)

.“’

SAPIENZA
Universita di Roma
Dipartimento di Scienze Medico-Chirurgiche
e Medicina Traslazionale

PH. D. IN ONCOLOGY
Curriculum digestive oncology

Cycle: XXXII
(A.Y.: 2019/2020)

TITLE

Targeting RNA metabolism to sensitize Pancreatic Ductal Adenocarcinoma to
therapeutic treatments.

Ph.D. Student
Valentina Panzeri

Tutor Prof. Emanuela Pilozzi Coordinator  Prof. Bruno Annibale

Co-tutor Prof. Claudio Sette



SUMMARY

Chapter I. Pancreatic Ductal Adenocarcinoma (PDAC) .......coocciiieieiieie ettt sctr e esare e e e saa e e e s sare e e senreee s 4
I. 1INCIdENCE @Nd FISK FACTOTS ...ciiiiieiie ettt st e st e e be e s b e snee e sareesans 4
I. 2 Pathogenesis and molecular characterization Of PDAC. ......ccocciiiiiiiiiieeniec et 5
LN T 0 = =43 o 1] £ 7
IR I =T o 1Y SRR 8
I. 5 New approaches Of therapy ..occuuei et e s st e e st e e e s sabee e e ssbeeeeenares 10

Chapter Il. Resistance tochemotherapy treatment in PDAC: looking for new targets and novel combination
L 01T o LTRSS 13

1.1 Resistance tochemotherapy treatMeENt ........cccuiiieiiiie e e e e e ebee e e eareas 13

11.2 "Co-treatment with gemcitabine and nab-paclitaxel exerts additive effects on pancreatic cancer cell

Lo [0 1 ¢ RO T T OO P PO P PO TP TOTRPRTPPPTOP 14
11.3 Paper "Co-treatment with gemcitabine and nab-paclitaxel exerts additive effects on pancreatic
cancer cell death" published on Oncology Reports 2018 Apr;39(4):1984-1990........ccccecvveeevrveercreeennnen. 15
Chapter IIl. RNA MetaboliSM iN CANCET ......oiii ettt e et e e e e e e e e e abe e e s enbeeeeentaeeeennees 23
1L RNA MEEADOIISM ..ttt ettt ettt e b e bt e sae e st e st e e b e e beesbeesmeesaneenneens 23
1.2 RNA stability 0F RNA ECAY ..uuvieiiieiiiee ittt e e sttt e e s eee e s e sbee e e e nbe e e e esnbee e e esabeeeessnbeeeeennsees 24
I11.3 The splicing mechanism and its role iN CANCEN ......ccuviiiiciiie e 26
I11.4 Cleavage and polyadenylation mechanism and alternative polyadenylation .........cccccecoeviviiieninnnee. 30
I11.5 Role of ZEB1 in PDAC and SENOtOXIC StrESS FESPONSE ......eeeeeevieeeeeiieeeeeiieeeeeteeeeesreeeeeebeeeeseseeeeenanens 33
[11.5.1 Structure and FUNCHION .....ouiiiiieeeee ettt et st s 33
[11.5.2 Role of ZEB1 in response to chemotherapy treatment..........cccoccieieeciee e 34

I11.5.3 "Alternative polyadenylation of ZEB1 promotes its translation during genotoxic stress in
Jole g Tolg=Te [ ool 14 ol=] gl ol=1 | I PRSP 35

I11.5.4 Paper "Alternative polyadenylation of ZEB1 promotes its translation during genotoxic stress in

pancreatic cancer cells" published on Cell Death and Disease (2017) 8, €3168. ........ccccceeeeevveeeennnen. 36
Chapter IV. RNA Binding Proteins: structure and fUNCLiONS..........coociiiiiiiiiie e e 45
IV.1 Role of RNA Binding Proteins: structure and fUNCLIONS ........ccceiieiiiie i e 45
IV.2. The role of RBPs in cancer and novel therapeutic strategies targeting their activity...........cc........... 46

IV.3. "Identification of the RNA binding protein MEX3A as a prognostic factor and chemosensitivity

regulator in Pancreatic Ductal AdenocarcinOmMa(PDAC)" ..........uueeeeecieeeeeciee ettt 51
IV.4. Paper: "Identification of the RNA binding protein MEX3A as a prognostic factor and
chemosensitivity regulator in Pancreatic Ductal Adenocarcinoma (PDAC)"............ccooueeeecveeeecceeeeeennee. 52
LY 3t A o ) - ot OO TOR PSR 52
IV.4.2 INEFOQUCTION ..ottt ettt st e bt s e sre e e sare e s ne e e smreesanenesareesanes 53



IV.4.3 Material and METNOAS. ... ..uee s ssannnn 54

IV.Z.4 RESUILS ..ottt ettt b e s bt s et st s bt e bt e b e e s bt e s be e sae e eat e et e e beenbeesaeesanesane 58

RV N B ol 1Y (o] o B RO P SR PRPO 60

IV .6 FIBUIES ottt ettt ettt e e e e sttt et e e e e e e e st b b et e e e e e s e aaabeaeaeeeeesaasssaeaeeeesesansssnaaaeeeasans 63

RV By A (U N 1= =T o £ PRPPP 69

IV.4.8 SUPPIEMENTAIY data......oeeiiiiiiee et e e e tae e e et ae e e e eabe e e e eeaba e e e eeabeeeeenrees 71

IV.4.9 RETEIENCES. ...ttt ettt h e st st sttt e b e s bt e s be e sae e eabeeabe e beenneesaeesaeeeane 72
Chapter V. Role of cyclin-dipendent kinase (CDK) in RNA processing dysregulation ...........cccccceeeviieeeeennen. 74
V.1 Role of cyclin-dipendent kinase (CDK) in RNA MetabolisSm .........cccoueiieiiiiiiiciiiiieceeee e 74
V.2 RNA processing dysregulation as tool to sensitize PDAC cells to therapeutic treatments.................. 76

RV A R - =T <4 o 1¥ o [PPSR 76

V2.2 RESUILS .ttt ettt ettt ettt ettt st e st e s bt e e s ab e e s bt e e sabeesabeeebbeesabeeenbeesateesbeeesabeeenrean 76

FAY ] 0 1=] o Vo L PPN 80

1. Paper "The Splicing Factor PTBP1 Promotes Expression of Oncogenic Splice Variants and Predicts Poor
Prognosis in Patients with Non-muscle-Invasive Bladder Cancer" ..........cooocieeeecieeeeccieee e 81

2. c-MYC empowers transcription and productive splicing of the oncogenic splicing factor Sam68 in
(or- ] o ol ] O TSP UTP T UPPPPPPPP 93

REFERENCGES ...t e s be et e b e e st eaaes 106



Chapter I. Pancreatic Ductal Adenocarcinoma (PDAC)

l. 1 Incidence and risk factors

Pancreatic ductal adenocarcinoma (PDAC) is the third most common cause of cancer-related
death, with a 5 years survival rate of <5% (Jemal et al. 2011)(Miller et al. 2016). Despite
advances in surgery and chemotherapy, the overall prognosis has remained practically
unchanged for many decades. Due to lack of early symptoms and accurate diagnostic markers,
most patients are diagnosed with disease at late stages and primary metastases in liver,
abdomen and lungs. Only the 10-15% of patients have up-front resectable disease (Winter et al.
2012), the only potentially curative therapy for PDAC to date. However, even after radical
resection, many patients develop recurrence and die of their disease.

The incidence rate of PDAC varies significantly between countries: in 2018 the highest age-
standardized rate (ASR) incidence was registered in Europe (7.7 per 100.000 people) and North
America (7.6 per 100,000 people), the lowest in Africa (2.2 per 100.000 people)(Fig.1).
(McGuigan et al. 2018)(Bray et al. 2018). The incidence of PDAC is increasing in developed
countries and, in this regard, Saad and colleagues have recently reported that, between 1973
and 2014, the incidence rates has a increase od 1% per year (Saad et al. 2018).

Since the PDAC incidence is very different between countries suggest that environmental
factors have a important role in this pathology. Cigarette smoking is most important modifiable
risk factor in PDAC and several studies have demonstrated this positive association (Bosetti et
al. 2012). Alcohol consumption has been investigated through many studies, but results have
been discordant so far. However, abuse alcohol consumption cause of chronic pancreatitis,
which is a known risk factor for PDAC. Thus, alcohol consumption can be regarded as a risk

factor for this cancer (Samokhvalov, Rehm, and Roerecke 2015).



Estimated age-standardized incidence rates (World) in 2018, pancreas, both sexes, all ages

_ASR(World) per 100 000

=78
6.7-1.8
46-6.7
36-46
B 27-36

2.0-2.7

1.0-2.0 - Not applicable
<10 No data

Figure 1. Map shows estimated age-standardized incidence rates (ASR) for pancreatic cancer worldwide in 2018,
including bothsexes and all ages(Rawla, Sunkara, and Gaduputi 2019).

Chronic pancreatitis is a long-standing inflammation of the pancreas, about 5% of patients with
this disease will develop PDAC throughout their life (Raimondi et al. 2010). An additional risk
factor for PDAC is obesity; a study by the World Cancer Research Fund has reported an
association between increased body mass index (BMI) and PDAC: a meta-analysis of 19 studies
revealed a 10% increased risk of PDAC for every 5 BMI units, without difference between males
and females (McGuigan et al. 2018).

Diabetes is another well-established risk factor for PDAC; a meta-analysis showed a double risk
in patients with type one diabetes with respect to control patients (Stevens, Roddam, and Beral
2007). Notably, PDAC can also cause diabetes, raising the interest for Glycated Hemoglobin 1c

(HbA1c) as a potential biomarker of early detection of the disease (Grote et al. 2011) .

I. 2 Pathogenesis and molecular characterization of PDAC.

Most PDACs arise in the region of the head of the pancreas and exhibits a glandular pattern.
Clinical and histological studies identified three different types of precursor lesions leading to
PDAC: pancreatic intra epithelial neoplasia (PanIN), mucinous cystic neoplasm (MCN), and
intraductal papillary mucinous neoplasm (IPMN). PanIN, whose precursor lesions can be
microscopic, is graded into stages 1 to 3. PanIN stage 1 is characterized by columnar mucinous
epithelium with soft nuclear atypia, while PanIN stage 2 and 3 have more disorganized
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structural and nuclear atypia (Fig. 2). MCN and IPMN are macroscopic cystic precursor lesions
and they are less common. MCNs are large mucin producing columnar epithelial cystic lesions,
supported by ovarian type stroma, while the IPMN derive in the main pancreatic duct or its

major branches and grows into large cystic structures (Distler et al. 2014).

CANCER

KRAS mutation >90%

Figure 2. The PanlIN progression model (Hackeng et al. 2016)

Molecular pathology studies and extensive genomic analyses have identified a model of the
progression of pancreatic adenocarcinoma. More than 90% of cases of PanIN of all grades have
KRAS mutations (Kanda et al. 2012). The mutational inactivation of the tumor suppressors
CDKN2A, p53, and SMAD family member 4 (SMAD4) is detected with increasing frequency in
type 2 - 3 lesions of PanIN, suggesting that KRAS mutations contribute to their initiation and
that subsequent mutations are important for tumor progression (Roberts et al. 2016). The IPMS
have GNAS (~40/80%), RNF42 (~50%) and KRAS (~40/65%) mutation (Fig.3) (Ryan, Hong, and
Bardeesy 2014).
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Figure 3. Approximate Frequencies of Mutations in Patients with Pancreatic Ductal Adenocarcinomas and
Intraductal Papillary Mucinous Neoplasms(Ryan, Hong, and Bardeesy 2014).

Interestingly, a recent genomic analysis in PDAC identified 32 recurrently mutated genes that
can be attribute into 10 pathways: KRAS, TGF-B, WNT, NOTCH, ROBO/SLIT signaling, G1/S
transition, chromatin modification, SWI-SNF, DNA repair and RNA processing (Bailey et al.
2016). Interestingly, four PDAC sub-types are defined by expression analysis: squamous,
pancreatic progenitor, immunogenic and aberrantly differentiated endocrine exocrine, each of
which has a characteristic transcriptional signature (Bailey et al. 2016).

The recent evidence of genetic alteration in PDAC underline a large heterogeneity, which may

be the basis of differences in progression and response to chemotherapeutic treatment.

I. 3 Diagnosis

Pancreatic cancer is mostly diagnosed in an advanced stage; usually early-stage pancreatic
cancer is clinically silent and present symptoms that are non-specific like anorexia, abdominal
pain, jaundice, weight loss, early satiety, dyspepsia and nausea (Krech and Walsh 1991). Thus,
in the majority of cases the diagnosis occurs too late, when patients have already metastatic

disease (Michl and Gress 2013). Almost all patients who of patients who have receive this



diagnosis die from the disease: ~70% of these die from extensive metastatic disease and ~30%

have bulky primary tumors.

To date, the diagnostic modalities for suspected pancreatic cancer and high-risk screening

include computed tomography (CT), magnetic resonance imaging (MRI), and endoscopic

ultrasound-guided fine-needle aspiration for cytological diagnosis (EUS). The test of serum

cancer antigen 19-9 (CA 19-9) is the only additional marker approved by the United States Food

and Drug Administration for PDAC (McGuigan et al. 2018)(Kim et al. 2004).

To standardize clinical classification it was necessary to introduce standard criteria to to assess

the severity of the disease. The Eastern Cooperative Oncology Group (ECOG) Performance

Status, published in 1982, determines the quality of life of the patient. The scale goes from 0 to

5, with 0 denoting person fully active, without limitation, and 5 death (Oken et al. 1982).

Another method of staging is TNM (tumor/node/metastasis) classification, which is largely used

for PDAC: it describes tumors for size, presence of lymph nodes invasion, metastases and the

resectability of primarytumor(Cong et al. 2018). On this basis, PDAC is classified in four stages:

e Stage |: tumor is localized in pancreas end resectable.

e Stage Il: tumor is spread locally without invasion of other organism or lymphonodes and it is
resectable.

e Stage lll: tumor spread to lymph nodes and invaded the pancreatic duct, only a fraction of
cancers is resectable.

e Stage IV: tumor is spread to distal organs and the disease at this stage is defined as

metastatic.

I. 4 Therapy

Pancreatic cancer therapy remains a challenge; surgical resection is currently the only potential
cure for PDAC. Unfortunately, ¥60% of patients are diagnosed when they display metastases
and are not eligible to surgery ("unresectable"). Of the remaining 30-40% of PDAC cases that do
not present with metastases, 15-20% is amenable to surgery ("resectable"), while the majority
presents with locally advanced disease and undergoes non-surgical treatments ("borderline
resectabale").

An emerging strategy for pancreatic cancer, especially for borderline resectable, is neoadjuvant
or preoperative therapy. The use of FOLFIRINOX, that is a combination of fluorouracil,

irinotecan, oxaliplatin and leucovorin, followed by accelerated short course radiation therapy is
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currently under clinical trial (NCT01591733, ClinicalTrials.gov) and now it is in phase 3 trial
(Murphy et al. 2018). At the moment, studies for use of gemcitabine plus albumin bound
paclitaxel particles (nab-paclitaxel) like neoadjuvant therapy are in progress (NCT01560949,
ClinicalTrials.gov.) The purpose is to increase patients who may benefit of surgery, that is the

only potential cure for this pathology (Fig. 4)(Neoptolemos et al. 2018).
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Figure 4. Suggested treatment algorithm for patients with pancreatic cancer (Neoptolemos et al. 2018).

The palliative chemotherapy is usually reserved for patients with distant metastases and/or
local irresectability. Until 2011, monotherapy with gemcitabine was the first line chemotherapy
ultil 2011, when the PRODIGE 4/ACCORD 11 trial demonstrated that the use of FOLFIRINOX is
more benefical than in patients with metastatic pancreatic cancer (11.1 vs 6.8 months median
overall survival)(Conroy et al. 2011). In 2013, the phase |ll MPACT trial reporting good results
for another combination therapy: nab paclitaxel with gemcitabine in patients with metastatic
pancreatic cancer (Von Hoff et al. 2011). Nowadays, both therapies are available for metastatic
pancreatic cancer first line therapy: FOLFIRINOX is mainly used for patients with an ECOG status
of 0 or 1, while the combination of Nab paclitaxel-Gemcitabine is reserved for patients with

ECOG 2.



Local therapies for the unresectable tumours are considered an option for tumor control
and/or symptom relief. Some methods for loco-regional therapy are: irreversible
electroporation (IRE), stereotactic body radiation (SBRT), radiofrequency ablation (RFA), high
intensity focused ultrasound (HIFU) and others. Studies analyzing local therapies have reported
good results with tumour regression and prolonged survival in a number of patients. However,
conclusive data are scarce, owing to the lack of RCTs (Neoptolemos et al. 2018).

Since many patients develop resistance or do not show benefits at first-line palliative
chemotherapy, performing a second line chemotherapy acquires clinical importance for many
patients. At the moment, nanoliposomal irinotecan (or oxaliplatin) and/or 5-FU-FA seems to be
the best option in patients treated with first-line gemcitabine based therapy, while for patients
who have used FOLFIRINOX in first line is recommended a gemcitabine treatment; but

unfortunately today there are still no trials that confirm this (Neoptolemos et al. 2018).

I. 5 New approaches of therapy

Numerous targeted agents have been evaluated alone or in combination with chemotherapy in
metastatic pancreatic cancer, unfortunately, most agents have so far failed to improve patient
survival. Thus, finding of new therapies represents a clinical priority.

The PDAC is characterized by plentiful fibrotic stroma, causing stiffness and a poorly
vascularization in tumor, which creates a barrier to drug uptake. Several approaches have been
tested to reduce this stromal barrier and enhance drug delivery. Systemic administration of the
modified hyaluronidase (HA) molecule PEGPH20 established decreased intratumoral HA and
remodels the stroma, increasing the number of functioning tumor blood vessels. Now clinical
trials to study PEGPH20 in combination with nab- paclitaxel and gemcitabine or with
FOLFIRINOX are underway (Hingorani et al. 2018). Another drug used to act against the stroma
is the IPI-926 inhibitor, it inhibits sonic hedgehog pathway signaling; but further studies are
needed to characterize the action of this inhibitor (Olive et al. 2009) (Rhim et al. 2014).
Moreover, the stroma creates an environment that impairs drug delivery to the tumor, but at
the same time, seems to protect against tumor progression; more research is thus required to
understand the role of stroma in PDAC.

A key mechanism by which cancer cells survive and establish tumours is suppression of the

immune response, either directly or via other cells in the tumor microenvironment.
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Mechanisms of immune-suppresion operated by cancer cells include activation of regulatory T
cells (Treg cells) or myeloid- derived suppressor cells (MDSCs), inhibition of effectors T cells
(Teff cells) or antigen presenting cells (APCs) and modulation of macrophage populations within
the tumor.

T cell response is controlled by receptors with inhibitory functions, now known as immune
checkpoints, which include CTLA-4, PD-1 and BTLA. Agents blocking these molecules are able to
promotes endogenous anti-tumor T cell responses, in order to limit tumor growth and they are
showing enormous promise in a number of cancer types (Seidel, Otsuka, and Kabashima 2018).
However, to date, pancreatic cancer has proved refractory to such therapeutic approaches,
probably reflecting the immunosuppressive nature of the pancreatic cancer microenvironment.
An example is an anti-CTLA-4 antibody (Ipilimumab), which has been previously effective in the
treatment of melanoma, renal cell carcinoma, and prostate cancer, but has shown poor results
in PDAC treatment (Silva and Long 2017)(Paniccia et al. 2015). Another immunotherapeutic
approach is a cancer vaccine using a tumour- specific antigen. Cancer vaccines are designed to
augment antigen presentation and activate antigen-specific effectors and memory T cells,
which are then primed to kill tumor cells expressing these antigens (Soares et al. 2012). The
most common cellular targets utilized in recent clinical trials of PDAC cancer vaccines, including:
telomerase, Wilms tumor gene, KIF20A, alpha-galactosyl (a-Gal), survivin, mutated Ras protein,
human mucin MUC1 protein, and vascular endothelial growth factor receptor 2 (VEGFR2).
Despite the positive immune response of patientes and good tolerability to this type of therapy,
the impact on overall survival (OS) is minimal in PDAC (Paniccia et al. 2015).

The typical tumor microenviroment of PDAC that inhibits a good influx of T cells might justify
the failure of immunotherapy. Moreover, the progression time of the PDAC is rapid and
prevents a good response of the immune system, which requires months to develop (Paniccia
et al. 2015).

Another goal of research in oncologyis the development of precision medicine, whose main
purpose is to select the best therapy or combination therapy for a single patient. The diversity
of genetic mutations and the tumor heterogeneity are some of obstacles that can be found in
PDAC for the precision medicine. Ongoing clinical trials that investigate by genome sequencing
(WGS) and RNA sequencing (RNASeq) to detect actionable drug target (NCT02750657,
ClinicalTrials.gov)(Aung et al. 2018) or immunohistochemistry analysis before and after

treatment to identify biomarkers that characterize patients who respond to a specific
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treatment compared to another (Torres and Grippo 2018). Further studies are needed to
discover the key molecules that characterize the drug response of each patient. The personal

medicine may potentially demonstrate higher efficacy compared to a single regimen for all

subtypes of PDAC.
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Chapter Il. Resistance tochemotherapy treatment in PDAC: looking for new targets
and novel combination therapies

1.1 Resistance tochemotherapy treatment

Gemcitabine (2,2-difluoro 2-deoxycytidine, dFdC) has been thestandard of care for PDAC from
1997 to 2011, until the introduction of FOLFIRINOX (combination of 5-fluorouracil, folinic acid,
irinotecan plus oxaliplatin). Emerging of drug resistance unfortunately limits the efficacy of
these chemotherapeutic. Chemoresistance can be classified into two categories: intrinsic
resistance (de novo or innate) and acquired resistance. Intrinsic resistance refers to a condition
of chemotherapy inefficacy since the beginning of the treatment, probably due to genetic
factors. On the other hand, acquired resistance develops only after the chemotherapy
treatment, probably in this period the cancer cells undergo a series of alterations that cause the
ultimately refractoriness to chemotherapy. Most patients develop resistance within weeks of
treatment initiation, leading to poor survival (Amrutkar and Gladhaug 2017). For this reason,
finding a new combination of drugs or other possible targets is a clinical urgency.

Pancreatic tumor chemosensitivity can be modulated by different signaling pathways regulating
growth, proliferation, differentiation, apoptosis, invasion and angiogenesis, such as Akt,
epidermal growthfactor receptor (EGFR), Notch, mitogen-activated protein kinases (MAPK).
Furthermore, also epithelial-mesenchymal transition (EMT) is implicated in chemoresistance in
pancreatic cancer (Z. Wang et al. 2011).

An example of the involvement of the MNK pathway in drug-resistance acquisition by PDAC
was described by Adesso L. and collaborators. In their study they showed that gemcitabine
induces activation of the MNK pathway and up-regulation of splicing factor SRSF1, that
promotes splicing of the MINK2b transcript variant, which is able to bypass up stream regulatory
pathways, thus confering increased resistance to gemcitabine. Suppression of this process
enhanced the cytotoxic effects of gemcitabine, suggesting that this pathway might represent a
promising therapeutic target for PDAC (Adesso et al. 2013). Another splice-variant promoting
drug-resistance in PDAC cells is the PKM2 isoform of the pyruvate kinase gene (PKM), that is
involved in cellular metabolism promoting the Warburg Effect (Warburg 1956). Chronic
exposure to gemcitabine was found to promote PKM2 isoform and promoting PKM1 isoform
rescues PDAC sensitivity to gemcitabine, this suggest the role of PKM2 in this process

(Calabretta et al. 2016).
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Considering the pathology of PDAC, studies are underway to look for more effective treatments
able to bypass the problem of chemoresistance. Promising treatment modalities include
targeting of pathways that induce chemoresistance, reshaping the desmoplastic stroma,
enhancing immune checkpoint therapies and finding new combinations of chemotherapy
coupled also to radiotherapy (Chandana, Babiker, and Mahadevan 2019). To conclude, the drug
resistance in pancreatic cancer is multifaceted aspect and future studies targeting different

pathways are required to understand and successfully treat pancreatic cancer.

1.2 "Co-treatment with gemcitabine and nab-paclitaxel exerts additive effects on
pancreatic cancer cell death"

Since PDAC patients develop early Gemcitabine resistance, we have investigate on the effect of
combined treatment of Gemcitabine with Nab-Paclitaxel. We have analyzed the cell
proliferation, death, apoptosis and cell cycle distribution in PDAC cell lines. We found that the
combined treatment exerted additive effects on cell death, even at lower doses of the drugs.

Here | report the relative paper, in which | have collaborated.

14



1.3 Paper "Co-treatment with gemcitabine and nab-paclitaxel exerts additive effects on
pancreatic cancer cell death” published on Oncology Reports 2018 Apr;39(4):1984-1990

llaria Passacantilli, Valentina Panzeri, Francesca Terracciano, Gianfranco Delle Fave, Claudio
Sette and Gabriele Capurso
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Abstract. Pancreatic ductal adenocarcinoma (PDAC) is a
highly aggressive cancer and current treatments exert small
effects on life expectancy. The most common adjuvant treat-
ment for PDAC is gemcitabine. However, relapse almost
invariably occurs and most patients develop metastatic, incur-
able disease. The aim of the present study was to assess the
activity of nanoparticle albumin-bound paclitaxel (nab-pacli-
taxel) alone or in combination with gemcitabine in PDAC cell
lines displaying different degrees of sensitivity to gemcitabine
treatment. We evaluated the effects of gemcitabine and
nab-paclitaxel and their combination on cell proliferation,
death, apoptosis and cell cycle distribution in PDAC cell
lines either sensitive to gemcitabine, or with primary or
secondary resistance to gemcitabine. Our results indicated
that the dose-response of PDAC cell lines to nab-paclitaxel
was similar, regardless of their sensitivity to gemcitabine.
In addition, nab-paclitaxel elicited similar cytotoxic effects
on a PDAC cell line highly resistant to gemcitabine that
was selected after prolonged exposure to the drug. Notably,
we found that combined treatment with gemcitabine and
nab-paclitaxel exerted additive effects on cell death, even at
lower doses of the drugs. The combined treatment caused an
increase in cell death by apoptosis and in cell cycle blockage
in S phase, as assessed by flow cytometry and western blot
analysis of the PARP-1 cleavage. These results revealed that a
combined treatment with nab-paclitaxel may overcome resis-
tance to gemcitabine and may represent a valuable therapeutic
approach for PDAC.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth
leading cause of cancer-related mortality (1) and it is esti-
mated to become the second by 2030 (2). Less than 20% of
PDAC patients are eligible for surgical resection (3) and, since
chemotherapy and radiotherapy only marginally improve
survival (4), the 5-year survival rate for patients is approxi-
mately 5% (1).

Since its approval by the FDA in 1996, the standard treat-
ment for advanced PDAC in the past two decades has been
chemotherapy with gemcitabine, a nucleoside analogue of
deoxycytidine that has been also extensively used for the treat-
ment of other solid tumors. Gemcitabine, however, offers only
a small improvement of survival to patients with advanced
PDAC compared to 5-fluorouracil (5-FU) (5). The relative lack
of response to gemcitabine treatments is attributed to mecha-
nisms of either primary or acquired resistance, many of which
have been investigated extensively (6). For instance, resistance
to gemcitabine can be acquired through mechanisms related
to its transport, cellular uptake and metabolism within tumor
cells. Furthermore, the activation of pro-survival signaling
pathways and the expression of specific microRNAs can also
influence the response to this drug (6). Recently, we have
highlighted the impact of alternative splicing on both short-
term and long-term resistance to gemcitabine. Upon brief
exposure to the drug, upregulation of the oncogenic splicing
factor SRSF1 induces splicing of the MNK2b protein kinase
variant and phosphorylation of the translation factor eIF4E,
which promote PDAC cell survival under genotoxic stress (7).
Conversely, selection of gemcitabine-resistant PDAC clones
after chronic exposure to the drug, correlated with increased
expression of the polypyrimidine-tract binding protein
(PTBP1) and alternative splicing of the pyruvate kinase gene
(PKM) resulting in the promotion of the PKM2 isoform (8).
The expression of PKM2 was required for the maintenance of
gemcitabine-resistance in PDAC cell lines and correlated with
worse recurrence-free survival in operated patients treated
with adjuvant gemcitabine (8).

