (Fig. 3c). Results indicated that both 

low and high concentrations of C. longa samples remain stable from day 1 to day 59, at all 

three different temperatures. The pH values of the samples were stable at room temperature.  
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Figure 3. C. longa is temperature and pH stable in solutions. C. longa remains thermal stable under 

three different temperatures (a, b). 100 μg/mL and 600 μg/mL C. longa were treated at RT, 60°C, and 

95°C. The absorbance of each sample was measured using NanoDrop under UV OD 260 and OD 280 

from day 1 to day 59. The pH values of C. longa remain stable. The pH values of 100 μg/mL and 600 

μg/mL C. longa were measured using a pH-meter from day 1 to day 59 at RT ©. 

 

 

5.2 Quality control of C. longa by HPLC 

We performed HPLC for the quantity measurement and quality control of the bioactive 

compounds in C. longa. C. longa was diluted in methanol and prepared into six samples of 5 

mg/mL. Three major compounds of C. longa were identified by the retention time and the 

content of the reference compounds. The retention time of the three main peaks were 20.8 

min (curcumin), 19.0 min (demethoxycurcumin), and 17.3 min (bisdemethodycurcumin) [52]. 

The characteristic peaks of the six samples remained consistent and showed similar 

fingerprints (Fig. 4). The concentration and percentage of the main active compound curcumin 

were 53.90 μg/mL and 0.106%, calculated using a standard curcumin solution (area under the 

peak: 1355.537 mm2, concentration: 51.5 μg/mL), via the following formula:  

Areastandard /Areasample=Concentrationstandard /Concentrationsample 
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Figure 4. Qualification of C. longa by HPLC. The three main characteristic peaks represent 

bisdemethoxycurcumin (1), demethoxycurcumin (2), and curcumin (3), all six samples showed similar 

fingerprints. 

 

5.3 C. longa inhibited the growth of PCa cell lines DU145 and PC3, 

and induced cell death 

To test the cell growth of Pca cell line DU145 after the treatment with CL at different 

concentrations, DU145 cells were treated with the following concentrations (0, 100, 200, 400, 

600 and 800 μg/mL) of CL for 48h. The microscopic pictures (Fig. 5) show the cell density of 

the DU145 cells. The cell density decreased with the increase of CL concentration, indicating 

a dose-dependent inhibition of cell growth after the treatment of CL. At a concentration of 800 

μg/mL, the cell density was around 50% compared to the cells at 0 μg/mL. 

a 

b 
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CL 0 μg/mL CL 100 μg/mL 

CL 200 μg/mL CL 400 μg/mL 

CL 600 μg/mL CL 800 μg/mL 

 

Figure 5. CL inhibited cell growth of DU145 dose-dependently. DU145 cells were treated with increasing 

concentrations of CL (0, 100, 200, 400, 600 and 800 μg/mL). Cells were photographed using a 

microscope after 48h treatment.  

 

To determine the cell viability of Pca cell lines DU145 and PC3 after the treatment of CL, cells 

were treated with the same concentrations of CL (0, 100, 200, 400, 600, and 800 μg/mL) for 

48h, and cell viability assay was performed using a Cell Titer-Blue assay kit. The immortalized 
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prostate epithelial cells PNT2 cells were used as a control group. Dose-dependent decrease 

of cell viability can be observed in both DU145 and PC3 cells, while PNT2 cells were not 

affected by the CL treatment. At a concentration of 800 μg/mL, CL induced a reduction of % in 

DU145 and a reduction of % in PC3 cells, compared to a 0% reduction in PNT2 cells (Fig. 6a, 

b).  

 

 

 

a 

b 
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Figure 6. CL induced dose-dependent inhibition in DU145 and PC3 cells. DU145, PC3 and PNT2 cells 

were treated with increasing concentration of CL (0, 100, 200, 400, 600 and 800 μg/mL) for 48 h. Cell 

viability (% of control) was measured using a Cell Titer-Blue Assay Kit. Error bars represent standard 

deviation (SD) from n ≥ 3 independent experiments in triplicate. *, ** and *** represent p < 0.05, p < 0.01 

and p < 0.001, as calculated by one-way ANOVA. 