Recently, the standard treatment for patients with advanced
PDAC has improved due to the positive results of trials with the



2 PASSACANTILLI et al: NAB-PACLITAXEL ENHANCES THE CYTOTOXICITY OF GEMCITABINE

combination of fluorouracil-leucovorin-irinotecan-oxaliplatin
(FOLFIRINOX) (9) and the addition of nanoparticle albumin-
bound paclitaxel (nab-paclitaxel) to gemcitabine (10,11). These
combined regimens are now considered the standard care
for patients with advanced PDAC. However, toxicity limits
FOLFIRINOX use to patients with a good performance status,
while the combination of gemcitabine and nab-paclitaxel is
usually more tolerable. Single-agent gemcitabine therapy is
still an acceptable treatment in patients with advanced disease
and reduced performance status, as well as in the adjuvant
setting after surgical resection (12).

Nab-paclitaxel (Abraxane®; Celgene Inc., Odenton, MD,
USA) is a specific formulation of paclitaxel that was developed
to improve its solubility and to overcome resistance due to the
desmoplastic stroma surrounding PDAC cells (13). Paclitaxel
is a taxane and acts by reversibly binding to tubulin, causing
defects in mitotic functions that lead to blockage of the cell
cycle and eventually to apoptosis, with mechanisms that
differ from those of gemcitabine. While the clinical use of
nab-paclitaxel and gemcitabine has been investigated exten-
sively (14), the available data on the activity of nab-paclitaxel
as a single-agent therapy in PDAC both in clinical trials and
preclinical models are poor. Therefore, the aim of the present
study was to assess the activity of nab-paclitaxel alone or in
combination with gemcitabine in PDAC cell lines displaying
different degrees of sensitivity to gemcitabine treatment.

Materials and methods

Cell cultures and drugs. All cell lines were obtained from
the Centre for Molecular Oncology, Barts Cancer Institute
(London, UK) in 2004 and authenticated in 2012. The HPAF-II,
Pt45P1, PANC-1 and PANC-1 DR cell lines were cultured in
RPMI-1640 (Lonza, Basel, Switzerland) and MiaPaCa-2 cell
line was cultured in Dulbecco's modified Eagle's medium
(DMEM; Lonza). All media were supplemented with 10%
fetal bovine serum (FBS; Gibco, Gaithersburg, MD, USA),
gentamycin, penicillin, streptomycin and non-essential amino
acids and the cells were maintained at 37°C with 5% CO,.

Nab-paclitaxel (Abraxane®; kindly provided by Celgene
Inc.) was dissolved in physiological solution. Gemcitabine
(Eli Lilly and Company, Clinton, IN, USA) was dissolved in
water. The cells were plated at 50% confluency. Twenty-four
hours after plating, the cells were treated with nab-paclitaxel
and/or gemcitabine at the indicated concentrations for 24, 48
and 72 h before being collected for further analyses.

Cell viability assays. The cells were plated at 50% confluency
in 96 wells and, after 24 h, treated with nab-paclitaxel at the
concentrations indicated in Fig. 1. After 72 h of treatment, the cell
viability was evaluated by MTS assay (Promega, Madison, W1,
USA) following the manufacturer's instructions and by assessing
the optical density (OD) at 490 nm. The results are represented
as the mean =+ standard deviation (SD) of three experiments.
For cell death, the cells were plated at 70% confluency and,
after 24 h, treated with gemcitabine and/or nab-paclitaxel at
the indicated doses. After an additional 48 h, the cells were
washed in phosphate-buffered saline (PBS), trypsinized
and incubated with 0.4% Trypan Blue stain (Sigma-Aldrich,
St. Louis, MO, USA). Blue positive cells were then counted

using the Countess II Automated Cell Counter (Invitrogen
Life Technologies, Carlsbad, CA, USA) and the percentage of
cell death was determined. The results are represented as the
mean + SD of three experiments.

BrdU-PI staining and cell cycle analysis. For the cell
cycle analysis, the cells were treated with 10 xuM BrdU
(Sigma-Aldrich) in the final 30 min of treatments.
Subsequently, the cells were trypsinized, washed in chilled
PBS and resuspended in PBS/ethanol 70%. The samples were
incubated at -20°C until use. The cells were then centrifuged at
2,000 rpm for 5 min, washed with PBS and incubated with 2 N
HC1/0.5% Triton X-100 at room temperature (RT) for 30 min.
The cells were centrifuged at 2,000 rpm for 5 min and then
resuspended with 0.1 M NaB,O. After incubation for 2 min at
RT, the cells were washed with PBS/1% BSA and incubated
for 1 h at RT in a solution of 0.5% Tween-20/1% BSA in PBS
containing 10 ul of anti-BrdU 1 mM (Becton-Dickinson
and Company, Franklin Lakes, NJ, USA). Subsequently,
the cells were washed with PBS/1% BSA and incubated
in a solution of PBS/0.5% Tween-20/1% BSA containing
5 pul of Alexa Flour 488 anti-mouse IgG-FITC (polyclonal,;
cat. no. A-11001; Thermo Fisher Scientific, Waltham, MA,
USA) for 30 min at RT. The cells were washed with PBS/1%
BSA and incubated with PBS containing 1 mg/ml RNAse A
(Roche, Basel, Switzerland) and 20 pg/ml propidium iodide
(PT; Sigma-Aldrich) for 30 min at 37°C. Subsequently the cells
stained with BrDU-PI were analyzed by FACS.

Cell extracts and western blot analysis. MiaPaCa-2 cells were
resuspended in lysis buffer (50 mM HEPES pH 74, 10% glyc-
erol, 15 mM MgCl,, 150 mM NaCl; 15 mM EGTA; 20 mM
B-glycerophosphate; 1 mM dithiothreitol, 0.5 mM NaVO,,
1 mM NaF and protease inhibitor cocktail) supplemented
with 1% Triton X-100, sonicated for 5 sec and centrifuged for
10 min at 13,000 rpm at 4°C. Supernatants were collected,
diluted in sodium dodecyl sulphate (SDS) sample buffer and
boiled for 5 min. The proteins were separated on 8 or 12%
SDS-PAGE gel and transferred onto PVDF blotting membranes
(Amersham Hybond; GE Healthcare, Little Chalfont, UK).
The membranes were saturated in 5% non-fat dry milk in PBS
plus 0.1% Tween-20 for 1 h at RT and incubated overnight at
4°C with the following primary antibodies: Rabbit anti-PARP1
(1:500; Cell Signaling Technology, Inc., Danvers, MA, USA),
mouse anti-actin (1:1,000; Santa Cruz Biotechnology, Dallas,
TX, USA), rabbit anti-cyclin E2 (1:1,000; Cell Signaling
Technology), rabbit anti-cyclin A2 (1:1,000), rabbit anti-
cyclin B1 (1:1,000), mouse anti-cyclin D1 (1,000; cat. no. A-12)
(all from Santa Cruz Biotechnology).

Results

Nab-paclitaxel exerts cytotoxic effects in PDAC cells
displaying different primary sensitivity to gemcitabine.In order
to assess the efficacy of nab-paclitaxel on cell proliferation and
viability, we analyzed the dose-response to nab-paclitaxel of
the PDAC cells displaying different sensitivity to gemcitabine,
with the MiaPaCa-2 and Panc-1 cells demonstrating the
highest resistance to gemcitabine, thus offering in vitro models
of primary resistance to this drug (7,8,15).



ONCOLOGY REPORTS 3

A B

5 HPAF-I| HPAF-II

é 150 100 - P T =%
N

| 80 J

E =

s 100 2 60

o -

2 g

o S 40

S s =

S

3 20 -

2

g o 0-

= R O I R SR IR
@ Nab-pacl O & & & Nab-pacl < & & ¥ 3 3
3 pa et e Y oF RO N e N e @
s Pt45P1 Pt45P1

- 150 100 -

8

: ¢

2 100 [ * T s s
8 = %7

g g

=} S 40 4

c 50 ®

£

i 20 4

2

2 o 0-

= NI I N S
2 Mab-pacl © o o & 3 3 F MNab-pacl O o &~ & he

&) N9 & NY o & NS e N oF @Q

MiaPaCa-2

E 150
g
5 £
8 100 3
= -
8 =
z ks
k=] =)
T 50 =
K]
s
a
& 0

Nab-pacl GS\ Nab-pacl ©

Panc-1
E 150 100 =
E4
‘g = 80 4 ok *h *x
g 100 T
3 = 607
) 8
=]
© -
% 50 2 40
£
s 20
s
g ° 0
S S DS SO
Nab-pacl © RIS S | ¥ Nab-pacl O < S & S
ab-pa LN 0 ’59 LN ) \QQ ab-paci N ,\()(‘ '\@(\ '\$ ,\Q\) N@Q

Figure 1. Nab-paclitaxel exerts a similar cytotoxic effect in PDAC cells with different sensitivity to gemcitabine. Histograms display the analysis of (A) cell
proliferation performed by an MTS assay (HPAF-II and PT45P1) or by cell count (MiaPaCa-2 and Panc-1) and (B) cell death performed by Trypan blue after
72 h of treatment with the indicated doses of nab-paclitaxel. The results represent the mean + SD of three experiments. Significance vs. control, was determined
by Student's t-test: “P<0.01.

Nab-paclitaxel induced a significant reduction of cell prolif-  dose, nab-paclitaxel induced a significant increase of cell death
eration (60-65%) starting from the dose of 100 nM compared in all cell lines with the exception of Panc-1 cells (Fig. 1B).
to controls in all PDAC cells (Fig. 1A). Furthermore, at this  Notably, the increase of cell death at 100 nM was modest in
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Figure 2. Nab-paclitaxel exerts cytotoxic effect in PANC-1 DR cell line with secondary resistance to gemcitabine. Histograms reveal the analysis of (A) cell
proliferation performed by cell count and (B) cell death performed by Trypan blue cell count after 72 h of treatment with the indicated doses of nab-paclitaxel.
The results represent the mean + SD of three experiments. Significance vs. control was determined by Student's t-test: “P<0.05 and “P<0.01.

HPAF-II (6%) and Pt45P1 (7%) cells, whereas it was very high
in MiaPaCa-2 cells (54%) (Fig. 1B), which displayed higher
resistance to gemcitabine (15). Conversely, nab-paclitaxel
significantly reduced Panc-1 cell proliferation at this dose
without inducing cell death, whereas cell viability was affected
only at micromolar doses of the drug (Fig. 1A and B). At these
higher doses (1-100 xM), nab-paclitaxel led to substantial
induction of cell death in the HPAF-II, MiaPaCa-2 and Panc-1
cell lines, while cell death remained at 20% in Pt45P1 even at
the highest dose (Fig. 1B).

These results revealed that, regardless of their sensitivity to
gemcitabine, the PDAC cells demonstrated similar sensitivity
to nab-paclitaxel in terms of inhibition of cell proliferation,
however, different response in terms of cell death.

Nab-paclitaxel exerts a cytotoxic effect in PDAC cells with
secondary gemcitabine resistance. As aforementioned we
selected PDAC cells which acquired resistance to gemcitabine
after chronic exposure to the drug (8). Notably, these cells were
also more resistant to cisplatin (8), another drug exerting geno-
toxic stress. To examine whether these drug-resistant (DR) cells
were still sensitive to nab-paclitaxel, a dose-response study
was performed. We found that DR-Panc-1 cells maintained
the same sensitivity to nab-paclitaxel as the parental cell line,
with significant inhibition of cell proliferation starting at the
dose of 100 nM, while cell death increased significantly at the
dose of 1 uM (Fig. 2A and B). These results confirmed that
nab-paclitaxel sensitivity did not correlate with gemcitabine
sensitivity and suggested that nab-paclitaxel may overcome
acquired resistance to gemcitabine in PDAC cells.

Combined treatment with Nab-paclitaxel and gemcitabine
exerts additive effects on the inhibition of cell proliferation.
In order to understand whether nab-paclitaxel in combina-
tion with gemcitabine enhances the cytostatic and cytotoxic
effects of the chemotherapeutic treatment, we tested their
combined action on cell proliferation and death in MiaPaCa-2
cells, a cell line demonstrating relatively high resistance to
gemcitabine (15). The combination of gemcitabine (100 nM)
and nab-paclitaxel (10 nM) exerted a significant increase in cell
death compared to gemcitabine alone (56 vs. 37%) (Fig. 3A).
Notably, the effect of the combined treatment was similar to

that exerted by gemcitabine alone at a dose 100 times higher
(i.e. 10 uM; Fig. 3A). The combination of gemcitabine (30 nM)
and nab-paclitaxel (10 nM) elicited a significant additive effect
even when used at a suboptimal dosage (Fig. 3B). Furthermore,
similar effects were also obtained with the highly resistant
DR-Panc-1 cells, albeit at considerably higher doses (Fig. 3C).
These data indicated that combined treatment with nab-pacli-
taxel and gemcitabine enhanced the cytotoxic effects of both
drugs, allowing to lower their doses, thus possibly limiting
adverse effects.

Combination of suboptimal doses of nab-paclitaxel and
gemcitabine induces a significant increase in apoptosis. To
investigate the nature of the additive effect of gemcitabine and
nab-paclitaxel on PDAC cell death, we analyzed cell cycle
progression and cell death in more detail in MiaPaCa-2 cells.
Flow cytometry analysis with propidium iodide (PI) of cells
treated with suboptimal doses of gemcitabine (30 nM) and
nab-paclitaxel (10 nM) for 48 h indicated that gemcitabine
strongly affected the cell cycle progression, leading to cell
accumulation in S phase, whereas nab-paclitaxel elicited
very mild effects. Notably, however, the addition of nab-
paclitaxel to gemcitabine led to the appearance of a defined
peak in the sub-Gl population of MiaPaCa-2 cells (Fig. 4A),
indicating cell death by apoptosis. To confirm the effect of the
combined treatment on cell apoptosis, we monitored cleavage
of poly(ADP-ribose) polymerase (PARP1) by western blot
analysis. Consistent with the appearance of the sub-G1 peak,
PARPI cleavage was noticeably increased in MiaPaCa-2 cells
treated with the combination of the two drugs (Fig. 4B).

Addition of nab-paclitaxel to gemcitabine induces a stronger
cell cycle blockage in S phase. The PI profile indicated that
co-treatment with nab-paclitaxel enhanced the accumulation
of cells in the S phase of the cycle compared to gemcitabine
alone (Fig. 4A). To further investigate this possibility, we
analyzed the incorporation of BrdU as a precise marker
of DNA duplication in S phase. A short pulse of BrdU was
administered to MiaPaCa-2 cells 30 min before harvesting,
following 24 h of incubation with the drugs. We observed that
both gemcitabine and nab-paclitaxel, used as single agents,
caused an accumulation of cells in the S phase (from 45,93
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Figure 3. Combined treatment of gemcitabine and nab-paclitaxel exert an

additive effect on the inhibition of cell proliferation. Histograms display the

analysis of cell death performed by Trypan blue on MiaPaCa-2 cells after (A) 72 h of treatments with the indicated doses of nab-paclitaxel and gemcitabine.

Significance vs. control, was determined by Student's t-test: "P<0.05. (B) Ana

lysis of cell death after 48 h of treatments with the indicated suboptimal doses of

nab-paclitaxel and gemcitabine. Statistical analysis was performed by one-way analysis of variance by ANOVA test followed by Tukey's Multiple Comparison
post-test ("P<0.05). (C) Analysis of cell death performed by Trypan blue on Panc-1 DR cells after 72 h of treatments with the indicated doses of nab-paclitaxel

and gemcitabine. Significance vs. control, was determined by Student's t-test:

“P<0.05. All results represent the mean + SD of three experiments.
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induces a significant increase of cell death. (A) Panels display the percentage of

cells stained for propidium iodide (PI) in Sub-Gl, G1, S and G2 phases in MiaPaCa-2 cells treated with nab-paclitaxel, gemcitabine or both drugs for 48 h.
(B) Western blot analysis of cleaved protein PARP-1 in MiaPaCa-2 cells treated with nab-paclitaxel, gemcitabine or both drugs for 48 h.

to 78,30 and 74,37%) (Fig. 5A). Notably, the combination of
both drugs resulted in an additive effect on the accumulation
of cells in S phase, which reached 84.84%. As a consequence
of this blockage in cell cycle progression, co-treatment with
gemcitabine and nab-paclitaxel resulted in a sharp reduction
of cells transiting in the G2 phase (Fig. 5A).

In addition, we checked the changes in cell cycle progression
by monitoring the expression levels of phase-specific cyclins.
As dislplayed in Fig. 5B, cyclin D1 levels were not affected
by treatments, whereas cyclin A2 and E2 levels increased
after gemcitabine administration either alone or in combina-
tion with nab-Paclitaxel, confirming that the cells are mainly

blocked in the S phase. Treatment with nab-paclitaxel alone
did not cause accumulation of S phase cyclins (Fig. 5B), even
though the cells were blocked at this stage of the cycle. Since
we noticed that nab-paclitaxel caused accumulation of cells in
the left-most region of S phase (Fig. 5A), indicating very little
duplication of DNA, it is probable that this drug blocks cells
before the accumulation of cyclins E2 and A2. Additionally, we
observed that the combined treatment with both drugs reduced
the expression of cyclin Bl compared to gemcitabine alone.
Since this cyclin is involved in the S-G2 cell cycle transition,
its levels reflect the reduction of cells in G2 phase, which was
observed in flow cytometric analyses (Figs. 4A and 5A).



6 PASSACANTILLI et al: NAB-PACLITAXEL ENHANCES THE CYTOTOXICITY OF GEMCITABINE

- crrl « __Nab-paclitaxel 10 nM S & &
2 B ’\Q r§} :(G
& 0 & o
P ‘\"b 06 \;‘b
o1 o1 . .
s - AT a-Cyclin DY
= IRE
&7 & o S5 4 B W o-CyclinE2
LA £
] . ——-—am
© o} a-Cyclin A2
- " - - .. I
] s i ~ = a-Cyclin B1
0 200 400 600 800 1000 0 200 400 600 8OO 1000
PI - D W e o-actin
Gemcitabine 30 nM Nab 10 nM + Gem 30 nM
- w'c_
o
L1 21
=) )
= By
D2 @ <7
z z
< <
- 1 1
= -
0 200 400 600 8O0 1000 0 200 400 600 8O0 1000

Figure 5. Combination of suboptimal dose of nab-paclitaxel and gemcitabine induces a significant increase of cell death. (A) Panels display the percentage of
cells stained for propidium iodide (PI) and anti-BrdU FITC antibody. They are detected in G1, S and G2 phases in MiaPaCa-2 cells treated with nab-paclitaxel,
gemcitabine or both drugs for 24 h. (B) Western blot analysis of cyclin DI, A, E and Bl in MiaPaCa-2 cells treated with nab-paclitaxel, gemcitabine or both

drugs for 24 h.

Discussion

The aim of the present study was to examine the activity of
nab-paclitaxel alone or in combination with gemcitabine in
PDAC cell lines displaying different degree of primary resis-
tance to gemcitabine and in a previously described model of
secondary resistance to the drug (7,8).

The results of the present study revealed that nab-paclitaxel
is effective in PDAC cells irrespective of their sensitivity to
gemcitabine and to the status of primary or secondary (acquired)
resistance (Figs. 1 and 2). Notably, both drugs demonstrated an
addictive effect at suboptimal doses in cell lines with primary
or secondary resistance to gemcitabine (Fig. 3).

To investigate the underlying mechanisms of the observed
efficacy of nab-paclitaxel, we explored the changes occurring
in the cell cycle (Figs. 4 and 5). Our results indicated that
nab-paclitaxel blocked cell proliferation in a different manner
compared to gemcitabine. Although both drugs caused an
arrest in S phase, the cells treated with gemcitabine exhibited
a different extent of DNA duplication, whereas the peak of
cells treated with nab-paclitaxel is present in the left region
of the graph, indicating that cells arrest as soon as they start
duplicating their DNA. This difference is also illustrated
by the accumulation of S phase cyclins, which is evident in
gemcitabine- but not in nab-paclitaxel-treated cells. While the
blockage in S phase is expected after gemcitabine exposure,
due to depletion of the nucleotide pool required for DNA
duplication, cells treated with nab-paclitaxel were expected to
arrest in mitosis or late G2 phase due to defects in spindle elon-
gation. However, recent data have revealed that cells treated
with paclitaxel often proceeded through mitosis into the next
interphase, where the majority of cell deaths occurred (16). In

particular, nab-paclitaxel seemed to interfere with the very
early stages of the S phase in PDAC cells (Fig. 5A). This may
explain why it was previously found that the interference with
the DNA replication origin activity enhanced the response of
cells to paclitaxel (16).

The different mechanism of S phase blockage by the two
drugs may explain the additive affect observed in the combined
treatment. Markedly, such additive effect was observed both
at the cell cycle and the cell death level, indicating a causal
relationship between the two events. Although the molecular
mechanisms involved in such effect need further investigation,
our results indicated that nab-paclitaxel strongly enhances the
cytotoxicity of gemcitabine and may help to overcome both
primary and acquired resistance to this drug.

The in vitro results of the present study revealed that
nab-paclitaxel, alone or in combination with gemcitabine, is
an active drug in preclinical models of gemcitabine-resistant
PDAC. Hence, our observations indicated that, in certain
clinical scenarios, nab-paclitaxel could be active in patients
with PDAC that are not responding to gemcitabine, even
in monotherapy. However, clinical data on the use of nab-
paclitaxel as a single agent in patients with PDAC that were
previously treated with gemcitabine, are limited. In a small
phase Il trial, 19 patients received nab-paclitaxel after progres-
sion under gemcitabine-based therapy (17). One of them
(5.3%) had a confirmed partial response and 6 (32%) exhibited
stable disease as the best response. Another single-center
retrospective study evaluated the use of nab-paclitaxel in
20 patients with advanced PDAC who previously exhibited
progression under gemcitabine, 40% of whom also received
FOLFIRINOX. Notably, about two thirds of patients had
stable disease as best response, although the median OS was
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only of 5.2 months (18). Further studies are needed to elucidate
whether this approach may be beneficial, possibly in patients
with less advanced disease.

The present study is one of the few that aimed to evaluate
the efficacy of nab-paclitaxel in preclinical settings, using cell
lines that are models of both primary and secondary resis-
tance to gemcitabine. As the investigation is limited to in vitro
models, the results should be interpreted with caution and the
mechanisms of the activity observed in the present study need
further experiments to be elucidated. In particular, our data
are useful to generate hypotheses that need to be confirmed in
other models, such as animal ones, that may better recapitu-
late the human pathology. Conversely, the additive effect of
nab-paclitaxel and gemcitabine observed in these experiments
cannot be due to factors that have been extensively investigated
in animal models and that are related with tumor stroma and
penetration of drugs. Another limitation of the present study
concerns the lack of a defined mechanism for the observed
effects. Following the revision process, we tested some
common signal transduction pathways that could be involved
in the response to these chemotherapeutic agents, such as the
PIBK-mTOR and ERK pathways (data not shown). However,
we did not find a direct correlation with the cytotoxic effect.
Thus, further studies are needed to analyze the mechanisms
underlying the observed effects. Considering the above-
mentioned limitations, our results revealed that treatment with
nab-paclitaxel may overcome resistance to gemcitabine and
may represent a potentially valuable therapeutic approach for
advanced PDAC.
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Chapter lll. RNA metabolism in cancer

1.1 RNA metabolism

A majority of eukaryotic genes are regulated at transcriptional and post-transcriptional levels
(Fig. 5). Cancer evolves through perturbations in these processesthat in turn modulate to the
advantage of tumor cells cellular processes such as proliferation, differentiation, cell-cycle
control, metabolism, apoptosis, motility, invasion, and angiogenesis.

The main steps of RNA processing occur co-transcriptionally and include:

e capping: the addition of a to 7- methylguanosine cap the 5' end of the pre- mRNA soon
after Pol Il initiates transcription, important for the RNA stability, involve in RNA quality
control mechanism and contributes to nuclear export of mRNA.

e splicing: process that mediates removal of introns and the joining of exons and occur while
Pol Il transcribes DNA into RNA.

e polyadenylation: the addition of a poly(A) tail to the 3' end of the pre- mRNA before Pol

completes transcription.
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Figure 5.0verview of RNA metabolism (readapted from
https://www.mblbio.com/bio/g/product/epigenetics/RNAworld.html)
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Other steps of RNA processing take place at the post-transcriptional level, the most important

are:

¢  mRNA export: process that occur through the Nuclear Pore Complexes (NPC) by binding to
the cap-binding proteins CBP20 and CBP80 and transcription/export complex (TREX).

e mRNA stability regulation: it can happen through different process: decapping Dcp1/2
factors, deadenylase Ccr4/Pop2/Not complex, nonsense mediated decay (NMD),
microRNA, long non coding RNA.

e translational regulation: mRNAs also can be sequestered in stress granules or P-bodies.

The investigation of molecular mechanisms underlying abnormal RNA processing in cancer cells

is providing new opportunities of development of cancer therapeutics

111.2 RNA stability or RNA decay

The regulation of mMRNA stability is a fine process for cell physiology because it permits
transient expression of proteins and increases the flexibility of gene expression together with
regulation rate of mRNA synthesis. Since mRNA stability is essential to determine the proteins
that are produced, many factors control this event.

The addition of 7-methylguanosine-cap structure at 5' of transcript (5’ cap) and the tail of
polyA at 3' protect mRNAs from decay by impeding the processing of exonucleases.
Furthermore, the interaction between proteins that binds the cap (elF4E) and the poly(A)-
binding protein (PABP) promove the mRNA circularizes in the cytoplasm, this conformation
lends mRNA more stable sequestering the 5 and 3’ ends. The deadenylation induces the
destabilization of transcript by releasing PABP from the 3’ and exposing mRNA to attack by
exosome complex that is responsible for 3’5’ decay. Another process is the deccaping by
DCP1 and DCP2 enzymes that remove the 5'cap, thus making RNA susceptible to the decay
through 5’3’ exonuclease, XRN1 and XRN2 (Fig. 6)(Garneau, Wilusz, and Wilusz 2007)
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Figure 6. Mechanisms of mRNA decay (Garneau, Wilusz, and Wilusz 2007)

Non sense-mediated decay (NMD) is an evolutionarily conserved mechanism that recognizes
mRNAs with a premature termination codons (PTCs) and degrades them. The identification of
these transcipts occur by a complex proteins called the exon complex (EJC) that is deposited
approximately 20-25 bp upstream of every intron after RNA splicing processing. The presence
of an EJC after a stop codon triggers NMD, whereas EJCs before the stop codon do not, thus
this system selects the mRNA that undergoRNA decay(Kurosaki and Maquat 2016).

One of the locations where the RNA decay takes place are the P-bodies, cytoplasmic
ribonucleoprotein (RNP) granules primarily composed of non translating mRNA and a core of
proteins involved in mRNA decay and translation repression (decapping enzyme complex, 5’ to
3’ exonuclease, deadenylase complex) (Eulalio, Behm-Ansmant, and Izaurralde 2007). Moreover
P-bodies contain proteins and microRNAs involved in the miRNA repression pathway;
microRNAs are hairpin-derived RNAs 20-24 nucleotides long, that post-transcriptionally repress
the expression of target genes by binding to the 3' UTR of mRNA. The repressed mRNAs remain
in the P body in a "standby state", thus they are ready to be transcript; this system provides a
way to transiently arrest translation, so the cell has developed a faster regulation mechanism
than the de novo transcription of the target gene. (Decker and Parker 2012)(Di Leva, Garofalo,

and Croce 2014).
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111.3 The splicing mechanism and its role in cancer

The splicing mechanism is required for the maturation of almost all human transcripts. Notably,
pre-mRNAs can be processed into different mature mRNAs through alternative splicing of
multiple exons, thus enabling multiple potential protein products to be generated from a single
gene. This process is guided by the spliceosome, a dynamic complex consisting of small nuclear
RNAs (snRNAsU1, U2, U4, U5 and U6) and many other protein factors. During the splicing
reaction this complex undergoes different conformational and compositional changes (Dvinge
et al. 2016).