 

We used FITC Annexin V Apoptosis Detection Kit with propidium iodide (PI), to detect the 

apoptotic and late-apoptotic DU145 cells after the treatment of C. longa, and analyzed the 

samples by a FACS flow cytometer. DU145 cells were treated with a medium and a high 

concentration (400 μg/mL, 800 μg/mL) of C. longa for 24h, cells treated with phosphate-

buffered saline (PBS) for 24h were used as control. After the treatment with a medium 

concentration of C. longa, cells presented 2.53% early-stage apoptosis, 61.9% late-stage 

apoptosis, and 30.8% viability, while cells treated with a high concentration of C. longa showed 

2.45% early-stage apoptosis, 67.8% late-stage apoptosis and 23.1% viability. Cells incubated 

in PBS for 24h exhibited 1.33% early-stage apoptosis, 56.5% late-stage apoptosis and 39.1% 

viability. The percentages of necrotic cells were: 3.01% in PBS incubated cells, 4.74% in cells 

treated with a medium concentration of C. longa, and 6.68% in those treated with a high 

concentration of C. longa. Total apoptosis (early-stage plus late-stage apoptosis) increased 

from 57.83% in PBS-treated cells to 64.43% and 70.25% in cells treated with medium and high 

concentration of C. longa, which equals a total increase of 11.41% and 21.48%, respectively 

(Fig. 7).  
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Figure 7. C. longa induced apoptosis in DU145 cell. DU145 cells were treated with 400 μg/mL and 800 

μg/mL C. longa for 24h, and incubated with PBS for 24h as a negative control. After the treatment, 

apoptotic cells were measured with a FITC Annexin V Apoptosis Detection Kit and PI by FACS flow 

cytometry. Cells treated with a high concentration of C. longa (800 μg/mL) exhibited a significant 

increase in apoptosis, compared to the PBS incubated cells. An increase of 11.41% and 21.48% in total 

apoptosis were observed in cells treated with 400 μg/mL and 800 μg/mL C. longa. 

 

5.4 RNA isolation for qRT-PCR and Illumina RNA sequencing 

The total RNA of DU145 was isolated using the TRIzol Reagent. The quantitation of RNA 

samples with quality assessment was performed and the data was analyzed using Agilent 

2100 Bioanalyzer Data/2100 Expert Eukaryote Total RNA Nano Software. The 18S and 28S 
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peaks are visible at 1,584 [nt] and 3,104 [nt], respectively. RNA area was 174.9, RNA 

concentration was 71 ng/μl, rRNA Ratio 28S/18S was1.5. 

 

 

Figure 8. Agilent 2100 Bioanalyzer Data of total RNA sample. The 18S and 28S peaks are visible at 

1,584 [nt] and 3,104 [nt], respectively. 2100 Expert Eukaryote Total RNA Nano Software was used for 

data analysis. RNA area was 174.9, RNA concentration was 71 ng/μl, rRNA Ratio 28S/18S was1.5. 

 

5.5 C. longa regulated the gene expression of p21, TMEM79 and ACOXL 

at the level of RNA and protein 

To quantify the expression level of different cancer-related and prostate cancer-specific 

genes, we performed qRT-PCR and western blot analysis of the gene p21, the transmembrane 

protein 79 (TMEM79) and the acyl-coenzyme-A oxidase-like protein (ACOXL). 

p21 gene, commonly known as a mediator of the tumor suppressor p53, presents anti-cancer 

activity by inhibiting cell cycle and cell proliferation, which involves multiple pathways 

dependent and independent of p53 [80]. TMEM79 and ACOXL are two lately published 

potential biomarkers specific for the diagnosis of PCa, which sensitively and specifically 

distinguish between benign prostate tumor and Pca [81]. In the qRT-PCR and western blot 

analysis, the mRNA and protein expression levels of these genes were evaluated, in order to 

find out whether 48 h C. longa treatment alters the expression of these Pca-related gene 

regulators in DU145 cells. The qRT-PCR results suggested that, 48 h treatment of C. longa 

significantly up-regulated the gene expression level of p21, TMEM79 and ACOXL in DU145 

cells in dose-dependent manner (Fig. 9, *p < 0.05, **p < 0.01, ***p < 0.001). Additionally, the 

protein bands in the western blot analysis supported the results of qRT-PCR. Upon 48 h C. 

longa treatment, the protein expression levels of p21, TMEM79 and ACOXL increased dose-
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dependently in DU145 cells (Fig. 10). Both mRNA and protein expression levels of these genes 

were consistent.  
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Figure 9. C. longa regulated the expression of cancer-associated genes at mRNA level. DU145 cells 

were treated with increasing concentrations (0, 100, 200, 400, 600, and 800 μg/mL) of C. longa for 48h. 