U1 snRNP recognizes and binds to the 5’ splice site, which is located at the start of the intron,
whereas U2 snRNP pairs with the branch site region adjacent to the 3’ splice site, assisted by
interactions with U2 auxiliary factors (U2AFs, which form the U2AF complex) that bind to the 3’
splice site, located at the end of the intron. Interactions between U1l and U2 snRNPs bring the
5'ss and 3’'ss into close proximity. Following recruitment of the U4/U6-U5 tri-snRNP, the
assembled spliceosome is in active conformation; U2 and U6 interact, causing dissociation of
U4 from U6 snRNA and exposition of the 5’ of U6, which binds the 5’ss displacing U1 snRNA.
The splicing process proceeds via two sequential trans-esterification reactions that join the
exons and release an intron lariat that is subsequently degraded. Finally, the spliceosome
components are recycled for subsequent reation of splicing (Fig.7 A)(Shi 2017)(Dvinge et al.
2016).

Alternative spling events can be classified based on how the mature transcript is formed; we
can found events of constitutive spliced exon, exon cassette, alternative 5'/3' splice site,

retained intron and mutualy exclusive exons (Fig. 7 B).
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Figure 7. Schematic representation of splicing mechanism and model of constitutive and alternative splicing
(Dvinge et al. 2016).

The activity of the spliceosome is regulated by both cis acting sequences on the pre-mRNA and
trans acting factors,which may enhance or inhibit both recognition of the splice sites and
splicing catalysis. The cis-acting regulatory elements are classified according to their location
and activity: exonic and intronic splicing enhancers (ESEs and ISEs) or silencers (ESSs and ISSs).
The trans acting RNA binding proteins (RBPs) recognize these elements and in turn promote or
inhibit splicecosome assembly and activity. Two main classes of RBPs regulates this process: the
Ser/Arg rich (SR) proteins, which mainly exert a positive regulation on the spliceosome, and the
heterogeneous nuclear ribo nucleoproteins (hnRNPs), which often act antagonistically (Fig. 8).
SR and hnRNPs regulate splicing in diverse ways, including facilitating recruitment of snRNP or

RBPs, mask a splice site, ‘looping out’ an exon and other mechanisms (Dvinge et al. 2016).
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Figure 8. Spliceosome regulatory elements (Dvinge et al. 2016).

Interestingly, the activities of RBPs often depend on their relative locations within pre-mRNAs.
For example hnRNPI, primarily known as polypyrimidine tract binding protein 1 (PTBP1),
modulates splicing in a context-dependent manner: it promotes exon inclusion when it binds in
the downstream intron and exon skipping when it binds in the upstream intron (Llorian et al.
2010). In addition to the SR proteins and hnRNPs, many other RBPs regulate splicing, including
CELF, MBNL, RBFOX, STAR, NOVA and ESRP proteins. Thus, alteration of the expression of these
RBPs can impact alternative splicing (Dvinge et al. 2016).

Regulation of alternative splicing has essential roles in cancer cell biology, including
proliferation, differentiation, cell-cycle control, metabolism, apoptosis, motility, invasion and
angiogenesis. Deregulated splicing can lead to generate oncogenic isoform that contribute to
tumor establishment, progression and resistance to therapy. Analysis of data from 8,705
patients with one of 32 types of cancer revealed that tumors have up to 30% more alternative
splicing events than normal tissues (Kahles et al. 2018). Many studies have found links between
the altered expression and/or activity of splicing factors and cancer (Pagliarini, Naro, and Sette

2015)(J. Zhang and Manley 2013). Below | report some examples of peculiar cancer isoforms

(Fig. 9).
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Figure 9. Examples of alternative splicing patterns in cancer.

The RON gene encodes a tyrosine kinase receptor involved in cell mobility and invasion in
response to MSP binding. The isoform ARON, which lacks exon 11, is over-expressed in a
number of cancers, this exon encoding for an extracellular domain, that remains constitutively
active in the truncated ARON promoting cancer invasiveness (Collesi et al. 1996).

BRAF is a proto-oncogene encoding the serine/threonine protein kinase BRAF, which regulates
the MAPK/ERK signaling pathway. The skipping of exons 4—8 cause a the truncated enzyme
(BRAF'°®) that is insensitive to the BRAF inhibitors (vemurafenib), often is utilized in cancer,
and confers melanoma cell resistance to the drugs (Poulikakos et al. 2011).

BCL-X belongs to the BCL-2 protein family, that is involved in anti- or pro- apoptotic regulators.
BCL2L1 produces two splice isoforms by the alternative use of two competing 5’ splice sites in

exon 2. The longer isoform BCL-X, has antiapoptotic effects and is over-expressed in various
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cancer types, while the shorter isoform BCL-Xs is proapoptotic and is downregulated in cancer
(Olopade et al. 1997)(Trisciuoglio et al. 2017).

VEGF stimulates angiogenesis required for tumor growth. Selection of the proximal 3’splice
sites produces isoforms VEGF, that has a pro-angiogenic role and are over-expressed in a
number of tumors. Instead the VEGFb isoform is formed when the distal 3’splice sites are used,
it has a anti-angiogenic role and it is down-regulated in tumors. These opposing functions are
caused by the different C-terminal produced, VEGFb fails to bind to its receptor, the neurophilin
1, which is required for activation of VEGF signal transduction (Nowak et al. 2008).

In tumor the isorform PKM2 is predominant and performs a critical role for tumor metabolism,
like previus descripts (Dayton, Jacks, and Vander Heiden 2016).

CD44 is a trans-membrane glycoprotein that mediates the response of cells to their cellular
microenvironment: lymphocyte homing, adhesion, migration, and regulation of cell growth.
This variety of roles is favoured by the existence of multiple CD44 splice variants, the CD44
gene is composed of 10 constitutively spliced exons and 9 variable exons, residing between
constitutive exons 5 and 6 (Ponta, Sherman, and Herrlich 2003). For example, CD44 molecules
contain v6—7 were expressed specifically in a metastasizing pancreatic carcinoma cell line, but
not in the parental tumor, suggesting that these variants was sufficient to render parental
tumor cells metastatic (David and Manley 2010).

These cancer isoforms are due, largely, to alteration of growth pathway, that are able to
influence splicing through their control of RBP and/or splicing factor. For example C-Myc
regulates up-regulation of PTB, hnRNPA1 and hnRNPA2; ERK controls Sam68 activity and AKT

mediates phosphorylation of SR proteins (J. Zhang and Manley 2013).

111.4 Cleavage and polyadenylation mechanism and alternative polyadenylation

The 3’ end of majority of eukaryotic mMRNAs and some long non-coding RNAs is cleaved and
polyadenylated. It is a post-transcriptional process that involve endonucleolytic cleavage of the
transcript followed by the addition of the poly(A) tail. This process, in which they are involved
cis and trans elements, occurs a relevant role in stability, nuclear export and translation
regulation of mRNAs. The key cis-element is located 15—-30 nt upstream of the cleavage site and
it is a hexameric consensus motif called the poly(A) signal (PAS), the canonical form is AAUAAA,

but it can assume different variants and are mostly. Moreover, U- or GU-rich downstream
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sequence elements (DSEs) and less well-defined upstream sequence elements (USEs) are
nearby of PAS and they enhance cleavage efficiency. The PAS hexamer is recognized by
cleavage and polyadenylation specification factor (CPSF), which is recruited co-transcriptionally
and it composed of six polypeptides, named CPSF4, CPSF2, CPSF3, FIP1L1, WDR33 and CPSF1,
although only the latter is the subunit that recognizes the PAS. Cleavage stimulation factor
(CSTF), which is composed of three subunits (CSTF1,CSTF2, CSTF3), binds the DSE, while the
cleavage factor Im (CFIm) and CFlim interact with the USE. The poly(A) polymerase (PAP), the
scaffold protein simplekin and polyadenylated-binding nuclear protein 1 (PABPN1) are
additional factors that were required for conclusion of process (Fig. 10) (Elkon, Ugalde, and

Agami 2013)(Gruber and Zavolan 2019).

Cleavage site

USE PAS W os

UGUA A AUAAA uGucu

Figure 10. Core players involved in cleavage and polyadenylation mechanism (Elkon, Ugalde, and Agami 2013).

By transcriptome-wide sequencing emerges that most human genes have more than one poly
(A) site, indicating the existence of alternative polyadenylation (APA). APA events can be
classified into four general classes: tandem 3'UTR APA which are the most frequent APA forms
and generates different isoforms changing only in the length of their 3'UTR; alternative terminal
exon APA, in which the transcript ends in another exon; alternative intronic polyadenylation

(IPA), in which results from the recognition of cleavage sites within introns (Fig. 11).
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Figure 11. The four different APA types (Elkon, Ugalde, and Agami 2013)

3'UTR is a important regulative region of transcripts, it interacts with microRNAs(miRNAs) and
RNA-binding proteins (RBPs). For example, in some cases oncogene activation in cancer cells is
led by the generation of more stable isoforms with shorter 3'UTR, that compared to their

counterparts with long 3'UTRs escape from repressive effect of miRNAs (Mayr and Bartel 2009).
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Various multifunctional proteins that regulate splicing also participate in poly(A) site selection:
PTBP1, ELAVL1, hnRNPC, PCBP1 and PABN1 (Gruber and Zavolan 2019). For example it was
demonstrated that U1snRNP protects pre-mRNAs from premature cleavage (Fig.12) and its
knock down promove induction of intronic poly(A) sites usage, independently of the role of Ul
in splicing (Kaida et al. 2010). Physiologically, the level of U1 is not known to be regulated, thus
suggest that its transient knowdown occurs in conditions in which overall transcription is
upregulated. This decrease of Ul should cause a global 3'UTR shortening, similarly to the
phenomenon observed in proliferation and cancer cells (Elkon, Ugalde, and Agami 2013)(Mayr

and Bartel 2009).

I11.5 Role of ZEB1 in PDAC and genotoxic stress response

111.5.1 Structure and function

ZEB1 is a protein encoded by the ZEB1 gene which is located on chromosome 10p11.2 in
humans. It is a key factor of Epithelial-mesenchymal transition (EMT), a reversible cellular
program that transiently places epithelial cells into mesenchymal cell states, involved in specific
steps of embryogenesis, such as gastrulation and tissue morphogenesis during development.
Moreover, it has a relevant role also in cancer progression, cancer stem cell maintenance,
metastasis settlement and resistance to chemotherapy (Dongre and Weinberg 2019). ZEB1 is a
transciptional factor and regulates the transcription by binding to E-promoter DNA sequences
(5'-CANNTG-3’) of its targets. In humans ZEB1 contains more two zinc-finger clusters at N- and
C-terminal ends of the protein. The middle region consists of a homeodomain, a Smad
interaction domain and a C-terminal binding protein (CtBP) domain (Fig. 13). CtBP cannot
directly bind to DNA and participates in the regulation of ZEB1 function by interacting with

other regulatory factors.
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Figure 13.Schematic representation of ZEB1 structure and domain (Chung et al. 2014).

ZEB1 activates the expression of its target genes, for example Vimentin and N-cadherin by
recruiting histone acetyltransferase (HATs) p300, Tip60 and PCAF; while when acting as
repressor of the E-cadherin gene, ZEBlinteracts with CtBP and facilitates epigenetic silencing its
targetsby recruiting on its promoter histone deacetylases (HDACs), DNA methyltransferase
(DNMT) and ubiquitin ligase (Y. Zhang et al. 2019).

Notably, ZEB1 also represses genes of miR-200 family members (miR-200a-b-c, miR-141 and
miR-429), which in turn inhibit the synthesis of the ZEB proteins. Thus this feedback loop
controls EMT/MET process by balancing the levels of expression of miR-200 family and ZEB1
(Brabletz and Brabletz 2010).

111.5.2 Role of ZEB1 in response to chemotherapy treatment

Several evidence has highlighted a correlation between mesenchymal features and
chemoresistance and suggest a specific role for ZEB1.

The removed inhibition of ZEB1 expression by MiR-200c leads to resistance to trastuzumab and
metastasis of HER2-positive breast cancer. Moreover, in breast cancer ZEB1 actives ataxia-
telangiectasia mutated (ATM) kinase expression increasing DNA damage repair and thus
promove the resistance to chemotherapy (Y. Zhang et al. 2019)(Caramel, Ligier, and Puisieux
2018).

In pancreatic cancer, ZEB1 expression could favor the selection of resistant cells population
during stress condition, such as chemotherapy treatment. Indeed the depletion of ZEB1
promoted re-differentiation and re-sensitization to gemcitabine in PANC1 cell line (Z. Wang et

al. 2009). Moreover, ZEB1 controls the expression of numerous oncogenic and tumor-
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suppressive miRNAs, including miR-34a. ZEB1 down-regulates miR-34a expression to drive pro-
actin cytoskeletal remodeling, favoring invasive and metastatic capabilities (Ahn et al. 2012).

These data support the concept that ZEB1 and EMT are relevant for transformation and
progression tumor, promoting the acquisition of cellular features, such as chemoresistance and

invasiveness, which are implicated in poor prognosis of patients.

111.5.3 "Alternative polyadenylation of ZEB1 promotes its translation during genotoxic
stress in pancreatic cancer cells"

Since the acquisition of resistance to chemotherapy is a clinical problem for PDAC, knowing the
mechanism that cause this phenomenon can be useful to finding new therapeutic targets.
Recent evidence indicates that epithelial-to-mesenchymal transition (EMT) of PDAC cells is
strictly associated to early metastasization and resistance to chemotherapy. Here, we report
that ZEB1 is up-regulated after Gemcitabine treatment through post transcriptional
mechanism. In particular by alternative polyadenylation of the ZEB1 transcript, leading to
shortening of the 3' untranslated region (UTR) and deletion of binding sites for repressive

microRNAs. Here | report the relative paper, in which | have collaborated.
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111.5.4 Paper "Alternative polyadenylation of ZEB1 promotes its translation during
genotoxic stress in pancreatic cancer cells" published on Cell Death and Disease (2017)
8, e3168.

Ilaria Passacantilli, Valentina Panzeri, Pamela Bielli, Donatella Farini, Emanuela Pilozzi,
Gianfranco Delle Fave, Gabriele Capurso and Claudio Sette.
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Alternative polyadenylation of ZEB1 promotes its
translation during genotoxic stress in pancreatic
cancer cells

llaria Passacantilli', Valentina Panzeri', Pamela Bielli", Donatella Farini', Emanuela Pilozzi?, Gianfranco Delle Fave?,
Gabriele Capurso® and Claudio Sette*'?

Pancreatic ductal adenocarcinoma (PDAC) is characterized by extremely poor prognosis. The standard chemotherapeutic drug,
gemcitabine, does not offer significant improvements for PDAC management due to the rapid acquisition of drug resistance by
patients. Recent evidence indicates that epithelial-to-mesenchymal transition (EMT) of PDAC cells is strictly associated to early
metastasization and resistance to chemotherapy. However, it is not exactly clear how EMT is related to drug resistance or how
chemotherapy influences EMT. Herein, we found that ZEB1 is the only EMT-related transcription factor that clearly segregates
mesenchymal and epithelial PDAC cell lines. Gemcitabine treatment caused upregulation of ZEB1 protein through post-
transcriptional mechanisms in mesenchymal PDAC cells within a context of global inhibition of protein synthesis. The increase in
ZEB1 protein correlates with alternative polyadenylation of the transcript, leading to shortening of the 3' untranslated region (UTR)
and deletion of binding sites for repressive microRNAs. Polysome profiling indicated that shorter ZEB1 transcripts are specifically
retained on the polysomes of PDAC cells during genotoxic stress, while most mRNAs, including longer ZEB1 transcripts, are
depleted. Thus, our findings uncover a novel layer of ZEB1 regulation through 3'-end shortening of its transcript and selective
association with polysomes under genotoxic stress, strongly suggesting that PDAC cells rely on upregulation of ZEB1 protein

expression to withstand hostile environments.

Cell Death and Disease (2017) 8, €3168; doi:10.1038/cddis.2017.562; published online 9 November 2017

Pancreatic ductal adenocarcinoma (PDAC) is among the
deadliest human cancers, with rate of overall survival at 5
years from diagnosis being less than 5%." Late diagnosis
and the highly metastatic behavior of PDAC cells substan-
tially contribute to such poor prognosis.? Moreover, despite
improvement in surgical techniques and introduction of novel
chemotherapeutic approaches, PDAC patients rapidly
develop resistance to therapies and progress to advanced,
incurable stages.

Epithelial-to-mesenchymal transition (EMT), namely the
ability of an epithelial cell to acquire a fibroblast-like shape,
is among the biological processes promoting metastatic
dissemination of epithelial cancers, including PDAC.>* EMT
is a physiological process that underlies cell migration and
organ colonization in the developing embryo. However, it can
be re-activated upon neoplastic transformation of epithelial
cells, permitting them to reach distal tissues and to give rise to
metastasis.>® In PDAC mouse models, EMT allows dissemi-
nation of cancer cells even before the primary tumor is fully
visualized.” Furthermore, acquisition of the mesenchymal
phenotype seems to be related to drug resistance of PDAC
cells,®'" in particular to gemcitabine, the standard first-line
treatment for PDAC. However, the specific molecular mechan-
isms by which the mesenchymal phenotype contributes to
chemoresistance are not fully understood.

EMT is driven by global gene expression re-programming
operated by transcription factors (TFs), such as ZEB1, ZEB2,
SNAIL, SLUG and TWIST."? All these TFs activate transcrip-
tion of mesenchymal genes while repressing epithelial genes.
However, emerging evidence strongly suggests that not all
EMT programs are equal in vivo. Indeed, studies using PDAC
mouse models clearly showed that EMT triggered by ZEB1
promotes cell plasticity and metastasis, '®whereas SNAIL and
TWIST had no effect on invasion or metastasis while they
favored resistance to chemotherapy.’’ Furthermore, ZEB1
was shown to play a key role in early dissemination of PDAC
cells.” Thus, regulation of ZEB1 expression is highly relevant
for PDAC onset and progression.

Genotoxic stress elicited by most chemotherapeutic drugs
often turns on pro-survival pathways that result in selection of
resistant cells. Modulation of post-transcriptional pre-mRNA
processing is a key step in the fine-tuned regulation of gene
expression programs during both EMT and acquisition of drug
resistance.®'* In the present work, we found that gemcitabine
induces an increase in ZEB1 protein expression in mesenchy-
mal PDAC cell lines, which occurred concomitantly with global
inhibition of protein synthesis. Cell fractionation experiments
showed that while most mRNAs are released from the
polysomes following the translational block, ZEB1 mRNA
remains associated with them. Mechanistically, gemcitabine
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treatment promoted alternative polyadenylation of ZEB1 mRNA,
leading to shortening of its 3' untranslated region (UTR). This
shorter ZEB1 transcript variant was more efficiently associated
with polysomes than longer ZEB1 transcripts in cells exposed to
the drug. Our findings highlight a novel mechanism involved in
ZEB1 regulation in response to genotoxic stress and suggest
that its enhanced expression offers an opportunity to PDAC cells
to survive to the insult while priming them for metastatic spread.

Results

Gemcitabine treatment enhances ZEB1 expression in
mesenchymal PDAC cell lines. Mesenchymal phenotype
has been associated with resistance to chemotherapy in
PDAC.2™"" Accordingly, colony formation assays indicated
thatPt45P1 and MiaPaCa-2 PDAC cells, which express the
mesenchymal marker Vimentin (Supplementary Figures S1A,
B), were significantly more resistant to low dosage (0.01 uM)
of gemcitabine than the HPDE immortalized epithelial ductal
cells and HPAF-II PDAC cells (Supplementary Figure S1C),
which both display an epithelial phenotype and express
E-cadherin (Supplementary Figures S1A,B). At increasing
doses (0.03-0.1 uM), Pt45P1 cells showed higher sensitivity
than MiaPaCa-2 (Supplementary Figure S1C). Likewise,
cleavage of full length PARP-1 also showed higher sensitivity
to apoptosis of epithelial HPAF-II cells with respect toPt45P1
and MiaPaCa-2cells (Supplementary Figure S1D), confirming
the correlation between drug resistance and the mesenchy-
mal phenotype in PDAC cell lines.

To investigate which EMT-related TF was differentially
expressed in PDAC cell lines, we performed conventional
(cPCR) and quantitative real-time PCR (qPCR) analyses.
Notably, only ZEB1 clearly segregated the mesenchymal
Pt45P1 and MiaPaCa-2 from the epithelial HPAF-II cells,
whereas SLUG and SNAIL were expressed at variable levels
regardless of the phenotype and TWIST levels were not
detectable (Figures 1a and b). Differential ZEB1 expression
between epithelial and mesenchymal PDAC cells was also
observed at the protein level (Figure 1c), confirming the
correlation with the gemcitabine-resistant phenotype of
these cells.

Poor prognosis in PDAC is mainly due to unresponsiveness
of patients to chemotherapy with gemcitabine, either as single
agent or in combination with other drugs.'® Given the role of
ZEB1 in PDAC cells drug resistance,®'® we asked whether
genotoxic stress associated with chemotherapy affected its
expression. Treatment with gemcitabine for 48 h elicited a
significant upregulation of ZEB1 protein expression in both
Pt45P1 and MiaPaCa-2 cells (Figure 1d). Notably, such
increase was sustained over at least 72 h (Supplementary
Figure S1E) and not accompanied by significant upregulation
of ZEB1 mRNA (Figure 1e), nor by stabilization of the pre-
existing ZEB1 protein, as tested by incubation of cells with the
proteasome inhibitor MG132 (Figure 1f). These results
suggest that gemcitabine induces upregulation of ZEB1
expression by post-transcriptional mechanism(s).

Gemcitabine induces a global inhibition of protein
synthesis in PDAC cell lines. Acute chemotherapeutic
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treatments often activate responses that facilitate survival of
cancer cells to genotoxic stress.'®'® To investigate the post-
transcriptional mechanism(s) underlying the increase in ZEB1
protein levels, we first monitored the impact of gemcitabine
treatment on the mTORC1 pathway, a regulatory route of
protein synthesis with strong relevance for human cancers.?’ A
key target of the mTORC1 kinase is the inhibitory protein
4EBP1, which binds the translation initiation factor elF4E and
prevents its assembly with elF4G and the RNA helicase elF4A
to form the translation initiation complex elF4F.2° Phosphoryla-
tion of 4EBP1 by mTORC1 causes its release from elF4E and
stimulates elF4F assembly and cap-dependent translation.
Treatment with gemcitabine caused progressive inhibition of
4EBP1 phosphorylation in Pt45P1 and MiaPaCa-2cells by 24—
72 h, with increasing prevalence of the non-phosphorylated
form (y) of 4EBP1 (Figure 2a). To confirm the effect of genotoxic
stress on the inhibition of cap-dependent translation, we
performed methyl-cap pulldown assays to isolate the elF4F
complex.?! Drug treatment impaired association of elF4A and
elF4Gwith elF4E on methyl-cap in both cell lines, whereas
binding of hypo-phosphorylated 4EBP1 was increased
(Figure 2b). In line with this effect, gemcitabine caused a global
decrease of mRNA loaded on polysome fractions while it
increased the peaks associated with monosomes (80S) and
free ribonucleoproteinparticles (RNPs), which are not engaged
in translation (Figure 2c). Thus, genotoxic stress triggered by
gemcitabine inhibits cap-dependent translation and generally
stalls protein synthesis in PDAC cells.

ZEB1mRNAis selectively maintained on polysomes dur-
ing genotoxic stress. Since upregulation of ZEB1 in PDAC
cells occurred in a context of global protein synthesis
inhibition, we specifically analyzed the profile of ZEB1 mRNA
distribution in polysome fractionation experiments.ZEB1
transcript, like those of the housekeeping genes HPRT and
GAPDH, was almost equally distributed between polysome
and RNP fractions in control cells, and this pattern was not
substantially affected by 12h treatment with gemcitabine
(Figures 3a and b). However, while prolonged exposure to the
drug (48 h) caused a drastic decrease in polysomal loading of
the HPRT and GAPDH mRNAs, ZEB1 mRNA was actively
retained on polysomes with respect to the free RNP fraction
(Figures 3a and b). Notably, this regulation was specific for
ZEB1, as transcripts of other EMT-related TFs (SLUG and
SNAIL) behaved like HPRT and GAPDH mRNAs and in line
with the global decrease of mRNA translation (Figures 3a and
b). Quantitative analyses by gPCR confirmed that treatment
with gemcitabine significantly increased the polysome/RNP
ratio for ZEB1 mRNA (Figure 3c) while decreasing that of
HPRT and GAPDH mRNAs.

Polysomal recruitment of mRNAs upon inhibition of cap-
dependent translation can be mediated by internal ribosome
entry segments (IRES)-mediated translation.?? IRES are
structured sequences located in the 5’UTR of mRNAs and
promote ribosome recruitment. Search in the Ensemble
database (http://www.ensembl.org/index.html) revealed anno-
tation of two classes of 5 UTR for ZEB1 transcripts encoded by
alternative first exons. Exon 1-containing transcripts encode for
short 5 UTRs with unstructured nucleotide sequence
(ENST00000320985.14, 100bp;  ENST00000560721.6,


http://www.ensembl.org/index.html

ZEB1 upregulation during genotoxic stress
| Passacantilli et al

b
1.2 * 0.09 0.06
l_
: | L% e
% 0.8 % 0.06 T 0.04
4 ¢ * 2
o % (:'3 0.03 <=(' 0.02
w - <
N %) )
0.0 ~ (1/ 0.00 J l"l, 0.00 N l"l,
N ¢ N " N ¢
C& S R P L
'SR ORS v 32 O v 32 O
R ¥ QP Q¥ o¥o? R ¥ o?
e Q@.\Q, 0 Q@.\q, 0 Q®@
c d
NN Pt45P1 .
Q\?(S’xb("g ’\"g@ Gem 10uM -+ S os
<N ZEB1 g o
=%
— ‘ ZEB1 170 KDa — - S 02
170 KDa — 55 Ko 0
= 041
o e ACTIN - 3
: 43 KDa— 2 0
B e . S S
M ELE: 02 MiaPaCa-2 o
I Ise ey 22 S s
£ F3 "‘g;@ Gem 10uM - + 2 *
______ 3% g 6
© 170kDa— . ZEB1 § 4
55 KDa— 2
°~ B ACTIN & °
43 KDa— g . 5
QL
O
€ MG132 + +
Pt45P1 MiaPaCa-2 Gem10uM - + - +
5x107°5 5x10°°5 R ——d =1 = %
) 4,40°5 ns @ 440°s ns 170 KDa —
Q ®
w3105 34005
> > q_)
E 2:10°°% E 2,10°°% § 8
NERDUES NEREIRE SRee i:
0 0 8 g
Q Q - o
© \QQ@ © \Q?Q
006\ o@@

Figure 1 Gemcitabine induces upregulation of ZEB1 protein in mesenchymal PDAC cells. Conventional (a) and quantitative (b) RT-PCR analysis of ZEB1, SLUG, SNAIL and
TWIST mRNA expression in the indicated PDAC cell lines. HPRT was used as housekeeping gene for normalization. (c) Western blot analysis of ZEB1 protein expression in the
indicated PDAC cell lines. Coomassie blue staining was performed as sample loading control. (d) Western blot and (e) quantitative RT-PCR of ZEB1 expression in Pt45P1 and
MiaPaCa-2 cells treated or not with gemcitabine (10 .M) for 48 h. (f) Western blot analysis of ZEB1 protein expression in MiaPaCa-2 cells treated or not with gemcitabine (10 M)
for 48 h. MG132 was added to cells in the last 8 h of treatment. Bar graphs in (b), (d) and (e) represent the mean + S.D. of three experiments. * P<0.05; n.s. = not significant

22 bp; ENST00000542815.7, 71bp; ENST00000361642.9,
63 bp), whereas exon 1C encodes a longer, structured 5’
UTR of 392 nucleotides (ENST00000446923.6) that resembles
an IRES sequence (Supplementary Figure S2A). To test
whether this sequence acted as IRES, we inserted it into the
intercistronic region of the pRF construct, which contains the
Renilla and Firefly luciferase genes as upstream and down-
stream cistrons, respectively (Supplementary Figure S2B).2
Transfection of this construct into MiaPaCa-2 cells indicated
that, unlike the Myc IRES element, the exon 1C-encoded
sequence was unable to induce expression of the downstream
cistron regardless of gemcitabine treatment (Supplementary

Figure S2B), suggesting that it does not possess IRES activity.
Accordingly, we found that ZEB1 transcripts containing this
longer 5" UTR were not selectively retained on polysomes upon
treatment with gemcitabine (Supplementary Figure S2C). Thus,
alternative 5° UTR usage and/or IRES-dependent translation
are unlikely responsible for the increased translation of ZEB1
upon gemcitabine-induced stress.