The expression levels of p21, TMEM79, and ACOXL were up-regulated in a dose-dependent manner 

after the treatment (a-c). The qRT-PCR was performed using a SYBR Green PCR Master Mix Kit. 

Standard deviations (SD) are represented by error bars from n ≥ 3 independent experiments in triplicate. 

*, ** and *** represent p < 0.05, p < 0.01 and p < 0.001, as calculated by one-way ANOVA. 

 

 

 

 

Figure 10. C. longa regulated the expression of cancer-associated genes at protein level. DU145 cells 

were treated with increasing concentrations (0, 100, 200, 400, 600, and 800 μg/mL) of C. longa for 48 

h. Protein samples were collected for SDS-PAGE and western blotting. -actin was used as a positive 

control. The intensity of the protein (p21, TMEM79 and ACOXL) bands increased dose-dependently, 

indicating dose-dependent up-regulations of the corresponding genes at the protein level.  

 

5.6 C. longa regulated the gene expression of various oncogenes and 

tumor suppressors 

To further explore the gene expression profiles in DU145 cells after the treatment of C. 

longa, we performed Illumina RNA sequencing supported by the Core Facilities Genomics of 

the Medical University of Vienna. DU145 cells were treated with 800 μg/mL C. longa for 12 h 

and 24 h. Total RNA was isolated, quantified and qualified for RNA sequencing on a 
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NextSeq500 instrument (Illumina). A non-treated control group of DU145 cells was prepared 

and collected at the same time point. Approximately 7 x106 reads per sample were performed 

and a total of 46600 differentially regulated genes were detected. Differentially regulated genes 

were calculated using DESeq2 version 1.22.2, and selected when the expression was up- or 

down-regulated more than two-fold in the C. longa treated DU145 cells compared to the non-

treated cells. We listed the general cancer-related and PCa-specific genes with top regulation 

scores (Log2 fold change) and p < 0.05. In Figure 11, the expression intensity is visualized in 

the heat map via a color scale, ranging between red (log2 fold change > 0, up-regulation) and 

green (log2 fold change < 0, down-regulation). Among the expressed genes, APLN, TIMM8A, 

PWP2, PMEPA1, CYR61, DKK1, FOXJ1, JUN, S100A2, ODC1, FOSL1, UPP1, and MYC 

were down-regulated, while p53, p21, TMEM79, ACOXL, SPINK5, NDRG1, NOTCH3, BANK1, 

TMEM25, INSIG1, AK7, TTLL3, SH3GL2,3, ZC3H12D, and RPS26P47 were up-regulated. 
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Figure 11. C. longa treatment regulated the expression levels of numerous cancer-related genes. An 

Illumina RNA sequencing was performed to detect the expression profiles of DU145 cells upon 12h or 

24h C. longa treatment. Hierarchical analyses were performed, and the up and downstream was 

evaluated. APLN, TIMM8A, PWP2, PMEPA1, CYR61, DKK1, FOXJ1, JUN, S100A2, ODC1, FOSL1, 

UPP1, and MYC were down-regulated, while p53, p21, TMEM79, ACOXL, SPINK5, NDRG1, NOTCH3, 

BANK1, TMEM25, INSIG1, AK7, TTLL3, SH3GL2,3, ZC3H12D, and RPS26P47 were up-regulated. 

 

Additionally, a volcano plot was generated, to analyze and visualize the differentially expressed 

genes after 24h treatment of C.  longa, based on distance from origin via VolcaNoseR [72]. A 

fold change threshold between -1.1 and 1.1, and a significance threshold < 1.5 was selected, 

Mahattan distance was used as the criterion for ranking hits. X-axis represents 

log2FoldChange and Y-axis represents minus_log10_padj. The blue dots have negative fold 

change, meaning down-regulated genes, and the red dots positive fold change, which are up-

regulated genes (Fig. 12a). Among the selected top hits, 8 genes were most related to altered 

cancer cell proliferation and migration, as listed in Figure 12b. ODC1, DKK1, UPP1, CYR61, 

FOSL1, and JUN were down-regulated, whereas INSIG1 and NDRG1 were up-regulated.  