Alternative polyadenylation of ZEB1 supports its transla-
tion upon genotoxic stress. Translation regulation can be
also modulated by changes in the 3" UTR of target mRNAs,
which result from alternative polyadenylation (APA)

Cell Death and Disease
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regulation.?* Three main alternative polyadenylation signals
(PAS) are present in the ZEB1 last exon (indicated as p1—p3
from proximal to distal in Figure 4a). Notably, binding sites for
microRNAs that repress ZEB1 expression by targeting its 3’
UTR (miR-200 family and miR-205)°2° are located between
the p1 and p2 PAS (Figure 4a).By using reverse primers
located upstream of the p1, p2 or p3 PAS, we observed that
treatment of MiaPaCa-2 cells with gemcitabine caused
shortening of the 3'UTR of ZEB1, with selective decrease
of transcripts terminating at the p2 and p3 PAS (Figure 4b). To
verify that shortening was due to APA regulation, we
performed 3'-RACE experiments in MiaPaCa-2 cells treated
or not with gemcitabine. Drug treatment caused reduced
termination of the ZEB1 transcript at the p2 PAS, without
affecting termination at the p1 PAS (Figure 4c). Sequencing
of the PCR product verified the presence of a PAS at the p2
region and polyadenylation (Figure 4d), thus confirming that
ZEB1 APA regulation is sensitive to stress.

Cell Death and Disease

Next, we asked whether APA resulted in differential
polysomal loading of ZEB1 alternative transcripts. Polysome
fractionation experiments in control and gemcitabine-treated
samples revealed that the p1/p2 ratio and p1/p3 ratio were
significantly increased in the polysome fraction and reduced in
the RNP fraction obtained from MiaPaCa-2 cells treated with
gemcitabine (Figure 4e). These experiments indicate that
gemcitabine causes a general shortening of the 3'UTR of
ZEB1, and that transcripts containing the shorter 3'UTR are
more efficiently retained on polysomes than longer transcripts
during genotoxic stress in PDAC cells.

Discussion

Cancer cells display remarkable adaptability to adverse
environments, which likely contributes to acquisition of
resistance to therapeutic treatments.'® This is particularly true
for PDAC cells and manifests in the failure of efficacious
therapies for patients after years of efforts and research in the
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Figure 3 ZEB1mRNA:Is selectively maintained on polysomes during genotoxic stress. (a) Absorbance profiles of fractions obtained on sucrose gradients to isolate polysomes
from monosome (80S) and free RNPs in MiaPaCa-2 cells treated or not with 10 M gemcitabine for 12 h (left panel) or 48 h (right panel). (b) Conventional RT-PCR analysis of the
distribution of the indicated mRNAs in polysome, 80S and RNP fractions from cells shown in (a).(c) Quantitative RT-PCR of the ratio of distribution between polysome and RNP
fractions of the indicated mRNA. Data are normalized for the ratio in control cells and represent the mean + S.D. of three experiments. * P<0.05

field.>'S One feature that is related to the refractoriness of
PDAC cells to treatments is their plasticity. Indeed, acquisition
of a mesenchymal phenotype by epithelial PDAC cells is
thought to be responsible for both metastatic behavior and
resistance to chemotherapy.”'""'® Although EMT can be set
in motion by several TFs,'®> ZEB1 plays a unique and
prominent role in PDAC metastasization and resistance to
treatments.'® Nevertheless, how and when ZEB1 expression
is altered in response to chemotherapy is still largely unknown.
Herein, we found that upregulation of ZEB1 expression is an
early event in such response, which occurs within 24-48 h
from exposure of PDAC cells to gemcitabine. Importantly,
ZEB1 upregulation is driven by a post-transcriptional mechan-
ism that occurs in the absence of changes in ZEB1 transcript
levels and in a general context of translational inhibition.
In this scenario, while most mRNAs are depleted from the

polysomes, ZEB1 transcripts remain associated with the
translational machinery and likely insure continuous transla-
tion of this key TF under gemcitabine-elicited genotoxic stress.
Thus, our findings suggest that the peculiar post-
transcriptional regulation of ZEB1 expression represents a
feedback mechanism set in motion by mesenchymal PDAC
cells to withstand adverse conditions caused by
chemotherapy.

Protein synthesis is an energy-consuming process and cells
tune it down under various types of stress, including genotoxic
stress elicited by most chemotherapeutic drugs.??Neverthe-
less, some proteins are instrumental to survive under stress
conditions and need to be translated. In most cases,
regulation of translation under stress is conferred by the 5'
and 3'UTR of target transcripts. In our study, we provide
evidence that changes in the 3'UTR of ZEB1 contribute to its

Cell Death and Disease
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Figure 4 ZEB1 mRNA 3'-end shortening supports its translation upon genotoxic stress. (a) Schematic representation of the 3" UTR region of ZEB1. Arrows indicate position
of the three PASs present in the last exon of ZEB1. Inset shows magnification of the 3" UTR region with the position of the binding sites for microRNAs known to exert repression of
ZEB1 expression in MiaPaCa-2 cells located between p1 and p2 (arrows). (b) RT-PCR analyses of the expression of the last exon-encoded portion of the ZEB1 mRNA in cells
treated or not with 10 M gemcitabine for 48 h. Primers p2—p3 were used to amplify transcripts terminating at p3, primers p2 to amplify transcripts terminating at p2 or p3, primers
p1 for all transcripts. Bar graph shows quantitative densitometric analyses (mean + S.D. of three experiments; *P< 0.05). (c) 3'-end RACE analyses of cells described in (b)
using forward primers located upstream of p2 or p1, as indicated. (d) Sequence analysis of the band amplified by 3’-end RACE using the p2 primer confirming the PAS and
polyadenylation of the transcript. (e) Quantitative RT-PCR of the ratio of distribution between RNP and polysome fractions of mRNAs. Data represent the ratio between p1 and p2
or p3 amplified signals to highlight shortening of the transcript and its relative distribution between polysomes and RNPs (mean + S.D. of three experiments; * P< 0.05)

sustained expression upon genotoxic stress. It is well
established that many microRNAs elicit translational repres-
sion by binding to complementary sequences in the 3'UTR of
target transcripts. Recent evidence suggests that most human
3'UTR sequences contain more than one PAS and that
alternative PAS selection leads to expression of multiple
transcript variants through APA.2* In general, progressive
shortening of the 3'UTR through selection of proximal PASs
should relieve repression by microRNAs and promote
translation. Accordingly, it has been observed that global
3'UTR shortening correlates with high proliferative rates
whereas lengthening occurs during cell differentiation.2*The
3'UTR of ZEB1 is particularly long (~2500 nucleotides) and
contains putative binding sites for many microRNAs, including
members of the miR-200 family that repress its expression in
cancer epithelial cells.2> Genotoxic stress caused shortening
of the 3'UTR, with selective depletion of transcripts terminating
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atthe distal PASs (p2 and p3) in cells treated with gemcitabine.
Notably, most of the microRNA binding sites, including all the
sites for the repressive miR-200 members, map between p1
and p2. APA leading to shortening of the 3'UTR should
relieve translational repression of ZEB1 by these microRNAs.
In line with this hypothesis, treatment with gemcitabine
differentially affected the association of ZEB1 transcript
variants with polysomes, with proportional increase in those
terminating at p1 and corresponding depletion of transcripts
terminating at p2 and p3. Thus, progressive shortening of the
ZEB1 transcript may promote its translation by removing
inhibition by microRNAs and favoring its recruitment onto
polysomes. Since ZEB1 and miR-200 members are under
mutual control in a negative feedback loop,°we suggest that
this mechanism may rapidly shift the balance in favor of
ZEB1 and mesenchymal features in PDAC cells exposed to
gemcitabine.



APA is regulated by changes in the activity and/or
expression of key components of the cleavage and poly-
adenylation complex, which often cooperate with accessory
RNA binding proteins (RBPs) that bind elements located near
the regulated PAS.2* Some of these RBPs, like Sam68 and
hnRNPH, are often upregulated in human cancers and can
suppress or enhance recognition of cryptic PASs depending
on the context.2®2’Notably, localization and function of
Sam68,2® as well as many other RBPs, 29 is regulated upon
genotoxic stress. Thus, it is possible that gemcitabine-induced
stress promotes the recruitment of specific RBPs to the ZEB1
transcript, thereby affecting the choice of the proximal PAS
and enhancing translational efficiency. Alternatively, APA is
also modulated by the rate of transcription.* Changes in the
phosphorylation status of the RNA polymerase Il (RNAPII)
affect its elongation rate within the transcription unit and its
pausing at PAS. This modulation of RNAPII dynamics can alter
the time window for PAS recognition and usage.?* More
recently, it has also been shown that reduced expression of
RNAPII upon several stresses, including DNA damage,
switches APA regulation from the preferred PAS to alternative
ones in selected transcripts.*° In this regard, gemcitabine is
known to reduce the transcriptional activity of PDAC cells'®
and might contribute to the switch in ZEB1 APA by
concomitantly regulating RNAPII expression or function and
depleting endogenous nucleotides due to interference with
their biosynthesis. These observations suggest that further
mechanistic studies will be required to dissect the exact
mechanism(s) involved in ZEB1 APA regulation during
genotoxic stress. Furthermore, since ZEB1-driven EMT is
particularly efficient to confer the highly aggressive and
resistant phenotype typifying PDAC cells,'® our findings also
suggest that development of tools to alter APA in ZEB1 may
help sensitizing PDAC cells to genotoxic stress.

Materials and Methods

Cell culture, treatments and tranfections. HPDE, HPAF-Il and Pt45P1
were cultured in RPMI 1640 medium (Lonza, Switzerland) supplemented with 10%
fetal bovine serum (Gibco Thermo Fisher, Waltham, MA, USA), MiaPaCa-2 cells
were cultured in DMEM medium (Lonza) supplemented with 10% fetal bovine
serum (Gibco). Cells were grown in a 37 °C humidified atmosphere of 5% CO,.
Gemcitabine (Eli Lilly & Company, Indianapolis, IN, USA) was dissolved in water
and stored at —20 °C.

RT-PCR and qPCR analysis. Total RNA was extracted from cells using
Trizol reagent (Invitrogen Thermo Fisher, Waltham, MA, USA) according to the
manufacturers instructions. After digestion with RNase free DNase (Ambion
Thermo Fisher, Waltham, MA, USA), RNA was resuspended in RNase free water
(Sigma-Aldrich, St. Louis, MO, USA); 1 ug of total RNA was retrotranscribed using
M-MLV reverse transcriptase (Promega, Madison, WI, USA). Five percent of the
reaction was used as template for RT-PCR analysis (GoTaqg, Promega) or qPCR
analysis (SYBR Green method, Roche, Germany). Primers used are listed in
Supplementary Table S1.

Protein extraction and western blot analysis. Cells were resuspended
in lysis buffer (100 mM NaCl, 15 mM MgCl,, 2 mM EDTA, 20 mM Hepes, 10%
Glycerol, 1 mM dithiothreitol, 2 mM Na-ortovanadate, Protease-Inhibitor Cocktail
(Sigma-Aldrich) and 1% Triton X-100). After10 min of incubation in ice, extracts
were centrifuged for 10 min at 12 000 rpm at 4 °C, supernatants were resuspended
in SDS-page sample buffer and boiled for 5 min. Western blot analysis was
performed as previously described.®' The following primary antibodies (overnight
at4 °C) were used: rabbit anti-Actin (1 : 1000, Sigma-Aldrich), mouse anti-GAPDH
(1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-E-cadherin

ZEB1 upregulation during genotoxic stress
| Passacantilli et al

(1:1000, Santa Cruz Biotechnology), mouse anti-Vimentin (1: 1000, Santa Cruz
Biotechnology), rabbit anti-ZEB1 (1:1000, Sigma-Aldrich), rabbit anti-eiF4E
(1:1000, Cell Signalling Technology, Danvers, MA, USA), rabbit 4EBP1
(1:1000, Cell Signalling Technology), rabbit anti PARP-1 (1 : 1000, Cell Signalling
Technology), rabbit anti eiF4A (1 : 1000, Abcam, UK), rabbit anti-elF4G (1 : 1000,
Cell Signalling Technology). Secondary anti-mouse or anti-rabbit IgGs conjugated to
horseradish peroxidase (Amersham, UK) were incubated for 1 h at RT (1 : 10 000).
Immunostained bands were detected by chemiluminescence method (Santa Cruz
Biotechnology).

Colony formation assay. Single-cell suspensions were plated in 35 mm
plates (500 cells/plate for Pt45P1 andMiaPaCa-2; 700 cells/plate for HPDE and
HPAF-Il). After 1 day, cells were treated for 24 h with gemcitabine at the dose
indicated. At the end of the incubation, the medium was replaced every 48 h. After
10 days, cells were fixed in methanol for 10 min, stained overnight with 5% Giemsa
(Sigma-Aldrich), washed twice in PBS and dried. Pictures were taken using a digital
camera to count and measure the colonies. Results represent the mean of at least
three experiments +s.d.

Polysomes-RNPs fractionation by sucrose gradients. Polysomes
fractionation was performed as indicated previously.>'* Briefly, MiaPaCa-2 cells were
homogenized in lysis buffer (100 mM NaCl, 10 mM MgCl,, 30 mM Tris-HCI [pH 7.5],
1 mM DTT, 30 U/ml RNasin) supplemented with 1% Triton X-100. After 5 min of
incubation on ice, the lysates were centrifuged for 10 min at 12 000x g at 4 °C. The
supernatants (1.5 mg of protein extracts) were loaded on a 15-50% (wt/vol) sucrose
gradients and sedimented by centrifugation for 110 min at 37 000 r.p.m. in a Beckman
SW41 rotor (Fullerton, CA, USA). Each gradient was collected in 10 fractions, RNA
was extracted by phenol/chloroform method. Fractions 1-5 (Polysomes) and 8-10
(RNPs) were pulled and analyzed by RT-PCR and qPCR methods.

3’ RACE PCR. Total RNA (1 ug) was used for retrotranscription with 0.5 g of
oligo oligo-dT tail followed by an anchor sequence.?® PolyA enriched/anchor tagged
cDNA was subsequently used in RT-PCR experiments using gene-specific forward
primers in presence of anchor reverse primer.
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Chapter IV. RNA Binding Proteins: structure and functions

IV.1 Role of RNA Binding Proteins: structure and functions

RNA-binding proteins (RBPs) represent a large family of proteins, able to to bind various types
of RNAs through an RNA-binding domain (RBD). Some of the classical RBD by which RBP bind
their target RNAs are:

e RNA recognition motif (RRM)

Each RRM is made up of about 90 amino acids and consists of two conserved sub-motifs
(RNP1 and RNP2). Structurally, it is composed of four anti-parallel B sheets stacked
against two a-helices(BaBBap); each RRM domain can recognize between 4 and 8
nucleotides by using B-sheet surface extensions or by using exposed loops connecting 13-
sheet to a B-sheet or a-helix. To intensify specificity and affinity for an mRNA, RBPs
generally contain more than one RRM and bind RNA cooperatively.

e hnRNP-K-Homology domain (KH domain)

It is approximately 70 amino acids long and it is formed by three a-helices and three
anti-parallel B-sheet. Each KH domain can recognize 4 nucleotides through hydrogen
bonds, electrostatic interaction and shape complementarity. Structural analyses indicate
that KH domains are versatile in recognizing a large panel of sequences; however, its
affinity and specificity of interaction is low. To bypass this problem the strategies are
extend the surface of interaction and the repetition of multiple KH domains, so several
copies of KH domains can act in synergy and efficiently.

e Zinc-finger domain

Each zinc finger consists of about 25-30 amino acids and forms a BBa topology that is
held together by the central Zn**ion.

e Double-stranded RNA binding domain(dsRBD)

dsRBD consists of70-90 amino acids and it has appBa protein folder. Most dsRBD
recognize the dsRNA rather than the RNA sequence and it controls many RNA related
functions such as RNA interference, localization, editing and translocation.

e Piwi/Argonaute/Zwille (PAZ) and Piwi domain

The PAZ domain structure contain two sub-domains with a notable cleft between them.
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PAZ domains are commonly found in proteins involved in miRNA biogenesis, such as
Dicer and Ago. The piwi domain is only present in argonaute and its principal function is
to hydrolize single strand RNA guided by double strand RNA.

e DEAD-box domain

DEAD box proteins form the largest RNA helicase family and are characterized by the
presence of an Asp-Glu-Ala-Asp (DEAD) motif. DEAD box helicases play a central role in
cellular RNA metabolism and in assembly of larger multicomponent, such as the

spliceosome or the translation initiation machinery.

Although RBPs bind to various classes of RNAs such as ribosomal RNAs, mRNAs, snRNA,
snoRNA, tRNAs and non-coding RNAs, about half of the RBPs conducts their function by binding
to mRNAs and regulating their fate (Fig. 14). RBPs coordinately bind to each mRNA and form
ribonucleoprotein (RNP) complexes, which are dynamic and specifically modulated during the
different steps of post-transcriptional RNA processing, such as splicing, nuclear export, stability

control and translation.
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Figure 14. Target RNA classification of RBPs (Gerstberger, Hafner, and Tuschl 2014).

Dynamic RNP complexes can act to mature, process, regulate or transport RNAs. The RBPs can
remodel of RNA structures to promove the interaction of other RBPs and enzymatic RNA-
processing complexes to RNA; prevent aggregation, misfolding and incomplete processing;

facilitate the movement of RNA targets in various cellular compartments (Hentze et al. 2018).

IV.2. The role of RBPs in cancer and novel therapeutic strategies targeting their activity.

Alterations in the RNA metabolism pathway can lead to genome-wide changes in the cellular
transcriptome and proteome that subsequently affect cell growth, proliferation, invasion and

death. An important contribution to this deregulation is given by the activity and the aberrant
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expression of the RBPs. Somatic mutations in gene encoding splicing factors were identified in
the last decade in myelodysplastic syndrome (Yoshida et al. 2011) and later found also in solid
tumors like mucosal melanoma, bladder cancer and pancreatic cancer. A study that analyzes
404 splicing factors genes from 33 cancer typers in TCGA database, identified 119 SF with
significant mutations and by RNA sequencing analysis they reveals that altered splicing events
are correlated with selected splicing factor mutations (Seiler et al. 2018). The splicing factors
most frequently mutated are SF3B1, U2AF1, SRSF2 and ZRSR2. They can confer cellular
advantage at cancer cells promoting oncogenic isoform, transcription alterations and non sense
mediated decay (NMD) (Obeng, Stewart, and Abdel-Wahab 2019). Furthermore, altered
expression of RBPs contribute to development and progression of human cancer promoting
oncogenic isoforms. For example, SR splicing factor 1 (SRSF1) is upregulatedin many types of
tumors promotes inclusion of exon 13b of the kinase Mnk2 to generate the MNK2B isoform,
which induces elF4E phosphorylation independently of MAPK signalling and promotes cap-
dependent translation (Karni et al. 2007). Importantly, exposure of PDAC cells to gemcitabine
causes an increase in SRSF1 expression and in MNK2B splicing, thus supporting cell survival to
the drug (Adesso et al. 2013). In the context of breast cancer, SRSF1 over-expression also
promotes alternative splicing of BIM and BIN1 to facilitate the expression of isoforms that lack
pro-apoptotic functions(Anczukdéw et al. 2012). SRSF3 is over-expressed in many cancers and its
downregulation promots the expression of the p53B isoform that favours p53-mediated
senescence (Dvinge et al. 2016). The oncogene c-MYC mediates the up-regulation of several
hnRNPs (hnRNPA1, hnRNP A2 and PTBP1). Over-expression of PTBP1 in cancer cells contributes
to aerobic glycolysis by promoting the expression of a specific isoform of pyruvate kinase
(PKM2) (David et al., Nature 2010) and contributing to acquisition of chemotherapy resistance
in PDAC cells (Calabretta et al. 2016). PTBP1 is also up-regulated in bladder cancer and
correlates with poor prognosis in patients. Mechanistically, it was shown that expression of
PTBP1 promotes cell cycle progression and expression of several pro-oncogenic variants
involved in many biological processes, like cell survival (FAS), proliferation (NUMB, PKM),
cytoskeleton organization (ACTN1, MACF1, TPM1, and CTNND1) and interaction with the
extracellular matrix (CD44) (Bielli et al. 2018). Another oncogenic splicing factor induced by
MYC at the transcriptional level is the STAR protein Sam68. In cancer cells, Sam68 modulates
several steps of mMRNA metabolism, such as alternative splicing, nuclear export and mRNA

translation (Bielli et al., 2011a). In particular Sam68 promotes: the inclusion of variable exons in
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the CD44 pre-mRNA, which correlates with invasive phenotypes; the short isoform of CYCLIN
D1 (CYCLIN D1b), which promotes cell proliferation; the pro-apoptoticBCL-Xsisoform (Bielli et
al., 2011a). Accordingly, knockdown of the endogenous Sam68 in different types of human
cancer cell lines reduced proliferation and tumorigenicity (Bielli et al. 2011a).

Thus, these examples bring out a central role of the RBPs ininitiation and progression of cancer.
Targeting RBPs for cancer therapy has gained more relevant in the last years using different
approaches: small-molecule inhibitors, anti-sense oligonucleotides (ASO), siRNA, peptides and

aptamers (Fig.15).
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Figure 15. Strategies that are being applied to target RBPs for cancer therapeutics (Mohibi, Chen, and Zhang 2019).

RBP functions can be inhibited by using small molecules that act in different ways:

e by binding to the RBD and, subsequently, inhibiting RBP-RNA interaction

e Dby inhibiting the activity of the enzymes involved

e by inhibiting enzymatic activity of an RBP towards its target mRNA

e by inducing RBP degradation through targeting its E3 ubiquitin ligase

e by disrupting interaction between RBP and its protein partner essential for its function in
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For example the eukaryotic translation initiator factor 4E (elF4E) play an instrumental role in
tumorigenesis and cancer progression, thus several strategies have been applied to design
small molecules that target elF4E directly or indirectly. One method is using the cap-binding
agonists (4Ei-1 and Bn7-GMP), a synthetic nucleotide derivative that blocks the binding of elF4E
to the mRNA cap. Another approach is inhibit the interaction between elF4E andelF4G by
several small molecules (4EGI-1, 4E1RCat, 4E2RCat). Another approach is to sequester elFAE by
modulating the activity of 4E-BP; since 4E-BPs are direct substrates of the mTOR kinase,
targeting the mTOR signaling pathway is a therapeutically option for inhibiting translation, for
this ragion several inhibitors with anti-cancer activity have been developed in the last decades
(Rapamycin, RAD0OO1, and CCI-779) (Mohibi, Chen, and Zhang 2019).

Antisense oligonucleotides (ASOs) are short (15-30 bp) single stranded DNA moleculaes
complementary to the RNA target. Upon binding to their target mRNAs, ASOs alter protein
production either by modulating the splicing mechanism or by enhancing degradation of target
RNA through the action of RNaseH. To date, six ASO drugs have been approved for the
treatment of diseases such as viral infections and neurological diseases. For example
Nusinersen, an ASO that corrects SMN2 splicing (Rigo et al. 2012), in 2016 was approved by the
FDA as the first drug specific forthe treatment of spinal muscular atrophy (SMA), a
neurodegenerative disorder characterized by progressive loss of motorneurons and caused by
loss or mutation of SMN1, an RBP involvedin splicecosome. Nusinersen ameliorates the
phenotype and survival of SMA patients and is having notable success in the clinical setting
(Mercuri et al. 2018). Although there are currently no approved ASOs for cancer treatment,
many studies are in progress. For example, ASO that block the expression of elF4E [LY2275796]
has been developedand has completed a phase | clinical trial (Hong et al. 2011).

Small interfering RNA (siRNA)-nanoparticles were introduced in 2010 and FDA approved the
first siRNA-based drugin 2018: Onpattrois a siRNA-based treatment for symptoms of peripheral
nerve disease(polyneuropathy)(Yin and Rogge 2019). Studies focusing on the optimization for
these therapies are underway, in particular concerning attempts to conjugate siRNAs with
another molecule: antibody fragment, receptor ligand, or sugar to guide the siRNA to the target
cell and that do not interfere with healthy cells (Mohibi, Chen, and Zhang 2019).

Aptamers can be either nucleic acid or peptide-based and fold into sequence specific three-
dimensional structures that can recognize unique targets. The advantage over antibodies is that

they are smaller, have better stability and are not immunogenic. For instance, the aptamer
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AS1411 targets the RBP nucleolin, which regulates RNA polymerase | transcription, and is being
tested as anti-cancer therapy (Morita et al. 2018).

Anti-cancer peptides also represent promising opportunities in targeting oncogenic functions,
due to their high specificity, selectivity, small dimension and high biocompatibility. For
example, peptides that target elF4E interfere with its interaction with elF4G, leading to

inhibition of cap-dependent translation (Mohibi, Chen, and Zhang 2019).
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Figure 16. Potential strategies that are being applied to target RBPs(Mohibi, Chen, and Zhang 2019).

Circular RNAs (circRNAs) and the CRISP/Cas9 system offer additional potential strategies to
target RBPs in cancer (Fig. 16). CircRNAs are closed circle RNAs formed by back-splicing and can
act as sponges for both miRNAs and RBPs, preventing their binding to targetmRNAs. In this way,
circRNAs have been shown to regulate both transcription and splicing processes. Moreover,
circRNA are very stable and have a long half-life in cells. These properties make the circRNAs
promising therapeutic toolsfor targeting RBP functions. However, to date there is no clinical
application of circRNAs in cancer, but it could represent a promising path to pursue in the
future (Kristensen et al. 2018)(Mohibi, Chen, and Zhang 2019).

The CRISPR/Cas9 system is based on the use of the Cas9 protein, a molecular scissor capable of
cutting a target DNA, which can be programmed to make specific modifications to the genome
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of cells. It can be used to knockout specific genes, including those encoding oncogenic RBPs in
cancer cells, thus correcting cancer-specific RBP mutations or modulating RBP binding sites in

mRNAs that cause aberrant splicing of oncogenes (Mohibi, Chen, and Zhang 2019).

IV.3. "Identification of the RNA binding protein MEX3A as a prognostic factor and
chemosensitivity regulator in Pancreatic Ductal Adenocarcinoma(PDAC)"

Since the importance that RBPs have acquired over the last few decades in tumorcells, we have
investigated the involvement of RBPs in PDAC patients by unbiased bioinformatics
screeningusing “The Cancer Genome Atlas (TCGA)” database. Thus, we have identify MEX3A,
RBP whose high expression is related to poor prognosis and we have caratherizated its role in
PDAC cell lines and in pancreatic mouse model. Below | report the sperimental work that |

conduct during my PhD student.
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IV.4.1 Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive cancer. Most patients present
with advanced disease at diagnosis, which only permits palliative chemotherapeutic
treatments. Both innovative chemotherapeutic treatments and targeted therapies have shown
little efficacy so far. Thus, improvement in PDAC management represents a clinical priority.
Dysregulation of RNA processing pathways in cancer cells is emerging as a distinct feature,
which can be exploited to precisely stratify patients and as therapeutic vulnerability. To identify
novel biomarkers that are capable to distinguish between tumors with potentially different
responses to treatments and to test the potential of targeting RNA processing dysregulation as
novel therapeutic approach for PDAC, we performed a bioinformatics screening for splicing
factors associated with PDAC prognosis in “The Cancer Genome Atlas (TCGA)” database. We
selected 202 genes among those encoding RNA binding proteins (RBPs) and other proteins (i.e.
kinases) that are involved in nuclear RNA processing and found 12 genes that displayed a
significant correlation with progression free survival (PFS) in surgically resected PDAC patients.
Out of these candidates, we focused our attention on MEX3A because it was previously shown
to mark intestinal stem cells that are refractory to chemotherapeutic treatments.