 

 

 

a 
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Top hits (based on distance from origin)  

VolcaNoseR – Exploring volcano plots 
 

Name Change Fold change (log2) Significance Manhattan distance 

ODC1 Decreased -1.453975438 39.1165 40.57047544 

INSIG1 Increased 2.462604326 36.5355 38.99810433 

DKK1 Decreased -1.881095481 29.1875 31.06859548 

UPP1 Decreased -1.35225535 28.8139 30.16615535 

CYR61 Decreased -1.973133564 27.4183 29.39143356 

FOSL1 Decreased -1.430412006 25.0867 26.51711201 

JUN Decreased -1.629656564 24.1496 25.77925656 

NDRG1 Increased 1.2822102 19.1595 20.4417102 

 

Figure 12. C. longa treatment regulated the expression levels of numerous cancer-related genes. (a) A 

volcano plot of the differentially expressed genes after 24h treatment of C. longa was generated via 

VolcaNoseR, based on distance from origin. The fold change threshold of the selected genes lies 

between -1.1 and 1.1, and the significance threshold < 1.5, ranked following Mahattan distance criterion. 

(b) Among the most cancer-related genes, an upstream of ODC1, DKK1, UPP1, CYR61, FOSL1, and 

JUN, and a downstream of INSIG1 and NDRG1 were obtained.  

 

5.7 C. longa regulated hallmark gene sets and downstreamed regulators 

of the TNF/ NFB signaling pathway 

Further analyses on the Illumina RNA sequencing results were performed, to explore 

the expression changes of the signaling pathways upon 24h C. longa treatment. A Gene Set 

Enrichment Analysis (GSEA) comparing the expression profiles of untreated DU145 cells with 

24h treated DU145 cells, using fifty cancer-related hallmark gene sets from the Molecular 

Signatures Database (MSigDB) v7.5.1 was conducted via BubbleGUM (GSEA Unlimited Map) 

software, to detect the significant expression changes in the involving hallmark signaling at 

gene sets level [73, 74, 75, 76]. A significantly altered hallmark gene set embraces genes 

associated with the tumor necrosis factor-alpha (TNF) signaling via NFB, which is crucially 

linked to the invasion and metastasis of cancer cells (Fig. 13) [82, 83]. A volcano plot was 

created for visualizing the differentiated regulators (Fig. 14). NFKB1, NFB (complex), 

MAP3K1, REL, and RELA, which are all important components of the TNF/ NFB signaling 

pathway, were significantly inhibited. The data shown in Figure 13 and Figure 14 indicated that, 

C. longa downstreamed the regulators and hall mark gene sets of the TNF/ NFB pathway. 

 

b 
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Figure 13. C. longa regulated gene sets associated with the TNF/ NFB signaling pathway. Expression 

profiles of 24 h treated cells and the untreated DU145 cells were compared, using fifty hallmark gene 

sets from the MsigDB database v7.5.1 via BubbleGUM software. The gene sets from the TNF/ NFB 

signaling pathway were enriched in the treated DU145 cells with an enrichment score of 3.3, p < 0.0025.   
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Figure 14. C. longa inhibited the regulators of the TNF/ NFB pathway. A volcano plot was created to 

visualize the dysregulation of the regulators after 24h C. longa treatment. NFKB1, NFB (complex), 

MAP3K1, REL, and RELA, were significantly downregulated, with negative activation scores. 

 

5.8 C. longa regulated multiple biological processes and cancer-related 

signaling pathways 

Furthermore, the gene ontology (GO) functional annotation was analyzed based on 

the DAVID Bioinformatic Resources (2021 update) [77, 78]. The dysregulated pathways of 

biological process (BP), cellular component (CC), and molecular function (MF) were ranked 

based on the altered gene counts (Fig. 15). For instance, biological process pathways like 

negative and positive regulation of transcription, positive regulation of apoptotic process, 

negative regulation of cell proliferation, cholesterol biosynthesis process, response to drug, 

regulation of cell cycle, cellular response to TNF, Notch signaling pathway, etc., cellular 

component pathways including cytoplasm, membrane, endoplasmic reticulum and cell 

surface pathways, etc., and molecular function pathways including protein binding, receptor 

binding, transcription factor binding, protein C-terminus binding, protein dimerization activity, 

etc. are related to the pathogenic processes of cancer, and were observed to be 

dysregulated after 24h C. longa treatment. 
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Figure 15. C. longa dysregulated pathways of biological process (BP), cellular component (CC), and 

molecular function (MF), based on the differentially expressed gene counts. The gene ontology (GO) 

functional annotation was analyzed based on the DAVID Bioinformatic Resources (2021 update).  
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Moreover, an Ingenuity Pathway Analysis (IPA) using the QIAGEN IPA (QIAGEN Inc., 

https://digitalinsights.qiagen.com/IPA) was performed, in order to have a precise view of the 

dysregulated signaling pathways, and study the relationship between multiple casual networks 

with various biological functions (Fig. 16) [79].  

 

 

Figure 16. C. longa dysregulated multiple pathways of biological functions. The Ingenuity Pathway 

Analysis (IPA) was conducted using the QIAGEN IPA (QIAGEN Inc.). The top twenty dysregulated 

pathways were ranked based on –log(p-value).  

 

  

Ingenuity Pathway Analysis 
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6 Discussion 

With the different limitations and side effects of the current treatment opportunities for 

PCa, complementary and alternative therapies for PCa have drawn increasing attention [2, 5, 

6, 7, 8]. Moreover, the cost of the existing therapies for PCa is relative high, especially for 

people from developing countries, affordable therapeutic candidates using natural products 

with efficacy might be an option [2, 84]. The medicinal herb C. longa exhibits a variety of 

beneficial therapeutic effects, including the anticancer effect treating different types of cancer 

without documented risk of side effects [30]. Understanding the molecular mechanism behind 

the anticancer activity of C. longa is crucial for future animal and clinical studies.  

Our study aimed to evaluate the anticancer activity of the Chinese medicinal herb Curcuma 

longa in human prostate cancer cells, to understand the involved mechanisms, and to discover 

potential biomarkers for the early diagnosis and treatment of prostate cancer. We have proved 

that C. longa has stable drug quality of temperature and pH tested with the low and high 

concentrations of C. longa. The active compounds, curcumin, bisdemethoxycurcumin, and 

demethoxycurcumin showed similar fingerprints in different experimental samples measured 

using HPLC. The characteristic peaks of the six samples remain consistent and are identical 

to the data of the published studies [52]. Many of the previous research focused on the isolated 

bioactive or synthesized components of C. longa, including curcumin and demethoxycurcumin 

[50, 51, 60, 61]. We used the whole plan extract for our study according to the original principle 

of Chinese traditional herbal medicine, which has used this herb for treating the diseases for 

thousands of years in China, Japan, Korea, as well as in many other Asian countries [85]. The 

world's earliest pharmacopoeia, "Tang Materia Medica", published in Chinese Tang Dynasty 

in 659 AD, descripted this herb for treating liver and gallbladder diseases, reducing abdomen 

pain and menstruation pain. C. longa has been described as a nontoxic herbal medicine in 

Chinese ancient times [41, 86]. C. longa and its major bioactive compound curcumin are the 

patent medicine in China. The evidence of many studies indicated that C. longa and curcumin 

could be developed as safe and health-beneficial drugs in Europe in the future [30, 85, 86].  

In the cell viability experiments, we incubated the cells with increasing concentrations of C. 

longa to determine the most effective concentrations with the best potency. The growth of the 

two PCa cell lines, DU145 and PC3 were dose-dependently inhibited, while the inhibition in 

the control group, the human prostate epithelial cell PNT2 was observed in minuscule. At 800 

µg/mL of C. longa, an inhibition of more than 30% was observed In DU145 cells, and an 

inhibition of around 25% could be observed in PC3 cells. The metastasis character of PCa 

cells and the sensitivity to drugs might explain the slightly different outcome between the two 

cell lines after C. longa treatment. PC3 cells have a higher metastasis and malignancy potential 

compared to the DU145 cells. Therefore, C. longa inhibited DU145 cell viability more than PC3 
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cell viability. We choose DU145 cell line for further experiments following the cell viability assay 

according to the inhibition of the viability. The inhibitory efficacy of C. longa was in line with 

other research that used isolated bioactive compounds on the same PCa cell lines, but with 

comparably higher concentrations ascribed to the use of whole herb extract [84, 87]. Following 

the cell viability assay, the mechanism behind the C. longa-triggered cell death was explored. 