Increased expression of MEX3A correlated with higher disease stage in PDAC patients.
Knockdown of MEX3A in PDAC cells enhanced sensitivity to chemotherapeutic treatment and
impaired cell cycle progression. RNA sequencing analyses of MEX3A-depleted cells highlighted
hundreds of genes whose expression is sensitive to MEX3A, with significant enrichment in cell

cycle genes and regulation of transcription. Our findings uncover a new pathway possibly
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involved in the acquisition of chemoresistance by PDAC cells, which may be suitable for

therapeutic targeting in PDAC patients.

IV.4.2 Introduction

Late diagnosis and/or presence of metastases in pancreatic ductal adenocarcinoma (PDAC)
strongly limit therapeutic options and patients show a 5 years survival rate of <5% (Miller et al.
2016). Despite advances in surgery and chemotherapy, the prognosis of patients has remained
practically unchanged, thus finding new early biomarkers and novel therapies represent a
clinical priority for PDAC (Neoptolemos et al. 2018).

In the last decade, several genome-wide analyses of cancer transcriptomes have shown that
tumor cells can modulate gene expression at the level of alternative splicing (AS) or other steps
of RNA processing (Eswaran et al. 2013). AS is guided by the spliceosome, a dynamic complex
consisting of small nuclear RNAs (snRNAs U1, U2, U4, U5 and U6) and a wide repertoire of
associated protein factors, which removes introns and ligates exons to produce the mature
mRNA. Alternative recognition of exonsis regulated by both cis acting sequences on the pre-
mRNA and trans acting factors, which enhance or inhibit recognition of the splice sites and
splicing catalysis. Thus, changes in the expression of some of these trans-acting RNA binding
proteins (RBPs) have been directly linked to the expression of oncogenic isoforms that confer
several advantages to tumor cells (Dvinge et al. 2016). For instance, up-regulation of PTBP1 in
bladder cancer promotes cell cycle progression and expression of pro-oncogenic splice variants
related to cell survival (FAS), proliferation (NUMB, PKM), cytoskeleton organization (ACTN1,
MACF1, TPM1, and CTNND1), and interaction with the extracellular matrix (CD44) (Bielli et al.
2018). Sam68 is also overexpressed in many human cancers and its promotes cell-cycle
progression and survival to genotoxic stress, likely through induction of oncogenic splice
variants like BCL-XL, cyclin D1b, CD44 variants (Bielli et al. 2011b). Moreover, splicing factors
can be modulated by chemotherapeutic treatments. For instance, SRSF1 is up-regulated in
PDAC upon exposure to gemcitabine and it inducesthe oncogenic MNK2b splice variant (Adesso
et al. 2013). Moreover, chronic treatment with the drug selected clones of PDAC cells that
overexpressed PTBP1, which contributes to aerobic glycolysis by promoting the expression of a
specific isoform of pyruvatekinase (PKM2 isoform) (Calabretta et al. 2016).

Herein, we have investigated the involvement of RBPs in PDAC by unbiased bioinformatics

screening. We found that 12 genes are significantly correlated with progression free survival
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(PFS) in surgically resected PDAC patients. We focus our study on MEX3A because it was
recently demonstrated that its expression marks intestinal stem cells that are refractory to
chemotherapeutic treatments (Barriga et al. 2017).

In Caenorhabditis elegans, MEX-3 regulates blastomere identity during early embryogenesis
and germline totipotency in the adult worm. Mutations of the mex-3 locus are embryonic lethal
in the worm (Draper et al. 1996). In human, MEX3A belongs to a family that includes four
members: MEX3A, MEX3B, MEX3C and MEX3D. MEX3 proteins have two K homology (KH)
domains and one RING finger domain with E3 ubiquitin ligase activity at the C-terminal. MEX3A
function is still rather unknown. All MEX3 proteins are nucleocytoplasmic shuttling proteins
containing anuclear export signal (NES) consensus sequence in their N-terminal region. MEX3A
and MEX3B are component of P bodies, structures involved in mRNA degradation and
translational repression (Buchet-Poyau et al. 2007)(Pereira et al. 2013). MEX3A regulates the
intestinal differentiation, polarity and stemness features, partially through binding to the 3'
untranslated region (UTR) of CDX2 and repressing its expression (Pereira et al. 2013). Regarding
cancer, MEX3A knock-down was shown to suppress cell proliferation and migration in human
gastric cancer cells (Jiang et al. 2012), but the mechanism involved is completely unknown.

Our studies now correlate MEX3A expression with a more malignant PDAC phenotype and
show that its knock-down sensitizes PDAC cells to chemotherapy. RNA-seq analysis idenfied
functional clusters of MEX3A-regulated genes that are involved in transcription and cell cycle
progression. MEX3A positively regulated expression of cyclin D1 and CDK6, proteins required
for the G1-S transition, and MEX3A knock-down significantly reduced PDAC cell proliferation
through a block in this transition of the cell cycle. Our work suggests that MEX3A may

representa valuable new therapeutic target for PDAC treatment.

IV.4.3 Material and methods

Cell culture, tranfectionsand treatments
MiaPaCa-2, ASPC1, C5M2 cells were cultured in DMEM medium (Sigma D5796) supplemented

with 10% fetal bovine serum (Gibco), Non Essential Amino Acids 100X (Thermo Fischer
11140035) and gentamicin 200X (Thermo Fischer 15710-049). HPAF-II was cultured in RPMI
1640 medium (Euroclone ECM2001L) supplemented with 10% fetal bovine serum, Non
Essential Amino Acids 100X and gentamicin 200X. Cells were grown in a 37°C humidified

atmosphere of 5% CO2.
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To generated clones drug resistant MiaPaCa-DR, we espoused MiaPaCa-2 cells to chronic
treatment with Gemcitabine (1uM) for 7 days, at the end the clones were amplified and treated
recurring with the drug to maintain the selection.

MiaPaCa-2 cells were transfected with FLAG or MEX3A-FLAG plasmids using Lipofectamine
2000 (Invitrogen). For RNAI, cells were transfected with 100nM siRNAs using Lipofectamine
RNAi Max (Invitrogen) and Opti-MEM medium (Invitrogen) following the instructions provided.
siRNA for MEX3A are sense 5'-GUGUUUCCCUUCACUCUCUdTAT-3' and antisense, 5'-
AGAGAGUGAAGGG AAACACTAT-3 (Sigma), whose sequences are taken from paper of Jiang H.
(Jiang et al. 2012), smartpool of MEX3A were bought from Dharmacon (On target plus smartpoll
SiRNA).

The cells were synchronized through 0,5mM mimosine drug (Sigma) for 18 hours, then le cells
were washed 3 times with PBS and were recuperated after 6 hours for the S phase of cell cycle.
Gemcitabine (Eli Lilly & Company, Indianapolis, IN, USA) was dissolved in water and stored at -

20 °C for one month.

Bioinformatics analysis
Bioinformatics screening to search RBP associated with PDAC prognosis are performed by “The

Cancer Genome Atlas (TCGA)” database.R2 genomics platform (http://r2.amc.nl) was used to

evaluate the associationof splicing factors with pancreatic adenocarcinoma cancer stage.

RT-PCR and qPCR analysis
RNA was extracted from cells usingTrizol reagent (Invitrogen Thermo Fisher) according to the

manufacturer’s instructions. After digestion with RNase free DNase (Thermo Fisher), RNA was
resuspended in RNase free water (Sigma-Aldrich); 1ug of total RNA was retrotranscribed using
M-MLV reverse transcriptase (Promega). 20ng of cDNAwas used as template for RT-PCR
analysis (GoTaq, Promega) or gPCRanalysis (SYBR Green method, Roche). Primers used are

listed in Supplementary Table S1.

Protein extraction and western blot
The pellet of cells were resuspended in lysis buffer (150 mMNaCl, 15 mM MgCl2, 15 mM EDTA,

50mM Hepes, 10% Glycero, 20mM B-glicerophosphate, 1% Triton X-100). The tissue extract
were extracted by RIPA buffer (TrisHCI 50mM, NP40 1%, NaCl 150mM, NaDeoxycholate 0,5%,
EDTA 2mM, SDS 0,1%). Both buffers were completed with 1mMdithiothreitol, 2 mM Na-

ortovanadate and Protease-Inhibitor Cocktail (Sigma). After 10 min of incubation in ice, extracts
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were sonicated at maximum intensity for 5", then they were centrifuged for 10 min at 13 000
rpm at 4 °C, supernatants were resuspended in SDS-page sample buffer and boiled for 10 min.

The following primary antibodies (over night at 4 °C) were used: rabbit-MEX3A (1:1000, Sigma),
rabbit anti-Actin  (1:1000, Sigma-Aldrich), mouse anti-GAPDH(1:1000, Santa Cruz
Biotechnology), rabbit anti-E-cadherin (1:2000, Cell Signaling), mouse anti-Vimentin (1:1000,
Santa Cruz Biotechnology), rabbit anti PARP-1 (1:1000, Cell Signalling Technology). Secondary
anti-mouse or anti-rabbit IgGs conjugated tohorseradish peroxidase (Amersham, UK) were
incubated for 1h at RT (1:10000). Immunostained bands were detected by chemiluminescence

method (Bio-rad).

Cell viability assays
MTS assay: cells were plated at 50% confluence in 96 wells, after 72 h of treatment, the cell

viability was evaluated by MTS assay (Promega) following the manufacturer's instructions and
by assessing the optical density (OD) at 490 nm.

Clonogenic assay: single-cell suspensions were plated in multiwell-6 (2000cells/well). The next

day the cells are treated and after10 days, cells were fixed in methanol 100% for 10 min at
room temperature, stained overnight with crystal violet 0.05% (Sigma-Aldrich), washed with

H,0 and dried. Pictures were taken using a digital camera to count and measure the colonies.

Cell cycle
Cells were pulse-labeled with 10 uM thymidine analog bromodeoxyuridine(BrdU) for 30

minutes, thus BrdUis incorporated into newly synthesized DNA in cells entering and progressing
through the S phase of the cell cycle. After the cells are fixed with a 30% PBS/70% ethanol
solution over night at -20°C. Cell cycle were evaluated by flowcytometry using double staining
with propidium iodide (PI) (20 mg/mL) and anti-BrdUantibody (0.125ug x sample) in the
presence of ribonuclease A (1ug/ml). A total of 10.000 events were counted with FACSCalibur

flow cytometer (BectonDickinson) and analyzed using FlowJo program (BectonDickinson).

UV-crosslinked RNA immunoprecipitation (CLIP) assay

CLIP assays were performed following the protocol of Bielli P. (Bielli and Sette 2017) and RNA

associated with FLAG-MEX3A was represented as percentage of input.
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RNA seq
For RNA-seq analysis, total RNA was extracted using Qiagen RNeasy micro/mini plus Kit from

MiaPaCa-2 cells transfected with Ctrl (n=4), MEX3A (n=4), MEX3A (n=4) siRNA for 48 hours,.
The libraries were constructed by QuantSeq 3'mRNA. The sequencing results obtained, for
differential gene expression, were filtered by discarding the genes whose expression levels
didn't exceed 25 reads.

Analysis for enriched GO functional clusters was performed using g:Profilertool.
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1V.4.4 Results

1. Identification of RNA processing regulators associated with PDAC prognosis.
To search for RNA processing regulatory factors that potentially impact on PDAC biology, we
performed an unbiased bioinformatic screening by querying “The Cancer Genome Atlas
(TCGA)” database. We selected 202 genes among those encoding RNA binding proteins (RBPs)
and other proteins (i.e. kinases) that are involved in nuclear RNA processing (i.e. splicing and/or
cleavage and polyadenylation). We found 12 genes that displayed a significant correlation with
progression free survival (PFS) in surgically resected PDAC patients. In some cases, high
expression of the RBP correlated with worse PFS (i.e. MEX3A and SRRM1), whereas high
expression of other RBPs correlated with better prognosis (i.e. CELF3; onco-suppressor-like
factors)(Fig.1A,B). Most of these genes also correlated with overall survival (OS) of patients in
the same dataset (Supplementary Fig.1). Moreover, bioinfomatic analysis of another PDAC

dataset (R2; https://r2.amc.nl) indicated that “oncogenic-like factors”(i.e. MEX3A and SRRM1)

show significant positive correlation with higher disease stage in PDAC patients, whereas
decreased expression of “oncosuppressor-like” factors (CELF3 and ELAVL3) correlated with
higher disease stage (Fig. 1C). These observations suggest that PDAC progression and outcome

correlates with, and may be affected by, a different repertoire of RNA processing factors.

2. MEX3A expression correlates with more malignant PDAC phenotype and its knock down
sensitizes at chemotherapy treatment.
We focused our study on MEX3A because this gene was recently shown to mark an intestinal
stem cell population that is particularly refractory to chemotherapeutic treatments (Barriga et
al. 2017). Poor prognosis in PDAC mainly relies on rapid acquisition of chemoresistance
(Neoptolemos et al. 2018). Thus, to test the predictive value of our bioinformatic analysis, we
evaluated if expression of MEX3A correlates with drug resistance in PDAC cell lines. We used
two PDAC cell lines (HPAF and ASPC1) that express epithelial markers and display a less
aggressive phenotype, and two mesenchymal-likeand more malignant cell lines (C5M2 and
MiaPaCa-2). We found that MEX3A is expressed at higher RNA and protein levels in vimentin-
positive C5M2 and MiaPaCa-2 cells with respect to HPAF-Il and ASPC1 cells (Fig.2A,B).
Moreover, MTS assay with two doses of Gemcitabine, the most used first-line
chemotherapeutic drug for PDAC (Neoptolemos et al. 2018), showed that cells expressing

higher levels of MEX3A are more resistant to treatments than low-MEX3A expressing cells
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(Fig.2C). More importantly, depletion of MEX3A using two different siRNAs (Fig.2D-E) reverted
chemoresistance in both MiaPaCa2 (Fig. 2F) and C5M2 (Supplementary Fig. 2A) cells and
enhanced cell death, as indicated by the concomitant increase in cleaved PARP1 expression
(Fig. 2G, Supplementary Fig. 2B).

Next, we generated MiaPaCa-2 drug-resistant clones (MiaPaCa-2-DR) by chronic exposure of
cells to treatment with Gemcitabine (1uM) for 7 days. At the end of the selection, surviving
clones were isolated and amplified under recurring monthly treatments with the drug to
maintain the selection. To confirmthe drug-resistant phenotype of MiaPaCa-2-DR cells, we
analyzed cell survival by clonogenic assays. While treatment with Gemcitabine reduced the
number of colonies in a dose dependent-manner in parental MiaPaCa-2 cells, DR cells were
insensitive to treatments (Fig. 2H). Notably, we found that MEX3 expression was increased in
MiaPaCa-2-DR cells with respect to parental cells (Fig. 2I). These results support a functional

role for MEX3A in the acquisition and maintenance of adrug-resistant phenotype in PDAC cells.

3. MEX3A regulates genes involved in cell cycle progression and RNA processing.
To investigate the role of MEX3A in PDAC cells, we performed RNA-seq analysis of MiaPaCa-2
cells silenced or not for this RBP. Bioinformatics analysis revealed 164 MEX3A-regulated genes
in cells transfected with two independent siRNAs, of which 45 were up-regulated and 119
down-regulated (Fig.3A). Functional clustering of MEX3A-regulated genes identified
“transcription”, “signal transduction”, “RNA metabolism”, “apoptotis” and “cell cycle” as
principal pathways (Fig.3B). Direct analysis of four down-regulated genes (CCND1, TCF7, TEAD2
and CDK6) by quantitative real time PCR (gqPCR) validated the results of the RNA-seq and
bioinformatic analyses (Fig.5C). To test whether MEX3A directly interacts with the mRNAs of
these regulated genes, we performed UV-crosslink and RNA immunoprecipitation (CLIP) assay
in MiaPaCa-2cells over-expressing FLAG-MEX3A or transfected with empty vector. Notably, we
detected a strong enrichment of CLIP signals for Cyclin D1 and CDK6 mRNAs in the MEX3A
immunoprecipitates with respect to control immunoprecipitates (Fig. 3D). These results suggest

that MEX3A regulates gene expression by directly binding to target mRNAs.

4. MEX3A affects cell cycle progression in PDAC cells.
Since "cell cycle" emerged among the principal pathways potentially regulated by MEX3A in

PDAC cells, we investigated the impact of MEX3A expression on cell cycle progression. Silencing
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of MEX3A in MiaPaCa-2 cells caused a significant reduction in proliferation, as measured by
colony formation assay, cell counting and MTS assay (Fig. 4A-C). FACS analyses showed that
MEX3A depletion causes a significant enrichment in G1 and reduction of S phase already after
24 hours, a phenotype that was more dramatic after 48 hours from silencing (Fig. 4D). This
result suggests that MEX3A expression is important for completion of the G1 phase of the cycle
and transition into the S phase. In line with this hypothesis, we also found that MEX3A
expression is regulated during the cell cycle and is higher in G1 than in S phase in MiaPaCa-2

cells released from a block induced by treatment with Mimosine for 16 hours (Fig. 4E-G).

5. MEX3A is up-regulated at pre-syntimatic stage in MKC mice.
To analyse the expression of MEX3A in an in vivo model of PDAC, we employed the mouse LSL-

Kra sGlZD/+

Pdx-1-Cre PDAC mouse model, characterized by pancreas-specific expression of an
oncogenic Kras mutant allele. In particular we used a mouse model crossed with the MITO-Luc
mouse, which expresses luciferase under the control of a mitotic promoter (NFYA). In the
resulting MKC mouse model, itis possible to measure physiologicalas well as aberrant
proliferation in any body tissue by non-invasive bioluminescence imaging (BLI) (de Latouliere et
al. 2016). We collected pancreas from MKC mice at differente stage of PDAC progression.
Importantly, we found that MEX3A is upregulated already at a pre-symptomatic stage, before
the tumor mass is detected, with respect to control healthymice (Fig. 5). On the other hand,
other splicing factors (SRSF1 and PTBP1) involved in PDAC chemoresistant phenotype were up-

regulated at later symptomatic stages. This observation suggests that MEX3A is involved in the

early events of PDAC tumorigenesis.

IV.4.5 Discussion

PDAC is one of the most aggressive tumors; due to its extremely poor prognosis and lack of
clear benefits obtained by new therapies in the last decades, PDAC is emerging as a clinical
priority in oncology (Miller et al. 2016). One of the features that contributes to such poor
outcome is acquisition of early resistance to chemotherapeutic treatments in PDAC patients,

thus limiting their effectiveness (Neoptolemos et al. 2018). Therefore, improving the knowledge
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of PDAC biology may help identify new therapeutic targets and develop tools to counteract
chemoresistance.

Altered expression of RBPs is a common phenomen on during development and progression of
cancers. Dysregulated RBPs often promote oncogenic isoforms that interfere with cell cycle, cell
proliferation and invasion (Z.-L. Wang et al. 2018). To identify RBPs altered in PDAC and possibly
contributing to its malignancy, we performed a bioinformatics screen for RBPs correlated with
PDAC prognosis using patients data deposited in “The Cancer Genome Atlas (TCGA)” database.
Out of more than 200 candidates screened, we found only 12 genes that displayed a significant
correlation with progression free survival (PFS) in surgically resected PDAC patients. We
focused our attention on MEX3A because it was previously shown to mark intestinal stem cells
that are refractory to chemotherapeutic treatments (Barriga et al. 2017). This observation
attracted our attention because subpopulation of cancer cells particularly resistant to
chemotherapeutic treatments are thought to guide relapse of disease in many cancers (Z.-L.
Wang et al. 2018). Moreover, other authors recently found that MEX3A is up regulated also in
multiple cancers by screening of 1,542 human RBPs across 15 cancer types present in TCGA
datasets (Z.-L. Wang et al. 2018). Furthermore, MEX3A was significantly up-regulated in gastric
tumor tissues in comparison with adjacent non-tumors tissues (Jiang et al. 2012). These findings
suggest a role of MEX3A in the pathogenesis of human cancers. However, in spite of these
emerging correlations, MEX3A function is still rather unknown. Here, we show that MEX3A is
involved in the regulation of cell cycle progression and cell proliferationin PDAC. MEX3A
depletion caused a significant enrichment in cells in G1 and the consequent reduction of cells in
S phase, thus suggesting that a delay or a block on the G1/S transition underlies the negative
effect observed on cell proliferation.

Interestingly, MEX3A know-down also sensitized PDAC cells totreatment with gemcitabine, one
of the drugsused in first line chemotherapy for this pathology. Moreover, MEX3A was up-
regulated in MiaPaCa-2 cells selected after chronic exposure to gemcitabine. These results
indicate a functional role of MEX3A in acquisition of drug-resistance and it can acquire clinical
relevance, as most PDAC patients rapidly develop resistance to chemotherapy. Notably, we also
observed that in a mouse PDAC model MKC that recapitulate human PDAC histopathological
and clinical features, MEX3A is upregulated already at pre-symptomatic stage. This suggest that
MEX3A represents an early event during PDAC tumorigenesis, whereas other splicing factors

(SRSF1 and PTBP1), which contribute to PDAC chemoresistance (Calabretta et al. 2016)(Adesso
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et al. 2013), were up-regulatedat later stages. Thus, MEX3A could also represent a prognostic
biomarker of PDAC at pre-symptomatic stage, which may be of relevance at least for screenings
directed at categories at risk for PDAC.

MEX3A is able to regulate the stability of CDX2 mRNA by interaction with a putative MEX-3
recognition element (MRE). This motif consists of a bipartite sequence characterized by AGAG
and UUUA motifs separated by two Uracil bases (Pagano et al. 2009), which is located in the
3'UTR of the CDX2 transcript (Pereira et al. 2013). Furthermore, MEX3B, a member of the MEX3
family with high structural homology to MEX3A, is also implicated in RNA stability. In particular,
MEX3B was shown to bind to the 3' UTR of the HLA-A mRNA and destablize this transcript
(Huang et al. 2018). We speculated that MEX3A may also have an effect on target RNA stability
in PDAC cells. Our RNA sequencing experiments in MEX3A-depleted cells identified 165
potential targets for this RBP, which were enriched in functional categories of relevance for
PDAC biology. So far, we have shown that MEX3A binds directly to two of these potential
targets, the CYCLIN D1 and CDK6 mRNAs. Further experiments are underway to confirm the
hypothesis that direct binding of MEX3A to its target mRNAs affects their stability in PDAC cells.
In conclusion, our study identifies MEX3A asa novel RBP involved in PDAC, whose high
expression correlates with poor prognosis and advanced stage of PDAC tumor. MEX3A acts in
cell cycle regulation targeting the mRNAs encoding for proteins involved in the G1/S transition
of the cell cycle (CDK6 and CYCLIND1) and sensitizes PDAC cells to gemcitabine treatment.
Moreover, MEX3A is upregulated at pre-symptomatic stage in PDAC mouse models, suggesting

that MEX3A represents an early event during PDAC tumorigenesis.
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1V.4.6 Figures

Putative oncogenic genes Putative oncosuppressor genes
Gene HRcox p logrank Gene HRcox plogrank
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IV.4.7 Figure legends

Figure 1. RNA processing regulators associated with PDAC prognosis. A) RBPs and kinases
whose expression is significantly correlated with PFS in PDAC patients in TGCA database. Blue
indicates putative onco-suppressor genes, red indicates putative oncogenic genes. B) Kaplan-
Meier curve of PFS for MEX3A and SRRM1 (oncogenic-like factors) and CELF3 and ELAVL3

(onco-suppressor-like factors) in PDAC patients.

Figure 2. MEX3A expression correlates with more malignant PDAC phenotype and its knock
down sensitizes at chemotherapy treatment. A) Western blot of indicated proteins in PDAC
cells. B) Level of expression of MEX3A vs L34 in PDAC cells. C) % of survival evaluated by MTS
assay after 72h of treatment with increasing doses of gemcitabine (0,6uM and 1uM) in PDAC
cells. Statistical analysis are reported in light blu when is refered at HPAF cell line, while in blu
when is refered at ASPC1 cell line. gRT-PCR D) and western blot E) to check the silencing of
MEX3a with siMEX3A or siRNA smartpool (SP) Dharmacon. F) % of survival evaluated by MTS
assay after 72h of treatment with different doses of gemcitabine in MiaPaCa-2 cells transfected
with CTRL, MEX3A or MEX3A SP siRNAs. G) Western blot of PARP1 and GAPDH in samples
treated with gemcitabine after knockdown of MEX3A. H) Clonogenic assay to evaluate survival
of thedrug resistant MiaPaCa-2 (MP-DR) clone. I) Western blot of MEX3A expression in MP-DR.
Statistical analyses were performed by two way Anova (C-F) and one way Anova (B-D) (*P <

0.05,** P<0.01, ***P < 0.001).

Figure 3. MEX3A controls genes involved in cell cycle, transcription and RNA metabolism. A)
Schematic representation of genes up/down regulated after depletion of MEX3A revealed by
RNA-seq analysis common in both silencing. B) Gene ontology (Reactome) of all regulated
genes using the g-profiler web server. C) qRT-PCR validation of genes down-regulated involved
in cell proliferation. D) Bar graphs showing results of gPCR analyses of CDK6 and CYCLIN D1
genes co-precipitated by FLAG antibody in CLIP experiments, the samples are normalized
respect to input. Statistical analyses were performed by one way Anova (C) (*P < 0.05,**

P<0.01, ***P < 0.001).
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Figure 4.MEX3A affects cell cycle progression in PDAC cells. A) Clonogenic assay performed in
MiaPaCa-2 cells transfected with CTRL or MEX3A siRNAs. B) % of cell proliferation, relative to
controll, of live cells MiaPaCa-2 cells transfected with CTRL or MEX3A siRNAs after 72h. C) MTS
assay after 72h from silencing of MEX3A in MiaPaCa-2 cells. D) FACS analysis showing DNA
content (propidium iodide, Pl) and bromodeoxyuridine (BrdU) incorporation of MiaPaCa-2 cells
transfected with CTRL or MEX3A targeting siRNAs at 24h or 48h. The percentage of cells in G1, S
and G2 phase are indicated. E) FACS analysis showing DNA content (Pl) of MiaPaCa-2 cells after
release from mimosine synchronization. Times were chosen for enrichment of cells in the G1
and S phases of the cycle. gPCR F) and Westernblot G) analyses of MEX3A expression in G1 and
S phase cells. Statistical analyses were performed by the paired Student’s t-test (A-F), One way

Anova (B) or Two wayAnova (D) (*P < 0.05,** P<0.01, ***P <0.001).

Figure 5.Expression analysis of RNA Binding Proteins in pancreatic tissue of MKC mice. A)
Western blot analysis of MEX3A, SRSF1 and PTBP1 expression in pancreas tissue of control (NT)

and MKC mice at pre-symptomatic (pre-T) and symptomatic (T) stage.

Figure supplementary 1. RNA processing regulators associated with PDAC prognosis. A) RBPs
and kinases whose expression is significantly correlated with overall survival (OV) in PDAC
patients in TGCA database. Blue indicates putative onco-suppressor genes, red indicates

putative oncogenic genes.

Figure supplementary 2. A)% of survival evaluated by MTS assay after 72h of treatment with
different doses of gemcitabine in C5M2 cells transfected with CTRL, MEX3A or MEX3A SP
siRNAs. B) Western blot of PARP1 and GAPDH in samples treated with gemcitabine after
knockdown of MEX3A in C5M2 cells.Statistical analyses were performed by Two way Anova (A)
(***P <0.001).
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IV.4.8 Supplementary data

Primers
CDK6 fw TGACCAGCAGCGGACAAATA
CDK®6 rv CAAGACTTCGGGTGCTCTGT
CYCLIN D1 fw CCTACTTCAAATGTGTGGAGAAG
CYCLIN D1 rv GGGGATGGTCTCCTTCATCTTA
L34 fw GTCCCGAACCCCTGGTAATAGA
L34 rv GGCCCTGCTGACATGTTTCTT
MEX3A fw TCTACAAAGAGGCCGAGCTG
MEX3A rv CCCTCACCGGTGTCTTGATG
TEAD2 FW ACCGCCAGATGCAGTTGATT
TEAD2 RV GTCGTAGATCTGCCGGACG
TCF7 fw CCCCCAACTCTCTCTCTACGA
TCF7 rv AGGTCAGGGAGTAGAAGCCA
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Chapter V. Role of cyclin-dipendent kinase (CDK) in RNA processing
dysregulation

V.1 Role of cyclin-dipendent kinase (CDK) in RNA metabolism

Cyclin-dependent kinases (CDKs) are a family of serine-threonine kinases, whose activity
depends on the expression of the cyclins, identified in the 1970s-1980s as proteini nvolved in
cell cycle regulation. Beyond their function in cell cycle control, CKls play also indispensable
roles in a variety of biological processes, including transcriptional regulation, epigenetics, DNA
damage response and repair (DDR), stemness, metabolism and angiogenesis (Hydbring,
Malumbres, and Sicinski 2016)(Liang et al. 2015).

Cell cycle progression is driven by heterodimeric complexes formed by cyclin with cyclin-
dependent kinase (CDK 4, 6, 2, 1). Cell cycle entry is driven by the formation of cyclin D-CDK4/6
complexes that phosphorylate and inactivate the retinoblastoma protein, pRB, thus E2F is
activated and promotes the expression of multiple cell cycle genes. The activation of CDK2, by
cyclin E, leads to the phosphorylation of multiple transcription factors, like NF-Y and MYC,
contributing to regulation of cell cycle. Conversely the Cyclin D1 — CDK4 complex inhibits the
anti-proliferative genes following inactivation of transcription factors such as SMAD3 (Otto and
Sicinski 2017).

At transcriptional level the CDKs act phosphorylating the serine of carboxyl-terminal domain
(CTD) of the RNA polymerase Il (RNAPII), consisting of 52 heptad repeats of the YSPTSPS. The
transcription process is divided into accurate phases of initiation, pausing, elongation,
termination and the CDKs occur their action in each specific phase. CDK8 is required to activate
the transcription machinery at the promoter level and it modulates CDK7 activity by
phosphorylation cyclin H, its partner. CDK7 phosphorylates Ser5 and Ser7 duringin itiation and
phosphorylates CDK9, that together whit CDK12/CDK13 phosphorylate Ser2 promoting
elongation of RNAPII (Fig.17) (Sdnchez-Martinez et al. 2019).
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CDK12 and CDK13 regulate both constitutive and alternative RNA splicing by virtue of their RS
motifs. By this activity, CDK12 and 13 contribute to the maintaining of self-renewal in mouse
embryonic stem cells (Dai et al. 2012) and to the regulation of axonal elongation (Chen et al.
2014). Despite their similarity, CDK12 and CDK13 do not have identical functions and recent
studies indicate that CDK13 regulates distinct subsets of genes and biological processes from
CDK12, including snRNA and snoRNA gene expression, and extracellular/growth signalling
pathways (Liang et al. 2015). CDK12 controls alternative polyadenylation (APA), specifically
regulating the expression of genes involved in response to DNA damage, stress, and heat shock
(Dubbury, Boutz, and Sharp 2018)(Li et al. 2017). Since the CDKs are often deregulated in
cancer, in the last decades many CDK inhibitor were developed and there are several ongoing
clinical trials. The first CDK inhibitors developed clinically lacked potency and selectivity, and
had limited therapeutic effect; an example is Flavopiridol, that has been investigated as a single
agent and in combinations, but with low levels of activity and high toxicity seen. Dinaciclib, a
multi-CDK-inhibitor (CDK 1, 2, 5, 9), first described in 2010, shows abetter tolerance over longer
times pans, especially in refractory patients (Parry et al. 2010). The action of dinaciclib in
combination with MK-2206, an inhibitor pf AKT, limits pancreatic tumor growth and metastases
in patient-derived xenograft models (Hu et al. 2015). Abemaciclib and palbociclib are CDK4/6
inhibitors FDA-approved for certain advanced breast cancers (Lee, Shepherd, and Johnston
2019)(J. Lu 2015). Studies investigate the effects of combinatory treatments with palbociclib on
pancreatic cancer are on going: Cisplatin, Carboplatin (NCT02897375, ClinicalTrials.gov),ERK1/2
Inhibitor (NCT03454035, ClinicalTrials.gov) and PI13K/mTOR (NCT03065062, ClinicalTrials.gov).
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V.2 RNA processing dysregulation as tool to sensitize PDAC cells to therapeutic
treatments.

V.2.1 Background

The most frequent mutation in PDAC affects the KRAS oncogene, with >90% incidence (Waters
and Der 2018) and the most aggressive subtypes of PDAC are characterized by expression of
genes involved in inflammation, hypoxia, metabolic reprogramming, TGF-B and MYC pathways.
Interestingly, KRAS stabilizes MYC protein and dictates dependency on this pathway in PDAC
cells (Vaseva et al. 2018). MYC up-regulation frequently occurs in cancer cells, leading to global
transcription activation. This condition generates a transcriptional overload, causing a stress on
the splicing machinery (Dang 2012)(Bradner, Hnisz, and Young 2017) and rendering MYC-
overexpressing cells particularly sensitive to splicing inhibition(Hsu et al. 2015).

Regarding PDAC, it was previously shown that both acute and chronic treatment with
chemotherapeutic agents causes up-regulation of splicing factors, such as SRSF1 and PTBP1,
which in turn enhance the ability of PDAC cells to withstand genotoxic treatments through
splicing modulation (Adesso et al. 2013)(Calabretta et al. 2016). Furthermore, a recent study
has highlighted global splicing dysregulation in PDAC (J. Wang et al. 2017), even though the
splicing factors and/or the mechanisms responsible for such alteration were not characterized.
Splicing dysregulation in cancer is often due to aberrant expression of splicing regulatory
proteins (Paronetto, Passacantilli, and Sette 2016)(Diederichs et al. 2016). For instance, MYC
drives the expression of multiple core spliceosome proteins and of accessory splicing factors in
cancer cells, including the oncogenic SRSF1 (Das et al. 2012), PTBP1 (David et al. 2010) and
Sam68 (Caggiano et al. 2019). These observations suggest that elucidation of the RNA
processing mechanisms and of the splicing signatures altered in PDAC cells may reveal new

biomarkers for this disease.

V.2.2 Results

MYC-overexpressing tumors are particularly sensitive to inhibition of transcription and/or
splicing (Bradner, Hnisz, and Young 2017). Recent data have shown that PDAC cells with high
MYC levels are strongly sensitive to THZ1, a cyclin dependent kinase inhibitor (CDKi) for CDK7,
CDK12 and CDK13, which all regulate the elongation rate of the RNA polymerase (RNAPII)(Lu et
al. 2019). THZ1 also represses MYC expressionand was proposed as valuable drug for the MYC
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overexpressing triple-negative breast cancer (TNBC)(Li et al. 2017). We found that MiaPaCa-2
cells are much more sensitive to THZ1 than the TNBC cell line MDA-MB-231 (Fig.18 A).
Moreover, MiaPaCa-2 cells were also highly sensitive to other CDKi with wider (dinaciclib: pan-
CDKi) or narrower (THZ531: inh. of CDK12 and CDK13) spectrum of action (Fig.18B). All CDKi
exerted much stronger effects on cell viability than JQ1 (Fig.18C), a BRD4 inhibitor that impacts

on transcription and MYC function that is in clinical trials for PDAC.
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Figure 18. MiaPaCa2 cells are sensitive to CDKi THZ1 and THZ531. A) MTS assay of MiaPaCa-2 and MDA-MB 231
cells treated for 72h with THZ1. B) MTS assay of MiaPaCa-2 cells treated for 72h with indicated doses of THZ1,
THZ531 and DINACICLIB. €) MTS assay of MiaPaCa-2 cells treated with THZ1 (100nM), THZ531 (100nM),
DINACICLIB (100nM) and JQ1 (800nM) for 72h.( ***P < 0.001, according to one-way Anova).

Since THZ531 displayed comparable activity with the other CDKi, our analysis suggests that
inhibition of CDK12 and CDK13 alone might represent a valuable therapeutic approach to limit
PDAC cell proliferation/survival. Notably CDK13 expression correlated with poor PFS in PDAC
patients from our bioinformatics screening of “The Cancer Genome Atlas (TCGA)” database (Fig.

19) (Panzeri V. at al. paper in preparation, see paragraph IV.4 of thesis).

Putative oncogenic genes
Gene HRcox p logrank
TRA2A 2.1362[1.4441-3.16] 0,011896569
CDK13 1.2443[0.97579-1.5868] 0,031075862
SRRM1 1.2477[0.98253-1.5843] 0,037657102
IGF2BP3 1.5926[1.028-2.4673] 0,038826593
MEX3A 2.1851[1.5012-3.1805] 0,04004883

Figure 19. Kinases expression is significantly correlated with PFS in PDAC patients in TGCA database. Kinases whose
expression is significantly correlated with PFS inPDAC patients in TGCA database.

77



Since MYC promotes expression of several RBPs, we also checked whether CDKi affected
expression of RBPs in PDAC cells (Hsu et al. 2015). Western blot analyses showed that
expression of some oncogenic RBPs was selectively inhibited by either THZ1 (hnRNPA1 and
PTBP1) or THZ531 (MEX3A), whereas others (SRSF1, hnRNPH) were targeted by both drugs (Fig.
20A). Moreover, mass spectrometry analyses demonstrated that CDK12/13 are associate with
numerous RNA processing factor (e.g. SRSF1, Sam68, TRA2A, ect.)(Liang et al. 2015b). This
result suggests that CDKi may exert widespread effects on transcriptome regulation in PDAC
also through regulation of RBP expression or activity. In support of this hypothesis, the reduced
MEX3A levels caused by THZ531 treatment correlated with reduced expression of its target

mRNAs (Cyclin D1; Fig.20 B) (Panzeri V. at al. paper in preparation, see paragraph IV.4 of thesis).
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Figure 20. CDKi modulate RBP expression and its target mRNA. A)Western blot analysis of RBPs after 48h of
treatment with THZ1 (50nM) and THZ531 (100nM). B) qRTPCR analysis of MEX3A and CYCLIN D1 mRNA levels after
treatment withTHZ531. Statistical analyses were performed by One way Anova (C,E) (*P<0.05, **P < 0.01, ***P <
0.001).

CDK12 depletion represses DNA damage response (DDR) genes due to defective RNA
processing and premature cleavage at internal polyadenylation sites (IPA) of their pre-
mMRNAs(Dubbury, Boutz, and Sharp 2018). THZ531, and to a lesser extent THZ1, caused IPA
selection in PDAC cells (Fig.21 A) and this affect is attributed to action of CDK12, because only
the depletion of CDK12, and not of CDK13, increase the IPA level of ATM and FANCD2 (Fig. 21
B). These results indicate a crucial role of the CDK12/13 pathways in PDAC and suggest that of

CDK12/13-dependent RNA processing in PDAC may enhance therapeutic treatments in PDAC.
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Figure 21. DKi modulate DDR genes. A) qRT-PCR analysis to evaluate the increased of IPA events in ATM
and FANCD2 genes after 24h of treatment with THZ1 and THZ531 (50-100nM).

These results indicate a crucial role of CDK pathways involved in RNA processing in PDAC and
combined treatment of chemotherapy and CDKi may represent a valuable therapeutic

approach for PDAC.
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Appendix

Here | report twopaperspublished to which | contributed during my PhD. These studies have
been performed in bladder cancer and prostate cancer, but may also have implications in PDAC.
polypyrimidine-tract binding protein PTBP1 is up-regulated in drug resistant (DR) PDAC cells
and it promotesPKM2 splicing, favouring the acquisition of chemotherapy resistance in
pancreatic cancer(Calabretta et al. 2016). Moreover, by bioinformatic analysis with R2 database
(https://r2.amc.nl) emerges that PTBP1 is upregulated in patients with poor prognosis in PDAC-
TCGA dataset (Fig. 22).
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Figure 22. Kaplam Maier curve of Overall Survival for PTBP1 in PDAC patients, p value= 8x10~.

The oncogene c-MYC is a transcription factor involed in tumor growth, proliferation,
transcription and metabolism of cancer cell, moreover it orchestrates changes in the tumor
microenvironment, including suppression of the host immune response and activation of
angiogenesis. It is altered in many type of cancer including in PDAC, understanding mechanisms
of action of c-MYC can help to detect potential to therapeutic target also in PDAC (Hessmann et

al. 2016).

80



1. Paper "The Splicing Factor PTBP1 Promotes Expression of Oncogenic Splice Variants
and Predicts Poor Prognosis in Patients with Non-muscle-Invasive Bladder Cancer"

Bielli P, Panzeri V, Lattanzio R, Mutascio S, Pieraccioli M, Volpe E, Pagliarulo V, Piantelli M,

Giannantoni A, Di Stasi SM, Sette C.

Clin Cancer Res. 2018 Nov 1;24(21):5422-5432.

81



Published OnlineFirst July 16, 2018; DOI: 10.1158/1078-0432.CCR-17-3850

Translational Cancer Mechanisms and Therapy

The Splicing Factor PTBP1 Promotes Expression of
Oncogenic Splice Variants and Predicts Poor
Prognosis in Patients with Non-muscle-Invasive

Bladder Cancer

Clinical
Cancer
Research

Check for
updates

Pamela Bielli"?, Valentina Panzeri®>4, Rossano Lattanzio®®, Simona Mutascio'?,
Marco Pieraccioli, 2, Elisabetta Volpe?, Vincenzo Pagliarulo’, Mauro Piantelli®,
Antonella Giannantoni®, Savino M. Di Stasi®, and Claudio Sette®#

Abstract

Purpose: Non-muscle-invasive bladder cancer (NMIBC)
is a malignant disease characterized by high hetero-
geneity, which corresponds to dysregulated gene expres-
sion and alternative splicing (AS) profiles. Bioinformatics
analyses of splicing factors potentially linked to blad-
der cancer progression identified the heterogeneous
nuclear ribonucleoprotein I (i.e., PTBP1) as candidate.
This study aimed at investigating whether PTBP1 expres-
sion associates with clinical outcome in patients with
NMIBC.

Experimental Design: A cohort of 152 patients present-
ing with primary NMIBC (pTa-pT1) was enrolled. Primary
NMIBCs were assessed for PTBP1 expression by IHC, and
the results were correlated with clinical data using
Kaplan-Meier curves and Cox regression analyses. Cell
proliferation and survival assays were performed to assess
the function of PTBP1. Furthermore, the impact of PTBP1
on the AS pattern of specific bladder cancer-related

Introduction

Bladder cancer is the sixth most common cancer in men, with
an estimated 429,800 cases diagnosed in 2012 and 165,100
deaths for the disease worldwide (1). It is typically subdivided
in three main categories on the basis of management goals
and prognosis: non—muscle-invasive bladder cancer (NMIBC),
muscle-invasive bladder cancer, and metastatic bladder cancer.
NMIBC represents the most frequent form and includes carcino-
ma in situ (stage Tis), papillary lesions confined to the urothelium
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genes was investigated in cancer cell lines and in patients'
specimens.

Results: Public datasets querying highlighted a positive
correlation between PTBP1 expression and NMIBC progres-
sion, which was then confirmed by IHC analysis. High PTBP1
expression was associated with worse clinical outcome in
terms of incidence of tumor relapse and survival in patients
with NMIBC. Interestingly, downregulation of PTBP1 in blad-
der cancer cell lines affected prosurvival features. Accordingly,
PTBP1 modulated AS of bladder cancer-related genes in cell
lines and patient's specimens.

Conclusions: PTBP1 expression correlates with disease
progression, poor prognosis, and worse survival in patients
with NMIBC. Downregulation of PTBP1 expression affects
prosurvival features of bladder cancer cells and modulates AS
of genes with relevance for bladder cancer, suggesting its role
as an outcome-predictor in this disease. Clin Cancer Res; 24(21);
5422-32. ©2018 AACR.

(stage Ta), or invading the lamina propria (stage T1; ref. 2).
Complete transurethral resection of bladder tumors (TURBT) is
theroutine initial diagnostic and therapeutic step in management.
However, over 50% NMIBCs will recur and up to 25% will
progress to muscle-invasive disease (3). Because of the probability
of recurrence and progression, NMIBC requires repeated surveil-
lance and intervention and is among the most expensive cancers
to treat from diagnosis to death (4).

Criteria assessing patient and tumor characteristics provide
valuable information about disease recurrence, progression, and

Note: Supplementary data for this article are available at Clinical Cancer
Research Online (http://clincancerres.aacrjournals.org/).
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Translational Relevance

PTBP1 expression positively correlates with NMIBC pro-
gression and with worse clinical outcome of patients. Mech-
anistically, PTBP1 regulates prosurvival features and modu-
lates alternative splicing of bladder cancer-related genes in
NMIBC cell lines and patient specimens. Thus, PTBP1 expres-
sion and its splicing signature can represent novel outcome-
predictor markers for NMIBC.

proposed treatments. The European Organisation for Research
and Treatment of Cancer (EORTC) electronic risk calculator
(http://www.eortc.be/tools/bladdercalculator) is commonly
used to assess recurrence and progression potential of newly
diagnosed cancers. The parameters used are tumor size and
number, pathologic stage and grade, presence of carcinoma
in situ (CIS), and prior recurrence rate (5). Ease of use and
absence of expensive molecular tests represent the main advan-
tages of this and other scoring models (6, 7). However, repro-
ducibility of pathologic stage and grade is modest and remains
a critical clinical concern.

Strong efforts are currently aimed at identifying molecular
markers with robust diagnostic and prognostic value for NMIBC
(8). Although several molecular markers are currently approved
by the FDA and its European counterpart (9), their value in
predicting NMIBC recurrence and progression is limited and none
of them is recommended by clinical guidelines (10). Thus, iden-
tification of valuable markers or therapeutic targets that reduce the
likelihood of recurrence and/or progression is a clinical priority
for NMIBC management.

Dysregulation of splicing is emerging as a key feature of
human cancers with therapeutic perspective (11). Splicing leads
to excision of introns and ligation of exons from the precursor
mRNA (pre-mRNA) and is orchestrated by the spliceosome, a
macromolecular machinery composed of five small nuclear
ribonucleoprotein particles and hundreds of auxiliary proteins
(12). When the exon-intron boundaries (splice sites) display
high levels of conservation, exons are almost always included in
the mRNA (constitutive exons), whereas exons lacking strong
consensus sequences are subjected to regulation (alternative
exons). In this case, exon recognition is tuned by trans-acting
splicing factors (SF) that bind to cis-regulatory sequences. The
interplay between antagonistic SFs determines whether a target
exon is included or skipped through a process named alterna-
tive splicing (AS; ref. 12). Because most splice isoforms engage
specific interactions and behave as distinct proteins (13), AS
increases the coding potential of genomes and represents an
evolutionary advantage (14). However, its flexible regulation is
prone to errors and defective splicing contributes to neoplastic
transformation (11, 13). In this regard, splicing inhibition is
envisioned as an effective anticancer therapy, as many tumors
are very sensitive to this approach (11).

The main classes of SFs are the serine-arginine (SR) proteins
and the heterogeneous nuclear ribonucleoproteins (hnRNP),
which often act antagonistically in AS regulation (12). Mem-
bers of both classes, like SRSF1 (15, 16) and hnRNPA1, A2 and I
(also known as PTBP1; refs. 17, 18), were shown to play
oncogenic functions. Notably, although AS dysregulation has
been reported also in bladder cancer (19), limited information
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is available regarding the SFs responsible for this process and
their possible association with prognosis. Herein, we have
performed bioinformatics search for SR and hnRNP proteins
associated with bladder cancer progression. Our study identi-
fied hnRNPI/PTBP1 as a factor linked to disease progression
and suggest PTBP1 as a new prognostic factor and possible
therapeutic target for NMIBC progression.

Materials and Methods

Bioinformatics analysis

R2 genomics platform (http://r2.amc.nl) and Oncomine data-
base (www.oncomine.org) were used to evaluate the association
of splicing factors with bladder cancer grade using Hoglund,
Dyrskjot, and Sanchez-Carbayo datasets (20-22).

Study population and ethics statement

Patients with histologically proven primary pTa and pT1 blad-
der urothelial carcinoma were enrolled in the study. Inclusion
criteria were as follows: age >18 years, adequate bone marrow
reserve, normal renal and liver function and Eastern Cooperative
Oncology Group performance status between 0 and 2 (23).
Exclusion criteria were as follows: previous bladder cancer; non-
urothelial carcinomas; previous or concomitant urinary tract
carcinoma in situ and urothelial carcinoma of the upper urinary
tract and urethra; bladder capacity less than 200 mL; untreated
urinary tract infection; severe systemic infection; urethral stric-
tures preventing endoscopic catheterization; previous radiother-
apy to the pelvis; other concurrent chemotherapy, radiotherapy,
treatment with biological response modifiers; other malignant
diseases within 5 years of trial registration (except for adequately
treated basal cell or squamous cell skin cancer, and in situ cervical
cancer); pregnancy; other factors precluding study participation.

All patients underwent TURBT of endoscopically detected
tumors, ensuring that muscle was included in resected samples,
as specified by European Association of Urology guidelines (2).
Before TURBT, a cold-cup biopsy of apparently nontumor-bearing
and tumor were taken and stored at —80°C until analysis. Tumors
were staged in accordance with the TNM classification (24) and
biopsies were graded according to WHO classifications (25). Risk
categories for recurrence and progression were assessed in accor-
dance with EORTC risk tables for NMIBC (5). Within 6 hours of
TURBT, patients received a single intravesical instillation of 40 mg
mitomycin. Four to 6 weeks after TURBT, patients without muscle
inresected samples, positive or suspect cytology, carcinoma in situ,
stage T1, or grade 3 tumors underwent restaging transurethral
resection, random cold-cup bladder and prostatic urethra biop-
sies, and upper urinary tract imaging. No adjuvant intravesical
therapy was given to patients with low-risk NMIBC. Patients with
intermediate-risk and high-risk NMIBC were scheduled to receive
adjuvant long-term intravesical chemotherapy with mitomycin,
or immunotherapy with bacillus Calmette-Guerin, starting
approximately 3 weeks after TURBT procedures. Patients were
followed up with abdominal ultrasonography, urinary cytology,
and cystoscopy every 3 months for 2 years, twice during the third
year, and yearly thereafter.

All procedures performed in studies involving human partici-
pants were in accordance with the ethical standards and with the
Declaration of Helsinki. The Institutional Review Board approved
the study design, and all enrolled patients signed an informed
consent form providing details of treatments.
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THC and statistical analysis

PTBP1 IHC was performed on formalin-fixed, paraffin-
embedded tissues obtained from 152 patients with primary
pTa-pT1 NMIBC. Antigen was retrieved by microwave treatment
at 750 W for 10 minutes in 10 mmol/L sodium citrate buffer
(pH 6.0). Sections were incubated for 60 minutes at room
temperature with 1:500 anti-PTBP1 antibody (sc-16547, Santa
Cruz Biotechnology), or nonimmune serum as control, using
the LSAB Signal Amplification Kit (K0690, Dako). PTBP1 expres-
sion was defined by the presence of nuclear staining in tumor
cells. THC analysis was done in blind by two pathologists
(M. Pieraccioli and R. Lattanzio) unaware of clinicopathologic
information, with 80% concordance in evaluation. Thirty cases
(19.7%) in which evaluation of PTBP1 expression differed by
>10% between the two observers were reevaluated. After con-
sensus was achieved, the absolute interobserver variability (mean
difference % =+ SD) recorded was 3.95% =+ 3.14%.

The relationship between PTBP1 expression and clinicopath-
ologic parameters was investigated by Pearson y? test or Fisher
exact test. All clinical analyses were performed on an intent-to-
treat basis. Primary endpoint was disease-free interval (DFS),
defined as time from initial TURBT randomization to first
cystoscopy noting recurrence. Secondary endpoints were pro-
gression-free (PFS), overall (OS), and disease-specific survival
(DSS). Starting from initial TURBT, PFS was defined as time
until onset of muscle-invasive disease as recorded by patho-
logic assessment of transurethral resection samples or biopsy
samples, OS as time until death from any cause, and DSS as
time until death from bladder cancer. Patients without recur-
rence or progression were censored at the last cystoscopy, and
those lost to follow-up were censored at the last known day of
survival. Endpoints were studied by the Kaplan-Meier method
and comparisons were made by the log-rank test. Association
of PTBP1 expression with outcome, adjusted for other prog-
nostic factors, was tested by Cox proportional hazards model.
Appropriateness of the proportional hazard assumption was
assessed by plotting the log cumulative hazard functions over
time and checking for parallelism. SPSS Version 15.0 (SPSS)
was used throughout and P < 0.05 was considered statistically
significant.

Cell cultures and manipulations

Bladder cancer cell lines, RT4, RT112, and EJ (26), were pur-
chased and kindly provided by Dr. Francesca Velotti (La Tuscia
University, Viterbo, Italy), and further authentication has not
been performed. Bladder cancer cell lines were cultured in
RPMI1640 medium (LONZA) supplemented with 10% FBS
(Gibco) at 37°C with 5% CO,. Mycoplasma contamination of cell
cultures was routinely tested by Hoechst 33258 stain (27), every 2
to 3 weeks. Upon thawing, bladder cancer cell lines have been
subcultured for not more than 15 passages. RNAi experiments,
protein extractions, and immunofluorescence analyses were per-
formed as described previously (28, 29).

For clonogenic, cell cycle, proliferation, and adhesion
assays, cells were silenced twice with CTRL or PTBP1 siRNAi
(80 nmol/L). Colony-forming assay was performed as de-
scribed previously (30). Briefly, 24 hours after transfection,
400 cells were plated in 60-mm dishes and cultured for one
week. After fixation-staining for 30 minutes with glutaral-
dehyde 6.0% (v/v)/crystal violet 0.5% (w/v) solution, colonies
with n >50 cells were counted.
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For cell cycle/sub-G; analyses, cells were pulse-labeled with
10 umol/L BrdU for 45 minutes before harvesting and fixed
with a 30% PBS/70% ethanol solution for 30 minutes in ice.
Hypodiploid events and cell cycle were evaluated by flow
cytometry using propidium iodide (PI) staining (20 pg/mL)
and anti-BrdU antibody in the presence of 13 Kunitz U/mL
ribonuclease A as described previously (31). A total of 15 x 10>
events were counted with FACSCalibur flow cytometer (Becton
Dickinson) and analyzed using FlowJo program (Becton
Dickinson).

Cell death was evaluated by staining for Annexin V
(1 pg/mL) and PI (1 ug/mL; eBioscience) and analyzed by
flow cytometry (FACSCanto; BD Biosciences). The combi-
nation of Annexin V and PI staining discriminates live
cells (Annexin V/PI double negative) from apoptotic cells
(Annexin V/PI double positive).

Splicing assay, UV-crosslinked RNA immunoprecipitation
(CLIP), and qRT-PCR analyses

RNA was extracted from cells using TRIzol reagent (Invitrogen),
and PCR analyses were performed as described previously
(28, 29). Primers are listed in Supplementary Information.
Quantitative expression level of CD44 variable exons was calcu-
lated by AC; method relative to total CD44. CLIP assays were
performed as extensively described and RNA associated with
PTBP1 was represented as percentage of input (32).

Results

PTBP1 expression correlates with poor prognosis in tumor
bladder patients

Public datasets (R2 genomics analysis and visualization plat-
form, http://r2.amc.nl) were queried for correlation between
expression of SR proteins and hnRNPs and bladder cancer pro-
gression. Expression of PTBP1 (i.e.,, hnRNPI) was found to sig-
nificantly correlate with disease progression in the Hoglund
cohort including 308 patients (Fig. 1A; Supplementary Fig.
S1A). PTBP1 expression also resulted significantly higher in
invasive T1 stage compared with noninvasive Ta stage cancers
(Fig. 1B). Analysis of two other datasets (https://www.oncomine.
org: Dyrskjot and Sanchez-Carbayo datasets) confirmed
that PTBP1 expression is increased in infiltrating and superficial
bladder cancers compared with normal tissue (Supplementary
Fig. S1B-S1D). More importantly, Kaplan-Meier analysis
highlighted significant association between high PTBP1 mRNA
expression and low OS probability (P < 0.001; Fig. 1C). In
contrast, expression of other SFs was either unchanged or slightly
affected, or associated only with G3 tumors (i.e., hnRNPA2B1,
hnRNPC, hnRNPL, SRSF7, and SRSF10; Fig. 1A; Supplementary
Fig. S1A).