DU145 cells were double-stained with annexin and PI, the apoptotic and necrotic cells were 

detected using FACS. The results showed that C. longa contributes to cell death mainly by 

inducing late apoptosis, with some degrees of necrosis. Therapeutic candidates with pro-

apoptotic activities are preferable and have more advantages in avoiding unnecessary harm 

and cytotoxicity of the neighboring cells and tissues. On the contrary, necrosis may lead to 

inflammatory reactions and the activation of the immune response [88]. 

p21 and p53 genes are important players in the regulation of cancer growth [80, 89]. Being 

one of the earliest discovered cancer-related genes, p53 gene is closely associated with the 

induction of cell cycle arrest and cell apoptosis [80, 90]. For a long time, p21 was in the spotlight 

as a mediator of p53, showing the tumor-suppressing activity through the up-regulation of p53 

gene [80]. Evidence has later accumulated that despite p53-dependent G1 growth arrest, the 

cyclin-dependent kinase inhibitor p21 is capable of inducing various tumor-suppressing events 

through multiple signaling pathways independent of p53. For instance, through binding to the 

cyclin dependent kinases (CDKs) and suppressing its kinase activity, p21 regulates cell cycle 

inhibition in response to multiple cellular stress. By binding to cyclin complexes and 

proliferating cell nuclear antigen (PCNA), p21 competes with DNA polymerase- for PCNA 

binding, mediates the DNA polymerase activities, and consequently suppresses DNA 

synthesis and thereby interfering with the DNA repair processes. Moreover, p21 regulates 

various gene expressions and the corresponding biological activities through protein-protein 

interactions, independent of CDKs and PCNA [80, 90]. p21 could also be oncogenic in certain 

cellular contexts, mainly due to its anti-apoptotic activity. The inhibition of apoptosis might 

occur in the case of post-translational modification, overexpression of p53, caspase 3 cleavage, 

growth factor deprivation, etc. [80, 90]. As a tumor suppressor, the expression of p21 was 

increased significantly at both RNA level and protein level after C. longa treatment in dose-

dependent manners by qRT-PCR and western blot analysis. These results were confirmed by 

Illumina RNA sequencing analysis.  

TMEM79 and ACOXL genes are reported to be two novel potential biomarkers specific for PCa, 

which sensitively and specifically differentiate between benign prostate gland and PCa [81]. 

Although the function of TMEM79 gene is not yet fully studied, it is believed that the gene is 

linked to several biological processes, including the maturation of the epithelial cells, the 

development of the epidermis, and the formation of the skin barrier function. The most 
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commonly known disease associated with TMEM79 is dermatitis [91, 92]. However, the 

differentially expressed TMEM79 in distinct types of cancer tissues implicates the possible 

connection of the gene with cancer. Until lately, a significant difference in the expression level 

between PCa tissue and normal prostate epithelial tissue has been noticed. In the cancerous 

tissue, a weak expression level of TMEM79 was detected, while on the contrary, normal 

prostate epithelial tissue contained a very strong expression level [2, 81, 92]. In the study of 

our colleague, microarray and western blot analysis indicate a higher intracellular expression 

of TMEM79 in the prostate epithelial cell line PNT2, compared to the PCa cell line DU145 [2]. 

Sufficient evidence has made it convincible that the positive expression level of TMEM79 is 

inversely linked to PCa, therefore making it a putative marker for distinguishing between 

benignity and tumor of the prostate [2, 81]. In the qRT-PCR and western blot analysis of our 

study, the expression level of TMEM79 was dose-dependently increased significantly after the 

treatment of C. longa. The function of TMEM79 in prostate tissue and the associated 

mechanism contributing to cancer biology still remains to be explored in future studies. 

Similar to TMEM79, ACOXL was also considered to be a potential marker for identifying PCa 

[2, 81]. ACOXL was predicted to play a role in the regulation of acyl-CoA oxidase activity, the 

binding activity of flavin adenine, and lipid homeostasis, etc., although the function of the gene 

is not yet fully understood [93]. It is assumed that the gene participates in multiple metabolism 

pathways, mainly the peroxisomal lipid metabolism, and is associated with Retinitis 

Pigmentosa 38 [93]. Just like TMEM79, the expression level of the gene was also observed to 

be significantly higher in the benign prostate tissue compared to the cancerous tissue, 

indicating a high specificity and sensitivity of ACOXL being the marker to distinguish between 

benign tissue and PCa [81]. In our study, the expression level of ACOXL was increased 

significantly upon C. longa treatment dose-dependently in both RNA and protein levels, 

suggesting the efficacy of the treatment in bringing back the expression level to the extent of 

the benignancy. However, the detection of the cancer-related role and a full understanding of 

the functions of ACOXL is yet to be done.    