To determine whether the bioinformatics analysis of mRNA
expression levels in public databases represents a valuable tool to
identify proteins with oncogenic potential, PTBP1 upregulation
was also tested at the protein level by Western blot analysis using a
cohort of surgical tumor (T) and nontumor (NT) specimens from
50 patients with NMIBC. PTBP1 protein was significantly
increased in the neoplastic lesions compared with the adjacent
nonneoplastic urothelium (P = 0.003; Fig. 2A). To extend this
analysis, we enrolled a cohort of 178 patients. After initial TURBT,
we excluded 13 patients because of concomitant urothelial car-
cinoma of the upper urinary tract (n = 3) and prostatic urethra
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mRNA expression level of the splicing factor PTBPT1is increased in bladder tumor. Analysis of the expression of splicing factors in tumor bladder patients at stage G1
versus stage G2 and stage G3 (A) and at stage Ta (noninvasive papillary carcinoma) versus stage T1 (invasive carcinoma); B. Boxes, median (horizontal line);
whiskers, distances from the largest and smallest value to each end of the box; dots, outliers. Mean values were compared with the two-tailed unpaired ¢ test.
Data used for the analysis are from GSE 32894 Tumor Bladder-Hoglund-dataset (308 patients) deposited in R2 genomics analysis and visualization platform
(http://r2.amc.nl). ns, no significance; *, P < 0.05; **, P < 0.01; ***, P < 0.001. C, Kaplan-Meier overall survival analysis of the total Hoglund cohort based on
the cut-off value of PTBP1 expression levels calculated by the R2 system. The difference between the curves for PTBP1-high and PTBPI1-low groups were

compared by log-rank test.

(n = 4), histology other than pure urothelial carcinoma (n = 4),
and consent refusal (n = 2). Restaging TURBT was performed in
69 patients (54 with high-risk disease and 15 with multifocal
intermediate-risk disease) and histologic findings showed that
10 patients with residual stage pTa or pT1 tumor were eligible,
whereas 9 with concomitant carcinoma in situ (pTis) and 4 with
muscle-invasive disease (stage pT2) were ineligible. Of the
remaining 152 patients (see clinical features and tumor charac-
teristics in Table 1), 74 cases (48.7%) were noninvasive papillary
carcinoma (pTa) and 78 (51.3%) were tumors invading sube-
pithelial connective tissue (pT1). According to EORTC risk
tables classification for NMIBC (5), the cancer progression risk
was low in 27 cases (17.7%), intermediate in 70 cases (46.1%),
and high in 54 cases (36.2%; Table 1).

Percentage of PTBP1-positive cells was significantly higher in
tumor specimens with respect to the nonneoplastic urothelium
(Supplementary Fig. S2A), and it ranged from 3% to 98%
(mean £ SE = 40.7 £+ 2.9) in tumor tissues. Examples of PTBP1
expression in patients with low-, intermediate-, and high-risk
of cancer progression are shown in Fig. 2B. Notably, significant

www.aacrjournals.org

increase in PTBP1 expression was associated with risk of cancer
progression (Fig. 2C).

To dichotomize PTBP1 expression, a cutoff of 6% positive
cells was chosen according to the ROC curve analysis (AUC =
0.779, P < 0.001; Supplementary Fig. S2B and S2C). Tumors
with >6% positive cells (n = 105) were considered PTBP1"8"
and those with <6% positive cells (n = 47) were PTBP1'°".
PTBP1 expression directly correlated with pT1 tumors (P <
0.001), grade 3 tumors (P < 0.001), and tumors with high risk
of progression (P < 0.001; Table 1). We also found direct
correlation between PTBP1"8® and the number of patients
experiencing tumor recurrence (P = 0.001), cancer progression
(P=0.021), overall mortality (P = 0.047), and cancer mortality
(P = 0.029; Table 1). Furthermore, Kaplan-Meier analysis
indicated that PTBP1"€" expression was significantly asso-
ciated with lower DFS, PFS, OS, and DSS rates (Fig. 2D).
In particular, survival rates for patients with PTBP1'#" and
PTBP1"" tumors were 39.0% versus 68.1% (DFS; P < 0.001),
89.5% versus 100.0% (PES; P = 0.023), 57.1% versus 74.5%
(OS; P = 0.006), and 90.5% versus 100.0% (DSS; P = 0.024).
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Figure 2.

PTBP1 expression correlates with bladder cancer patient outcome. A, Representative Western blot analysis of PTBP1 expression in tumor (T) and adjacent nontumor
(NT) surgical specimens from 4 of the 50 patients with NMIBC examined (top). Tubulin was used as loading control. Densitometric analysis of PTBP1
expression relative to tubulinin nontumor and tumor specimens is shown in the dots graph below (n =50; **, P< 0.001, independent-sample ¢ test). B, Representative
images of IHC analysis of PTBP1 expression in two patients with low- (1, 2), intermediate- (3, 4), and high- (5, 6) risk of progression. C, Expression of PTBP1

in patients with NMIBC according to risk of cancer progression. The expression of PTBP1 was assessed by IHC analysis of paraffin-embedded sections (mean
percent of positive tumor cells + SE; **, P< 0.001, independent-sample t test). D, Kaplan-Meier DFS, PFS, OS, and DSS analyses of 152 patients with NMIBC stratified
in high (solid gray line) and low (dashed black line) PTBP1 expression levels in tumor tissue. Statistical analysis was performed by the log-rank test.

Finally, univariate analysis showed that PTBP1"€" was signi-
ficantly associated with poor DFS [HR = 2.6; 95% confi-
dence interval (CI), 1.5-4.6; P = 0.001) and OS (HR = 2.4;
95% CI, 1.3-4.5; P = 0.008; Supplementary Table S1).
Multivariate analysis demonstrated that the only factors nega-
tively impacting on survival were tumor grade (DFS; P =
0.018), and age of patients at diagnosis (OS; P < 0.001; Sup-
plementary Table S2).

These observations confirm the predictive value of our bioin-
formatics analysis of deposited mRNA expression levels and
highlight PTBP1 as a novel marker of poor prognosis and disease
progression, thus suggesting its oncogenic role in bladder cancer.

PTBP1 depletion affects prosurvival features of bladder cancer
cells

To investigate whether PTBP1 was functionally relevant
for bladder cancer cells, we knocked down its expression by
two rounds of transfection with siRNAs (siPTBP1) and
obtained an almost complete depletion in three bladder cancer
cell lines (RT4, RT112, and EJ; Supplementary Fig. S3A).
Silencing of PTBP1 expression significantly reduced growth of
all cell lines as measured by clonogenic assays (Fig. 3A; Sup-
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plementary Fig. S3B). Cytofluorimetric analysis of the cell cycle
indicated that PTBP1 knockdown resulted in the reduction of
cells engaged in active S-phase (BrdU-positive cells) and in the
concomitant increase of cells in inactive S-phase (not incorpo-
rating BrdU but stalled with DNA content between 2N and
4N; Fig. 3B; Supplementary Fig. S3C). Moreover, depletion of
PTBP1 dramatically increased the population of cells with a
sub-G; DNA content (Fig. 3C; Supplementary Fig. S3D), sug-
gesting that stalling in the S-phase was followed by cell death.
Indeed, double staining with Annexin V and PI (Fig. 3D;
Supplementary Fig. S3E) and immunofluorescence analysis of
caspase-3 cleavage (Supplementary Fig. S3F) confirmed the
significant increase in apoptotic cells after depletion of PTBP1
in all three cell lines.

To test whether depletion of PTBP1 affects the response of
bladder cancer cells to chemotherapeutic treatment with mito-
mycin C, we used a suboptimal concentration of the drug
(0.03 umol/L) and set out conditions to reduce PTBP1 without
strongly affecting cell survival (lower siRNA concentration and
single round of transfection). Under these conditions, silencing
of PTBP1 enhanced the cytotoxic effect of mitomycin C on
bladder cancer cells death, as indicated by double staining with
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Table 1. PTBP1 status according to clinical and pathologic features and to
clinical outcome of patients (N = 152)

PTBP1
Variable Low: n (%) High: n (%) P?
Age
<65 17 (36.2) 33 (31.4) 0.580
>65 30 (63.8) 72 (68.6)
Gender
Male 36 (76.6) 84 (80.0)
Female 1(23.4) 21(20.0) 0.670
pT classification
pTa 42 (89.4) 32 (30.5) <0.001°
pT1 5 (10.6) 73 (69.5)
Tumor grade
1-2 43 (91.5) 55 (52.4) <0.001°
3 4 (8.5) 50 (47.6)
Risk of cancer progression
Low 21(44.7) 6 (5.7)
Intermediate 22 (46.8) 48 (45.7) <0.001°
High 4 (8.5) 51(48.6)
Recurrence
No 32 (68.1) 41(39.0) 0.001°
Yes 15 (31.9) 64 (61.0)
Progression
No 47 (100.0) 94 (89.5) 0.021°
Yes 0 (0.0) 1 (10.5)
Overall survival
Death free 35 (74.5) 60 (57.1) 0.047°
Death from any cause 12 (25.5) 45 (42.9)
Disease-specific survival
Death free 47 (100.0) 95 (90.5) 0.029°
Death from bladder cancer 0 (0.0) 10 (9.5)

Pearson y? test.
PStatistically significant.

Annexin V and PI (Fig. 3E; Supplementary Fig. S3G) and analysis
of caspase-3 cleavage (Supplementary Fig. S3H).

These results demonstrate that PTBP1 favors bladder cancer cell
proliferation and survival and that it protects them from chemo-
therapeutic treatment.

PTBP1 regulates bladder cancer-relevant splice variants

PTBP1 is best known for its role in AS (33) and expression of
oncogenic splice variants has been positively associated with
disease progression in patients with bladder cancer (19, 34). We
noted that some of these AS events are potential PTBP1 targets
(Supplementary Table S3; refs. 35, 36). To test whether PTBP1
promotes the expression of these prooncogenic variants in blad-
der cancer cells, we examined its impact on the splicing pattern of
eight genes. The oncogenic splice variants of seven of these genes
were expressed in all three cell lines, whereas CD44 alternative
variants were detected only in RT112 cells (Supplementary Fig.
S4A and S4B). Notably, knockdown of PTBP1 reverted splicing of
the prooncogenic variant of all its potential bladder cancer-
related target genes (Fig. 4A and B; refs. 35, 36). On the other
hand, exon 3 in PIK4CB and exon 5-6 in LRRFIP2, which are not
its predicted target exons (Supplementary Table S3), were unaf-
fected by PTBP1 depletion.

In addition to being involved in cell proliferation (PKM and
NUMB) or cell death (FAS), which are affected by PTBP1 deple-
tion (Fig. 3), several of the PTBP1 target genes encode for proteins
that regulate the cell cytoskeleton and adhesion (ACTN1, MACF1,
TPM1, CD44, and CTNND1). Accordingly, we found that knock-
down of PTBP1 impaired cell adhesion in bladder cancer cell lines

www.aacrjournals.org
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(Supplementary Fig. S4C), indicating that changes in the splicing
pattern of these genes may be functionally relevant. In this regard,
CD44 is a prototypic example of AS-regulated gene. It contains
19 exons, nine of which (V2-V10) are alternatively spliced to
yield multiple variants (CD44v) that encode for variable extra-
cellular ligand-binding domains of this transmembrane glyco-
protein and whose inclusion correlates with tumor progression
and metastasis (37). To investigate which of the variable CD44
exons is regulated by PTBP1, we performed semiquantitative PCR
(sqPCR) analyses in RT112 cells. Interestingly, inclusion of var-
iable exons between v2 and v7 was reduced in cells depleted of
PTBP1, whereas that of other variable exons (v8 to v10) was not
(Supplementary Fig. S5A). Quantitative PCR (qPCR) confirmed
this exon-specific regulation in PTBP1-depleted cell (Supplemen-
tary Fig. S5B).

PTBP1 directly binds in proximity of regulated exons in bladder
cancer cells

To test whether PTBP1 plays a direct role in the regulation of its
target exons, we investigated PTBP1 recruitment on pre-mRNAs
in vivo by performing UV-crosslink and RNA immunoprecipita-
tion (CLIP) assays (32). PTBP1 exerts a position-dependent effect
on AS by promoting exon inclusion when it binds in the down-
stream intron and exon skipping when it binds in the upstream
intron (Supplementary Fig. S5C and S5D, top; refs. 35, 36). Thus,
CLIP experiments were performed in the presence of RNase I
(fragment size ~200 bp; ref. 32) and we analyzed PTBP1 recruit-
ment near the downstream intron of the positively regulated exon
v7 of CD44 and exon 99 of MACF1 (Supplementary Fig. S5C) and
the upstream intron of the negatively regulated exon 6a of TPM1
and exon 2 of CTNND1 (Supplementary Fig. S5D). In both cases,
we detected a significant enrichment of PTBP1 binding in the
target regions with respect to nonregulated exons (Supplementary
Fig. S5C and S5D). These results demonstrate that PTBP1 specif-
ically binds target exons in vivo and highlight its direct role in AS
regulation of genes with strong relevance for bladder cancer.

PTBP1 expression associates with CD44 splicing regulation in
patients with bladder cancer

To evaluate whether regulation of splicing by PTBP1 was also
detected in NMIBC specimens, we performed qPCR analysis of
CD44 variable exons that are regulated (v5 and v7) or not (v9) by
PTBP1. We selected 18 patients with variable PTBP1 levels (0%-
95% positive cells in IHC) from the cohort (Fig. 5A). Strikingly,
PTBP1 expression was positively correlated with inclusion of its
target exons v5 and v7, whereas the PTBP1-insensitive v9 exon was
not significantly associated (Fig. 5B). These results strongly indi-
cate that PTBP1 expression influences splicing outcome in
patients with bladder cancer.

Discussion

NMIBC mortality rate and management costs are strikingly
high, underlining the need for valuable prognostic markers and
therapeutic targets. In this regard, the splicing signature of human
cancers is recently emerging as a sophisticated marker to distin-
guish tumor subtypes and precisely stratify patients (38). Herein,
an unbiased approach to identify SFs with prognostic value in
NMIBC undertaken by querying public databases has highlighted
PTBP1 as a key predictive factor. We report that PTBP1 expression
levels positively associate with disease progression and worse
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Figure 3.

Modulation of PTBP1 expression affects prosurvival features in bladder cancer cells. A, Representative images of clonogenic assay performed with RT4
bladder cancer cells transfected twice with CTRL (siCTRL) or PTBP1 (siPTBPT) siRNAs. Bar graph represents the percentage of colonies formation with respect to
SiICTRL cells (set as 100%; mean + SD of three independent experiments). B and C, Representative bivariate plot profiles of cytometric analysis showing DNA
content (PI) versus BrdU incorporation (B) and plot profiles of Pl incorporation (C). RT4 cells were pulse labeled with BrdU for 45 minutes and successively
stained with BrdU antibody and PI. G;, S, G,, and inactive S (S inac) phase gates (square boxes) and the percentage of cells at each phase is indicated (B).
Bar graphs show the percentage of cells in S and inactive S (B) and sub-G; (C) phases. D and E, Representative plot profiles of Annexin V/PI cytometric
analysis of RT4 cells transfected twice (D) or once (E) with the indicated siRNAs and treated (E) or not (D) with suboptimal amount of mitomycin C (0.03 umol/L) for
24 hours. Bar graphs represent the percentage of double positive Annexin V and PI cells (mean + SD of three independent experiments). Statistical analyses
were performed by the paired Student t test (A=D) or one-way ANOVA (E; *, P < 0.05; **, P < 0.01).

prognosis in patients. Accordingly, PTBP1 promotes prosurvival
features of bladder cancer cells and favors splicing of oncogenic
variants in both cell lines and patients. Thus, our study shows the
predictive value of bioinformatics analysis of deposited gene
expression datasets. Furthermore, it uncovers an oncogenic role
for PTBP1 in NMIBC and identifies new potential prognostic and
therapeutic targets for this disease.

Aberrant splicing regulation often confers selective advantage
to tumor cells by favoring oncogenic splice variants of cancer-
related genes (13, 39, 40). For instance, upregulation of PTBP1 in
human cancer cells affected glycolytic metabolism by promoting
splicing of the PKM2 variant (17), leading to acquisition of
chemotherapy resistance in pancreatic cancer (18). Likewise, we
found that knockdown of PTBP1 in bladder cancer cells augment-
ed the cytotoxic effects of mitomycin C. More importantly, PTBP1
expression level exhibits a strong prognostic value in bladder
cancer, as we found a significant correlation between PTBP1
expression, disease progression and worse outcome in a relatively
large cohort of patients. Indeed, although, multivariate analysis
did not identify PTBP1 expression as an independent predictor of
outcome, its expression level is included among the variables that
impact on disease progression and outcome, while Kaplan-Meier
curves revealed that high expression of PTBP1 correlates with poor
DES, PES, OS, and DSS. These observations reveal that PTBP1 can

5428 Clin Cancer Res; 24(21) November 1, 2018

be considered a valuable marker to stratify patients with NMIBC
in term of risk prediction and evaluation of its expression levels
could support the current histologic classification and improve
clinical evaluation of patients. This information may also help
guiding clinical decisions regarding the follow-up, such as choos-
ing between conservative adjuvant therapy or more aggressive
treatment strategies.

We observed a 2- to 3-fold increase of PTBP1 expression in
bladder cancer through public datasets analysis. Although this
change in expression might appear limited, comparable small
changes in expression of other splicing factors were previously
shown to trigger oncogenic transformation, like in the case of
SRSF1 (15, 16). On the contrary, strong upregulation of splicing
factors can be toxic for the cell (15,41). Thus, the reported increase
in expression of PTBP1 in bladder cancer might be sufficient for its
oncogenic function. Nevertheless, we cannot rule out the possi-
bility that posttranscriptional regulation of PTBP1 also contri-
butes to its oncogenic potential. For instance, alternative usage of
exon 9 generates PTBP1 isoforms showing different target spec-
ificity and splicing activity (42). This regulation might impact on
the oncogenic role of PTBP1 in bladder cancer and might also
influence the multivariate analysis. However, because antibodies
specific for these PTBP1 isoforms are not available and no data
regarding isoform-specific expression were deposited in the
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Figure 4.

PTBP1 modulates alternative splicing of bladder cancer-related gene. A, sqPCR of in vivo splicing assays performed in bladder cancer cell lines silenced with control
(=) or PTBP1 (+) siRNAs of specific bladder cancer gene targets. Schematic representation of alternative splicing events (left) analyzed is shown on the left.
Exons (boxes) and introns (lines) are indicated on the left. The oncogenic splice variant is indicated (*) to the right of the agarose gel. B, Densitometric
analysis (right graphs) of the splicing assays shownin A (mean & SD, n = 3). Statistical analyses were performed by the paired Student ¢ test (*, P < 0.05;**,P < 0.01;

*** P < 0.007; ns, not significant).
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Inclusion of CD44 variable exons v5 and v7 correlates with PTBP1 expression in patients with bladder cancer. A, PTBP1 expression assessed by IHC analysis is
expressed as percentage of positive cells. B, Pearson correlations between PTBP1 and variable exons V5, V7, and V9 expression, assessed by gPCR analysis,

in 18 patients with NMIBC.

public datasets, we could not investigate this aspect in our cohort
of patients.

Expression of prooncogenic splice variants is associated with
bladder cancer progression (19). We noted that several of these
bladder cancer-regulated genes were potential target of PTBP1.
Accordingly, knockdown of PTBP1 expression readily reverted
splicing of these genes to the less oncogenic variant. Moreover, we
report a positive correlation between the expression level of
PTBP1 and the inclusion of variable exons v5 and v7 of CD44
in NMIBC patients' specimens. On the basis of these observations,
we hypothesize that the relationship between AS changes in these
genes and bladder cancer progression might rely on PTBP1
expression. PTBP1 likely exerts a direct effect on these targets, as
we detected its recruitment in proximity of the regulated exons in
bladder cancer cells. Notably, PTBP1-regulated genes encode for
proteins related to cell survival (FAS), proliferation (NUMB,
PKM), cytoskeleton organization (ACTN1, MACF1, TPM1, and
CTNND1), and interaction with the extracellular matrix (CD44).
Furthermore, depletion of PTBP1 affected proliferation, survival,
and adhesion of bladder cancer cells, suggesting a causative role
for this SF in oncogenic features of NMIBC cells. For instance, the
increase in apoptosis observed in absence of PTBP1 may rely on a
splicing switch in favor of the proapoptotic and membrane-
associated FAS variant (+E6). In contrast, repression of exon 6
inclusion by PTBP1 generates a soluble prosurvival isoform of FAS
(SFAS; ref. 43). Likewise, PTBP1 promotes inclusion of variable
exon v6 in CD44 and this isoform promotes stemness and
metastasis in colorectal cancer cells (44). Increased inclusion of
CD44 variable exons has been reported in bladder cancer (34, 45,
46). Our study now correlates inclusion of variable exons v5 and
v7 with PTBP1 expression in 19 patients with NMIBC, suggesting

5430 Clin Cancer Res; 24(21) November 1, 2018

that deregulation of CD44 AS in bladder cancer may be directly
caused by altered expression of PTBP1. Noteworthy, although we
focused on PTBP1 splicing targets with direct relevance for bladder
cancer, our findings do not rule out possible effects of PTBP1 on
other variants of the same or other genes in this disease.

In conclusion, our study shows that upregulation of PTBP1 in
bladder cancer cells alters their transcriptome in favor of proon-
cogenic splice variants and correlates with worse outcome in
patients. Thus, we suggest that PTBP1 expression and its splicing
signature represent novel outcome-predictor markers for NMIBC.
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ABSTRACT

The splicing factor Sam68 is upregulated in many hu-
man cancers, including prostate cancer (PCa) where
it promotes cell proliferation and survival. Neverthe-
less, in spite of its frequent upregulation in can-
cer, the mechanism(s) underlying its expression are
largely unknown. Herein, bioinformatics analyses
identified the promoter region of the Sam68 gene
(KHDRBS1) and the proto-oncogenic transcription
factor c-MYC as a key regulator of Sam68 expression.
Upregulation of Sam68 and c-MYC correlate in PCa
patients. c-MYC directly binds to and activates the
Sam68 promoter. Furthermore, c-MYC affects pro-
ductive splicing of the nascent Sam68 transcript by
modulating the transcriptional elongation rate within
the gene. Importantly, c-MYC-dependent expression
of Sam68 is under the tight control of external cues,
such as androgens and/or mitogens. These findings
uncover an unexpected coordination of transcription
and splicing of Samé68 by c-MYC, which may repre-
sent a key step in PCa tumorigenesis.

INTRODUCTION

Prostate cancer (PCa) is among the most common tumors
in adult men (1). PCa onset and progression rely on andro-
gen receptor (AR) signaling and androgen deprivation ther-
apy (ADT) represents the most effective cure (2). However,
despite significant advances in treatments, PCa almost in-
evitably relapses with hormone-insensitive forms (CRPC)
that are currently incurable (2). Among the factors con-
tributing to PCa pathogenesis, aberrant splicing of cancer-
specific genes contributes by promoting isoforms involved

in growth, metastatic progression and hormone resistance
of PCa cells (3,4). For example, a constitutively active splice
variant of AR (AR-V7) is overexpressed in CRPC, where
it promotes cell proliferation and migration by regulat-
ing a specific subset of genes even under ADT conditions
(5). Likewise, the anti-apoptotic BCL-X long splice variant
(BCL-XL) confers chemotherapy resistance (6), whereas
the Cyclin D1b isoform promotes AR transcriptional activ-
ity (7). In support of their pro-oncogenic features, expres-
sion of these splice variants is linked to poor prognosis in
PCa patients (7-9).

Precursor messenger RNA (pre-mRNA) splicing is oper-
ated by the spliceosome, a complex ribonucleoprotein ma-
chinery that removes introns and ligates exons to yield the
mature mRNA (10). Although most exons are constitu-
tively spliced in the mRNA, others are subjected to regula-
tion through a process named alternative splicing (AS). Al-
ternative recognition of exons is due to the presence of cis-
regulatory RNA elements that recruit the spliccosome and
sequence-specific zrans-acting splicing factors (10). More-
over, since splicing is tightly coupled to transcription, mech-
anisms impacting on the RNA polymerase II (RNAPII)
elongation rate, nucleosome positioning or histone modifi-
cations also contribute to exon recognition (10). These reg-
ulatory mechanisms are kept under tight control in the cell,
whereas their dysregulation contributes to the onset and
progression of human cancers (11,12), including PCa (3,4).

Splicing dysregulation is often determined by the altered
expression of specific splicing factors (11,12). An example is
provided by Sam68 (KHDRBS]I), which is overexpressed in
PCa and other human cancers (13). Sam68 promotes cell-
cycle progression and survival to genotoxic stress of PCa
cells (14), likely through induction of oncogenic splice vari-
ants like BCL-XL, cyclin D1b, CD44 variants and AR-V7
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(3,4). Furthermore, Sam68 interacts with both AR and AR-
V7, enhancing their transcriptional activity and androgen
signaling (15). However, in spite of its well described upreg-
ulation in human cancers (13), no studies have directly ad-
dressed the mechanisms underlying its transcriptional reg-
ulation.

Herein, by carrying out a bioinformatics search for tran-
scription factors that potentially regulate Sam68 expression
we have identified the proto-oncogene c-MYC (M YC) as
strong candidate. Our study documents the direct binding
of c-MYC to the Sam68 promoter region as well as its effect
on the transcriptional activation of the gene and productive
splicing of the nascent transcript. Furthermore, we provide
evidence that c-M YC-dependent expression of Sam68 is un-
der the tight control of external cues and linked to favorable
conditions, such as androgen and/or mitogen stimulation.
These findings uncover an unexpected coordination of tran-
scription and splicing of Sam68 by c-M YC, which may rep-
resent a vulnerable target for PCa treatment.

MATERIALS AND METHODS
Bioinformatics analyses

Sam68 promoter characterization was performed uti-
lizing bioinformatics tools present in UCSC Genome
Browser (https://genome.ucsc.edu; GRCh37/h19) and ana-
lyzing ChIP-seq data for RNAPII, H3K27Ac, H3K4Mel
and H3K4Me3 tracks from ENCODE project (https://
www.encodeproject.org). Chromatin State Segmentation
track displays a chromatin state segmentation from nine
human cell types learned by computationally integrating
ChIP-seq data for nine factors plus input using a Hidden
Markov Model. In UCSC Genome Browser, in silico anal-
ysis of Sam68 promoter was performed using ‘HMR Con-
served Transcription Factor Binding Site’ tool that use the
Transfac Matrix Database (v.7.0). c-MYC ChIP-seq anal-
yses was performed using ‘Transcription Factor ChIP-seq
(161 factors) from ENCODE with Factorbook motifs’ tool.
Tumor Prostate Cancer datasets analysis was carried out
utilizing Jenkins (GSE46691), Sawyers (GSE21034) and
Sueltman (GSE29079) published datasets (16-18). Gene
expression data for correlation analyses were downloaded
from R2 genomics analysis and visualization platform
(http://r2.amc.nl). Pearson’s correlation was used to evalu-
ate the association between Sam68 and c-MYC expression.
For gene expression analyses, the patients were divided into
two groups according to the median of c-MYC gene expres-
sion. Then, Z-scores value of Sam68 was calculated in each
sample and Mann—Whitney test was used to establish the
significance level of Sam68 between the two groups (19).