RNA sequencing technology has become an essential method for whole transcriptome 

analysis of differential gene expression and differential splicing of mRNAs. Most of the 

published data of RNA sequencing used the Illumina sequencing technology [94]. In order to 

explore more about anticancer activity of C. longa in DU145 cells, to understand the 

mechanisms involved, to discover potential biomarkers and affected signaling pathways, and 

to prove the data of qRT-PCR and western blot we performed Illumina RNA sequencing to 

study the expression profiles of C. longa treated PCa cells in cooperation with the Core 

Facilities of the Medical University of Vienna. Among the outcome, we selected the most 

cancer-related especialy PCa-specific genes with top regulation scores and visualized the 
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expression changes after 12 h treatment and 24 h treatment using a heat map. The top eight 

hits were selected by significance and regulation scores following Manhattan distance, among 

which the cancer-promoting genes including ODC1, DKK1, UPP1, CYR61, FOSL1, and JUN 

were down-streamed, and the cancer-suppressing genes such as INSIG1 and NDRG1 were 

up-regulated.  

Ornithine Decarboxylase (ODC) is the main enzyme for polyamine biosynthesis and is 

frequently overexpressed in multiple cancer, including prostate cancer, leading to cancer 

growth and is responsible for cancer aggressiveness [95, 96, 97]. Evidence proved that the 

inhibition of the enzyme successfully suppressed the cancer cell growth and invasiveness of 

PCa [97]. The Dickkopf 1 (DKK1) is an immunomodulatory protein that identifies a non-

neuroendocrine subtype of mCRPC with low PSA and AR expression. It induces PCa growth 

and metastasis, contributing to the poor prognosis in patients with PCa [98]. In addition, DKK1 

was considered to be a promising target for cancer immunotherapy, for its immune-regulatory 

activities [99]. Therefore, downstream of DKK1 plays a crucial role in the anticancer activities 

of PCa. The oncogene uridine phosphorylase 1 (UPP1) was reported to be a novel immune-

related target and plays a crucial role in the malignances of several cancer types, including 

thyroid carcinoma, colorectal cancer, pancreatic cancer, etc [100, 101]. Although a direct 

correlation between UPP1 and PCa is not yet confirmed, it is accepted that UPP1 might induce 

similar oncogenic processes in PCa. Encoded by a growth factor inducible gene, Cysteine-rich 

angiogenic inducer 61 (CYR61) is overexpressed in multiple cancer with invasiveness and 

metastasis, including PCa [102, 103]. CYR61 expression is linked to the chance of disease 

reoccurrence and was therefore suggested to be a potential prognostic marker for PCa [104]. 

The Fos-like gene FOSL1 is highly expressed in PCa, enhancing PCa cell growth and 

metastasis [105]. Studies indicated that FOSL1 induces the tumorigenic processes through 

the epithelial mesenchymal transition pathway [105]. Additionally, FOSL1 gene is capable of 

dimerization with JUN genes, forming the activating protein-1 (AP1) complex, which is 

responsible for the regulation of cancer cell proliferation, and cell differentiation [106]. Being a 

family member of the AP1 protein, the JUN proto-oncogene is involved in various tumorigenic 

signaling pathways, such as the NFB pathway and different apoptotic pathways. The 

downstream of these cancer-promoting genes indicates the anticancer efficacy of C. longa 

[107]. 

The up-regulation of the tumor-suppressing genes INSIG1 and NDRG1 might bring us some 

implications for the anticancer property of C. longa. Excessive cholesterol biosynthesis is a 

disease hallmark in many types of cancer, including PCa [108]. The insulin-induced gene 1 

(INSIG1), a cholesterol biosynthesis modulator, was reported to suppress tumor proliferation 

and migration in hepatocellular carcinoma through the regulation of hypoxia. In addition, the 
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gene was also documented to play a role in breast cancer and gastric cancer [109]. With 

cholesterol level being a crucial risk of the aggressive PCa, it could be accepted that INSIG1 

is involved in the regulation of the PCa pathogenesis. The prostate metastasis suppressor N-

myc downregulated gene 1 (NDRG1) mediates androgen receptor signaling by inhibiting both 

androgen-dependent and independent activation of AR expression [110]. Apart from this, the 

gene is also involved in the growth, survival, and metastasis of cancer cells, and is therefore a 

putative therapeutic target and biomarker of PCa [110]. Both INSIG and NDRG1 play crucial 

roles in cancer-related events in PCa, thus the upstream of the two genes indicates promising 

anticancer activities of C. longa [108, 110] 

By comparing the dysregulated hallmark and the mediated regulators, we observed the 

significant differentiation of the TNF/ NFB signaling pathway. The tumor necrosis factor-

alpha (TNF) has a key role in establishing a connection between inflammatory reactions and 

cancer and participates in various tumorigenic processes, including cancer cell proliferation, 

transformation, and invasion [111]. The key regulating role of TNF in tumor microenvironment 

is often linked to the pathway with NFB. Nuclear factor-B (NFB) is a transcription factor 

family with a wide range of gene targets and regulates multiple immune processes [112, 113]. 

Structurally, NFB consists of NFB1 (p50), NFB2 (p52), RelA (p65), RelB, and c-Rel, each 

of which is capable of forming homodimeric or heterodimeric complexes, involved in various 

functional signaling [113, 114]. The activation of NFB upon the binding of TNF to its receptor 

TNFR1 is crucial for TNF-induced cancer cell survival and proliferation. The activation and 

the signaling pathway of NFB is rather complicated, here we only focus on a small part of the 

cancer-inducing aspect of the NFB signaling [112, 113, 114]. According to our data analysis, 

the NFB complex along with some of its structural components and the gene targets of the 

TNF/ NFB signaling pathway were down-regulated, suggesting a downstream of the tumor-

promoting pathway after the treatment.  

Last but not the least, we performed GO analysis to explore the function, location, and the 

probable associated biological processes of the differentially expressed genes. The aim of this 

approach is to identify the putative gene targets and possible mechanisms, and provide the 

additional knowledge for future studies.  

Our finding has provided experimental evidence for the medicinal herb C. longa as a safe and 

effective candidate for the inhibition of cell growth and metastasis in PCa. It also provided 

some aspects of the possible molecular mechanism behind the tumor-suppressing activity and 

brought some pharmaceutical implications of using safe herbal extracts as a complementary 

therapeutic option. However, the pathogenesis of PCa is extremely complicated with numerous 

gene regulators and a full understanding of the mechanism is still urgently required.  
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In conclusion, our study demonstrated that the extracts from the medicinal plant C. longa 

maintained good thermal and pH stability during the experimental procedures and showed 

good quality as indicated by nearly identical fingerprints among the different experimental 

samples. They could potentially be developed as a safe and effective beneficiary candidate 

playing a complementary or alternative role for treating PCa. 

Our results showed that C. longa inhibited the proliferation of DU145 cells and suppressed 

their cell viability compared with PNT2 cells. qRT-PCR and western blot analysis demonstrated 

that C. longa up-regulated the expression levels of p21, TMEM79, and ACOXL significantly. 

These results were confirmed by Illumina RNA sequencing analysis. The data analysis of RNA 

sequencing detected a total of 46600 differentially regulated genes. Among them, ODC1, 

DKK1, UPP1, CYR61, FOSL1, and JUN were up-regulated significantly, while INSIG1 and 

NDRG1 were down-regulated significantly. C. longa inhibited the regulators and hallmark gene 

sets of the TNF/NFB signaling pathway as well as other cancer-related signaling pathways 

pointing that C. longa could be novel candidate for PCa research in the future. 

 

7 Limitations 

Our study has some limitations. 

We used whole plant extracts for this investigation. As a next step, we should perform a 

comparison study with the plant extract and its main active compounds. 

We performed cellular experiments with the PCa cell lines. We should evaluate the anticancer 

activities after C. longa treatment in different immune cells. 

The Illumina RNA sequencing data provided us with more details of the genome-wide 

expression profiles in the treated cells. From RNA sequencing we obtained a lot of regulatory 

genes and mediated pathways, which need further investigations to prove and discuss the 

involved mechanisms in future studies. 
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