Plasmid constructs and oligonucleotides

Intergenic region, human wild-type and deletion mutants
of Sam68 and hnRNP Al promoters were cloned in pGL3-
basic vector (Promega). Human c-MYC and MAX expres-
sion plasmids were cloned in pCDNA3 vector (Invitro-
gen, Life technologies). Site-directed mutagenesis on pGL3-
Sam68 promoter was performed using QuikChangeR 11
XL Site-Directed Mutagenesis Kit according to manu-
facturer’s instruction (Stratagene). Sam68 minigene was
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cloned into the EcoRI/Sall restriction sites of pCI vector
(Promega). All constructs were generated using genomic
DNA or cDNA isolated from LNCaP cells as template.
Inserts were amplified by the Phusion Hot Start High-
Fidelity DNA polymerase (Thermo Fisher Scientific) and
plasmids sequenced by Cycle Sequencing (Eurofins Ge-
nomics). Oligonucleotides used in this study are listed in the
Supplementary Table S1.

Cell lines maintenance and transfection

Human prostate cancer cell lines LNCaP and 22Rv1 were
cultured in RPMI 1640 medium (LONZA), while PC3 and
DU145 PCa cell lines and human embryonic kidney cell
line HEK293T were maintained in Dulbecco’s modified
Eagle’s medium (LONZA). All media were supplemented
with 10% Fetal Bovine Serum (FBS) (Gibco), penicillin
(50 U/ml)/streptomycin (50 pg/ml) (Corning), 50 ng/ml
gentamicin sulfate (Aurogene), 1% non-essential amino
acids (Euroclone), 10 mM Hepes (Euroclone) and 1 mM
sodium pyruvate (Aurogene). Cells were maintained in cul-
ture at 37°C under 5% CO, in a humidified incubator, no
longer than 3 months. Cell lines utilized were tested for
mycoplasma contamination using MycoAlert Mycoplasma
Detection Kit (LONZA). LNCaP and HEK293T were
transfected with the indicated reporter or expression vec-
tors using Lipofectamine 2000 (Invitrogen) as previously
described (20). For c-MYC (double transfection) and splic-
ing factors (single transfection) RNAi experiments, PCa
cells were transfected with 40 nM siRNAs using Lipofec-
tamine RNAiMax (Invitrogen, Life technologies) accord-
ing to manufacturer’s instruction. Control and c-MYC siR-
NAs were purchased from Dharmacon (On target plus hu-
man c-MYC L-003282-02 and On target plus non targeting
pool D-001810-10) and Qiagen (Flexi Tube siRNA MYC
S103101847 and Negative control S103650325). Sequences
of control and splicing factors siRNAs were previously de-
scribed (20).

Cell treatments and proliferation analysis

Growth arrest was induced by culturing PCa cells in 0%
FBS and with 1 pwM Enzalutamide (MDV3100; Sigma-
Aldrich), or DMSO as vehicle control. For cell proliferation
assays, cells were pulsed with 30 M BrdU (Sigma-Aldrich)
for 30 min. After PBS washes, cells were collected, fixed
with 70% ethanol and stained with anti-BrdU antibody
(347580, BD Biosciences) and propidium iodide (Sigma-
Aldrich). Cell-cycle analysis was carried out using flow cy-
tometry (FACSCalibur, BD Biosciences) according to man-
ufacturer’s instructions.

Cell extracts and immunoblot analysis

Whole extract preparation was performed as previously
described (21). Briefly, cells were resuspended in lysis
buffer [SO mM Hepes, pH 7.4, 150 mM NaCl, 15 mM
MgCl,, 10% glycerol, 1 mM dithiothreitol, 20 mM B-
glycerophosphate, 0.5 mM NaVOy, protease inhibitor cock-
tail (Sigma-Aldrich), 0.5% Triton X-100]. After 10 min
of ice incubation, cell suspension was centrifuged for


https://genome.ucsc.edu
https://www.encodeproject.org
http://r2.amc.nl

6162 Nucleic Acids Research, 2019, Vol. 47, No. 12

10 min at 12 000 x g at 4°C and supernatant frac-
tions were collected. Samples were denatured in Laemmli
Sample buffer and 3-30 pg of total extract was sepa-
rated on sodium dodecyl sulphate-polyacrylamide gelelec-
trophoresis (SDS-PAGE) and transferred to Polyvinyli-
dene Fluoride (PVDF) membranes. Western blot anal-
ysis was carried using the following antibodies: anti-
SAMG68 (A302-110A, Bethyl Laboratories); anti-B-actin
(A20066, Sigma-Aldrich); anti-B-tubulin (T4026, Sigma-
Aldrich); anti-c-MYC (sc764, Santa Cruz Biotechnology);
anti-hnRNP A1 (sc32301, Santa Cruz Biotechnology); anti-
MAX (sc2011, Santa Cruz Biotechnology); anti-hnRNP I
(sc16547 Santa Cruz Biotechnology); anti-hnRNP A2/BI
(sc393674, Santa Cruz Biotechnology); anti-GFP (sc9996,
Santa Cruz Biotechnology); Anti-RNA polymerase 11
(sc899, Santa Cruz Biotechnology); anti-RNA polymerase
IT subunit Bl1, clone 3E10 (phospho CTD Ser-2, 04-
1571, Millipore); anti-RNApolymerase I1 subunit B1, clone
3E8 (phospho-CTD Ser5; 04-1572, Millipore); anti-Flag
(F3165, Millipore); anti-hnRNP H and anti-hnRNP F
(kindly provided by Prof. B. Chabot, Université¢ de Sher-
brooke, Canada).

Luciferase-based report assay

Luciferase-based report assay was performed in HEK293T
cells as previously described (22). Briefly, HEK293T cells
were co-transfected with internal control (Renilla) and in-
dicated (Firefly) luciferase reporters in presence or not of c-
MYC, or MAX, expressing vectors. Luciferase assays were
carried out at the indicated time points using the Dual Lu-
ciferase Reporter assay (Promega). Data were normalized
for transfection efficiency by ratio between Firefly and Re-
nilla luciferase activity, and represented as fold activation
with respect to the control.

RNA extraction, gene expression and splicing assay analysis

RNA was extracted from cells using the Trizol reagent
according to manufacturer’s instructions (Invitrogen, Life
technologies) and treated with RNase-free DNase (Am-
bion). A total of 1 pg of RNA was retrotranscribed
with M-MLYV reverse transcriptase (Promega) and ran-
dom primers (Roche). Gene expression and splicing pat-
terns were evaluated by semi-quantitative (sqPCR) and
quantitative (qPCR) PCR analyses using 10 ng of cDNA
template. For splicing assay experiments, sqPCR analysis
was performed using the following cycles: 95°C for 5 min
(1 cycle) —95°C for 10 s, 56°C for 10 s, 72°C for 15 s
(28 or 35 cycles for minigene-derived or endogenous iso-
forms, respectively)— and a final extension at 72°C for 5
min. The percentage Spliced-In Index (PSI/{s) was calcu-
lated from densitometric analysis of PCR products as s
= exon inclusion/ (exon inclusion + exon skipping) band
intensities. qPCR analysis was carried out using PowerUp
SYBR Green Master Mix (Applied Biosystems) and Ap-
plied Biosystems StepOnePlus Real-Time PCR system (Ap-
plied Biosystems) according to the manufacturer’s instruc-
tions. Quantitative evaluation of gene and Sam68-AKH iso-
form expression was calculated relative to Histone 3 and
Sam68-KH, respectively, by AACq method (21).

Analysis of RNA polymerase II (RNAPII) transcrip-
tional rate on Sam68 pre-mRNA was performed as pre-
viously described (23). Briefly, LNCaP cells were grown
overnight on 60-mm plates to 70-80% confluency and
treated with 75 wM of 5,6-Dichlorobenzimidazole 1-B—-D-
ribofuranoside (DRB; Sigma-Aldrich) in culture medium
for 6 h to reversibly halt transcription. After two washes
in phosphate buffered saline (PBS), cells were incubated in
fresh medium up to 30 min. Every 5 min cells were col-
lected for RNA isolation. Fold change of Sam68 exonl—
intron1 relative to exon8—intron8 expression was calculated
by AACq method (21).

Chromatin immunoprecipitation

ChIP experiments were performed as previously described
(22). Briefly, LNCaP cells were fixed by the addition of
1% (vol/vol) formaldehyde to the culture medium for 10
min at room temperature and then quenched in 125 mM
glycine for 5 min. Cells were washed three times in PBS
and lysed in nuclei extraction buffer (5 mM Pipes pH 8§, 85
Mm KCl, 0.5% NP40) for 2 h, at 4°C under rotation. Lysate
was centrifuged at 1200 x g for 5 min at 4°C. Nuclei pellet
was resuspended in sonication buffer (10 mM ethylenedi-
aminetetraacetic acid (EDTA) pH 8, 50 mM Tris—-HCI pH
8, SDS 1%) and sonicated with Bioruptor (Dyagenode) to
yield chromatin size of ~400 bp and insoluble debris was
removed by centrifugation. Cross-linked DNA was then
quantified, diluted 1:10 with dilution buffer (0.01% SDS,
1.1% Triton X100, 1.2 mM EDTA, 16.7 mM Tris/HCI pH
8.0, 167 mM NaCl) and incubated with 5 pg of specific
¢-MYC antibody (sc-764X, Santa Cruz Biotechnologies),
IgGs (Sigma-Aldrich) and no antibody, as a negative con-
trols, under rotation at 4°C overnight. Dynabeads protein G
(Invitrogen, Life technologies) were incubated with the mix-
ture under rotation at 4°C for 2 h, then washed and heated
at 65°C overnight to reverse formaldehyde cross-links. Im-
munoprecipitated DNA was recovered according to stan-
dard procedures and analyzed by qPCRs. DNA associated
with ¢-MYC is represented as percentage of input, calcu-
lated by ACq method (21).

UV-crosslinked and RNA immunoprecipitation (CLIP) as-
says

UV-crosslinked and RNA immunoprecipitation (CLIP) as-
says were performed as previously described (24). Briefly,
cells were washed once with PBS, UV-irradiated (400
mJ/cm2) and collected by scraping in lysis buffer [SO mM
Tris pH 8, 100 mM NaCl, 1 mM MgCl2, 0.1 mM CaCl2,
1% NP40, 0.1% SDS, 0.5 mM Na3VO4, 1 mM dithiothre-
itol, protease inhibitor cocktail (Sigma-Aldrich), RNase in-
hibitor (Promega)]. After brief sonication, samples were in-
cubated with DNase-RNase free (Ambion) for 3 min at
37°C and then centrifuged at 15000 x g for 3 min at 4°C.
A total of 1 mg of supernatant (cell extract) was diluted to
1 ml with lysis buffer and immunoprecipitated with anti-
hnRNP F (kindly provided by Prof. B. Chabot, Université
de Sherbrooke, Canada) or IgGs (control) in the presence
of Dynabeads protein G (Invitrogen, Life technologies) and
10 pl/ml of RNasel 1:1000 (Ambion). Immunoprecipitates



(IPs) were incubated for 2 h at 4°C under rotation. After
two washes with high-salt buffer (50 mM Tris-HCI, pH 7.4,
1 M NaCl, 1 mM EDTA, 1% Igepal CA-630, 0.1% SDS,
0.5% sodium deoxycholate) and Proteinase K buffer (100
mM Tris—HCI, pH 7.4, 50 mM NaCl, 10 mM EDTA), the
IPs were resuspended in Proteinase K buffer supplemented
with 50 wg of Proteinase K and incubated 1 h at 55°C.
RNA was isolated and retrotranscribed by standard proce-
dures. About 10% of cell extract (0.1 mg) was treated with
50 g of Proteinase K and RNA purified (input).

RESULTS
¢-MYC binds the promoter region of Samé68

To identify the promoter region of the Sam68 gene
(KHDRBSI), we queried the UCSC Genome Browser
database (http://genome.ucsc.edu; GRCh37/h19) for RNA
polymerase II (RNAPII) occupancy and chromatin features
of active transcription within the gene and in the upstream
intergenic region (~20 kilobases). Chromatin immunopre-
cipitation (ChIP) sequencing datasets from seven human
cell lines revealed that RNAPII peaks are present in the
region spanning approximately —400 and +300 base pairs
(bp) from the transcription start site (TSS) (Figure 1A and
Supplementary Figure S1A). RNAPII peaks are flanked
by deposition of histone marks typically enriched in active
promoters (H3K4me3) and transcriptional regulatory ele-
ments (H4K3mel and H3K27Ac) (Figure 1A). To evalu-
ate the promoter activity of this region, we cloned the ge-
nomic sequence located between —534 and +297 bp from
the TSS upstream of the luciferase reporter gene and trans-
fected it into HEK293T cells. The putative promoter re-
gion of Sam68 displayed higher activity to that of the hu-
man HNRPAI promoter, while being significantly weaker
than the viral SV40 promoter (Figure 1B). No transcrip-
tional activity was observed with an intergenic DNA region
of the same length. Progressive deletion mutants indicated
that the region between —130 bp and +297 bp from the TSS
is required for the optimal activity of the Sam68 promoter
(Figure 1C). These results suggest that a relatively small ge-
nomic region acts as promoter for Samé68 expression in hu-
man cells.

To identified transcription factors that potentially bind
cis-regulatory DNA elements in the Sam68 promoter, we
queried the HMR Conserved Transcription Factor Binding
Sites, the ENCODE Transcription Factor Binding Tracks
datasets and ChIP-seq experiments deposited in the UCSC
Genome Browser database. Among others, we found two
potential binding sites for the oncogenic transcription fac-
tor c-MYC that are located at —64 and —45 bp from the
Sam68 TSS (Supplementary Figure S1B), within the region
required for optimal transcriptional activity (Figure 1C).
Analysis of ChIP-seq experiments in multiple cell lines (En-
code Project, https://www.encodeproject.org) confirmed the
binding of ¢c-MYC to the Sam68 promoter region (Figure
1D and Supplementary Figure S1C), suggesting a direct
regulation of Sam68 expression by this transcription factor
in cancer cells.

Sequence analysis of the Sam68 promoter high-
lighted two perfect c-MYC consensus E-box binding sites
(CACGTG:; Supplementary Figure S2A). To directly
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test whether ¢-MYC regulates Sam68 transcription, we
performed ChIP experiments in LNCaP cells, an androgen-
sensitive PCa cell line expressing high levels of Sam68 (14).
Semiquantitative (sqPCR) and quantitative (qQPCR) PCR
analyses detected a significant enrichment of ¢-MYC in
the promoter region of Sam68 (Figure 2A and B), which
was comparable to that observed for other c-MYC targets,
such as cyclin B1, nucleolin (25) and hnRNP Al (26). By
contrast, no binding was observed in the intergenic (16q22)
control region of chromosome 16, indicating specificity of
binding (Figure 2A and B).

Next, we tested whether ¢-MYC modulates Sam68
expression. Co-transfection of the Sam68 promoter
reporter and c¢c-MYC resulted in significant induc-
tion (~2-fold) of the luciferase activity (Figure 2C),
which was comparable to that observed with the hn-
RNPA1 promoter (Figure 2C and Supplementary Figure
S2B). Individual (Mutl: CACGTG—AAAGTA; Mut2:
CACGTG—AAAGTT) or double mutation (Mutl-2:
CACGTG/CACGTG—>AAAGTA/AAAGTT) of the
putative E-box binding sites significantly impaired c-MYC-
dependent activation of the Sam68 promoter (Figure 2C
and Supplementary Figure S2C), with Mutl causing the
greatest influence. Interestingly, the double mutant (Mutl-
2) did not show additive effect (Figure 2C), suggesting
that c-MYC activity primarily relies on E-Box1 and that
additional regions participate to regulation.

The c-MYC transcriptional activity often relies on its
functional interaction with the co-regulator MAX (27).
Thus, we also tested their possible cooperation on the regu-
lation of Sam68 expression. Under sub-optimal conditions
(24 h after transfection), MAX did not affect Sam68 expres-
sion when overexpressed alone, but it significantly enhanced
the transcriptional activity of ¢-MYC on the Sam68 pro-
moter in co-transfected cells (Supplementary Figure S2D).
Collectively, these findings identify c-MYC as a direct reg-
ulator of Sam68 transcription.

¢-MYC positively regulates Sam68 expression in prostate
cancer

To test whether Sam68 expression is under the control of
¢-MYC in PCa cells, we knocked down its expression in
four PCa cell lines (LNCaP, 22RV1, PC3 and DU145) us-
ing two pools of siRNAs (siRNA#1 and #2). c-MYC deple-
tion caused a significant reduction in Sam68 expression at
both mRNA and protein levels (Figure 3A-D), which was
comparable to that exerted on hnRNP A1 (26) (Supplemen-
tary Figure S3A-D). These results indicate that c-M YC pro-
motes Sam68 expression in PCa cells.

The pro-oncogenic role of ¢-MYC mainly relies on
regulation of gene expression programs (28), including
genes encoding core spliceosome components (29) and pro-
oncogenic splicing factors (19,26). Since upregulation of
both ¢-MYC (16,30) and Sam68 (14,15) have been reported
in PCa, we asked whether their expression levels correlated
in patients by analyzing public datasets (R2 genomics; http:
/Ir2.amc.nl). Pearson’s correlation analysis using the Jenk-
ins PCa dataset (GSE46691) deposited in R2 genomics (16)
revealed a positive correlation (P < 0.0001) between c-MYC
and Sam68 expression (Figure 3E). Similar positive corre-
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Figure 1. Identification of the Sam68 promoter region. (A) UCSC Genome Browser snapshot of RNAPII, H3K27Ac, H3K4Mel and H3K4Me3 ChIP-
seq profiles and Chromatin State Segmentation of the Sam68 locus, including an ~20 Kbp upstream intergenic region. Chromatin state segmentation
(colored rectangles; state 1-11) and cell lines (colored squares; List subtracks) are indicated. (B and C) Bar graphs represent luciferase activity of Sam68,
hnRNP Al and SV40 promoters compared to an upstream intergenic region (intergenic; —17753 to —16920 bp from the TSS) used as negative control
(B), and of Sam68 promoter deletion mutants (Mut5’A, Mut5'B, Mut5'C, Mut3’A, Mut3'B) compared to the wild-type (wt) and interegenic reporters
(C). A schematic representation of wt and mutant reporters is also shown; the upstream (black line) and downstream (gray line) regions from the Sam68
TSS are indicated (C; left panel). All Luciferase assays were performed in HEK293T 48 h post-transfection. Data represent mean + SD of three biological
replicates. Statistical significance was calculated by Student’s ¢-test. * P < 0.05; **P < 0.01; *** P < 0.001; n.s., not significant. (D) Representative ChIP-seq
analysis of c-MYC and RNAPII binding to the Sam68 promoter region in NB4 cells with a schematic representation of the Samé68 gene structure showing

predicted TSS (arrow), introns (horizontal lines) and exons (boxes).

lation between c-MYC and Sam68 expression was found
by analyzing other datasets of PCa patients (GSE21034
and GSE29079) (17,18) (Supplementary Figure S3E and
F). Furthermore, Z-score classification of patients for low
and high expression of c-MYC confirmed that Sam68 lev-
els are significantly higher in the MYCPgh compared to the
MYC'¥ group (Figure 3F; Supplementary Figure S3E and
F). These findings suggest a direct link between upregula-
tion of c-MYC and Sam68 transcription in PCa.

¢-MYC downregulation impacts on Samé68 expression during
cell growth arrest

Both ¢-MYC and Sam68 promote PCa cell prolifera-
tion (14,31), whereas cell growth arrest is linked to c-
MYC downregulation (32). Thus, we asked whether Sam68
expression was perturbed under conditions that induce
growth arrest. Serum deprivation of LNCaP cells for 6 days

significantly impaired proliferation, as indicated by a reduc-
tion of BrdU positive cells (Figure 4A). Under these con-
ditions, we also observed concomitant downregulation of
both c-MYC and Sam68 mRNA and protein levels (Fig-
ure 4B and C). Serum deprivation and c-MYC silencing did
not exert additive effects on Sam68 expression (Supplemen-
tary Figure A and B), suggesting that they function in the
same pathway. Notably, a similar concomitant reduction of
¢-MYC and Sam68 expression was also observed in PC3
cells induced to growth arrest by serum deprivation (Sup-
plementary Figure S4C-E).

Most PCas maintain dependency on androgens for cell
proliferation and tumor growth. For this reason, inhibi-
tion of AR signaling represents the first-line therapy for
this cancer. Thus, to impair PCa cell growth by an alterna-
tive approach, we treated the androgen-dependent LNCaP
cells with Enzalutamide, a clinically approved AR inhibitor
(2). Exposure of LNCaP cells to 1w.M Enzalutamide for 6
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Figure 2. c-Myc binds to the Sam68 promoter region. (A) sqPCR and (B) qPCR analyses of ChIP experiments performed in LNCaP cells using c-MYC
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analyses (arrows) are indicated. (C) The bar graph represents the luciferase assay performed in HEK293T cells transfected with wt or mutated (Mutl, Mut2
and Mutl-2) Sam68 promoter reporters in combination, or not (empty vector, EV), with c-MYC-pCDNAJ3 vector (¢c-MYC). A schematic representation
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days induced a significant reduction of proliferation (Fig-
ure 4D). Strikingly, also under this condition we observed a
concomitant reduction in Sam68 and c-MYC levels (Figure
4E and F), indicating that the effect was linked to ADT-
mediated growth arrest. As expected, proliferation of the
androgen-insensitive PC3 cells was not affected by Enzalu-
tamide treatment (Supplementary Figure S4F) and neither
¢c-MYC nor Sam68 expression was significantly modulated
(Supplementary Figure S4G and H). These results suggest
that under adverse growth conditions, PCa cells concomi-
tantly downregulate c-MYC and Sam68 expression to halt
proliferation.

c¢-MYC affects alternative splicing of Sam68 through modu-
lation of the RNAPII elongation rate

Regulation of exon 3 splicing in the Sam68 transcript has
been previously related to growth conditions (33). Inclusion
of exon 3 generates the full-length variant with an intact
KH domain for RNA binding, whereas skipping of exon
3 generates an isoform that presents a 39-amino acid dele-
tion in this domain (Sam68-AKH) (Figure 5A) and is un-
able to bind RNA (34). Although difficult to detect in cell
lines under culture conditions, the Sam68-AKH splice vari-
ant was shown to be induced upon growth arrest in non-
transformed fibroblasts (33). We observed an ~30-50% in-
crease in the levels of the Sam68-AKH variant in LNCaP
cells exposed to either serum deprivation or Enzalutamide
treatment, as determined by both sqPCR (Figure 5B) and
gPCR (Figure 5C). These results indicate that growth ar-

rest impacts on Sam68 AS in PCa cells. Since under these
conditions expression of c-MYC is also halted (Figure 4),
we asked whether ¢c-MYC is involved in the Sam68 splic-
ing switch. Strikingly, c-MYC depletion recapitulated the
increase in exon 3 skipping observed under growth arrest in
LNCaP cells (Figure 5D and E), indicating that c-M YC pro-
motes both expression and productive splicing of the Sam68
full length variant.

Transcription and splicing are functionally coupled, and
transcription-related processes influence splicing outcome
(10). For instance, changes in the RNAPII elongation rate
modulate splicing of hundreds of genes (35). Fast RNAPII
elongation rate correlates with its phosphorylation in Ser-
ine 2 (p-Ser2) and we observed that c-MYC depletion re-
duced the levels of this post-translational modification in
LNCaP cells (Figure 5F). Thus, to investigate whether the
transcriptional activity of ¢-MYC influences Sam68 AS,
we first tested the effect of c-MYC on the RNAPII elon-
gation rate within the Sam68 transcription unit. To this
end, we quantified RNAPII processivity as the ratio be-
tween promoter-distal and promoter—proximal regions of
the Sam68 pre-mRNA at steady state (36). qRT-PCR anal-
ysis using primers located at the exon 1/intron 1 (430 bp
from TSS) and exon §/intron 8 boundaries (25707 bp from
TSS) revealed a reduction in RNAPII processivity in c-
MYC-depleted LNCaP cells (Figure 5G, steady state and
Supplementary Figure SS5A and B). This effect was even
more evident in nascent pre-mRNA analyzed 20 min af-
ter release from the transcriptional block caused by in-
cubation with the RNAPII inhibitor 5,6-dichloro-I-b-D-
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Figure 3. c-MYC regulates Sam68 expression in PCa. (A-D) qPCR (A and C) and western blot (B and D) analyses of Sam68 expression in PCa cells
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ribofuranosylbenzimidazole (DRB) (23). At this time point,
when exon8/intron8 expression in the pre-mRNA reaches a
plateau (Supplementary Figure S5C), depletion of c-MYC
caused a two-fold reduction in RNAPII processivity within
the Sam68 gene (Figure 5G, 20 min post-DRB).

These observations suggest that reduction of the RNAPII
elongation rate may underlie the effect of c-MYC on Sam68
splicing. To test this possibility by an alternative approach,
LNCaP cells were treated with suboptimal doses of DRB to
reduce RNAPII p-Ser2 phosphorylation (Figure SH) and
its elongation rate without blocking transcription (35). In-
terestingly, we found that splicing of the Sam68-AKH iso-
form could be recapitulated in a dose-dependent manner

in LNCaP cells treated with sub-optimal concentrations of
DRB (Figure SH and [; Supplementary Figure SSD). Simi-
lar results were obtained with two other RNAPII phospho-
rylation inhibitors, flavopiridol and LDC067 (Supplemen-
tary Figure SSE-H). Collectively these results suggest that
the effect of c-MYC on Sam68 exon 3 splicing is mediated
by a change in the RNAPII elongation rate.

A slow RNAPII elongation rate promotes recruitment of hn-
RNP F and skipping of Sam68 exon 3

Changes in the RNAPII elongation rate may induce inclu-
sion or skipping of alternative exons through kinetic or re-
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(Student’s ¢-test).

cruitment mechanisms (37), non mutually exclusive models
that can also cooperate in splicing regulation (38). In the
first case, a slow elongation offers a window of opportu-
nity to the weaker splice sites before stronger splice sites
of constitutive exons are transcribed. In the recruitment
model, the slower RNAPII is able to recruit splicing regu-
lators to modulate recognition of the alternative exon splice
sites. Since phosphorylation of RNAPII mediates its inter-
action with splicing factors (SFs) during pre-mRNA tran-
scription and processing (39), we hypothesized that reduc-
tion of p-Ser2 phosphorylation might affect the recruitment
of specific SF(s) to the Sam68 pre-mRNA in addition to
its effects on the elongation rate. To test this hypothesis, we
searched for binding motifs of splicing factors within exon 3
and flanking intronic sequences using the SpliceAid 2 (http:
/1193.206.120.249/splicing_tissue.html) (40) and RBP map
(http://rbpmap.technion.ac.il/) (41) prediction tools (Sup-
plementary Figure S6A). We found several potential bind-
ing sites for Sam68 itself, for c-MYC-regulated members
of the hnRNP family (Supplementary Figure S6A), which
generally act as splicing repressors, and for ETR-3, a splic-
ing repressor that was recruited by slow RNAPII (38). To
test whether these splicing factors could modulate exon
3 splicing, we constructed a minigene encompassing the
whole alternatively spliced region of Sam68, from exon 2 to
exon 4 including intervening introns (Supplementary Fig-
ure S6B). Splicing assays in HEK293T cells indicated that
Sam68 does not regulate its own AS (Supplementary Figure
S6B), nor this event was regulated by hnRNP A2, hnRNP
I (PTBP1) and ETR-3 (Supplementary Figure S6C). By
contrast, hnRNP A1, hnRNP F and hnRNP H promoted
skipping of exon 3 (Supplementary Figure S6C). More im-
portantly, qPCR analyses revealed that overexpression of

the highly homologous hnRNP F and hnRNP H promoted
exon 3 skipping also in the endogenous Sam68 transcript
in LNCaP cells, whereas hnRNP A1 was ineffective (Figure
6A). Accordingly, hnRNP F/H depletion significantly re-
duced exon 3 skipping in the endogenous Sam68 transcript,
whereas hnRNP A1 knockdown did not (Figure 6B). These
results suggest that hnRNP F/H are strong candidates for
regulation of Sam68 splicing in PCa cells.

c-MYC is known to regulate the expression of several
splicing factors (19,42). Notably, we found that c-MYC de-
pletion in LNCaP cells caused also mild downregulation of
hnRNP F/H expression, in addition to that of its known
targets (Supplementary Figure S6D). Since exon 3 skip-
ping occurred in spite of the slightly reduced levels of hn-
RNP F/H, we asked whether modulation RNAPII elon-
gation rate by c-MYC promoted recruitment of these fac-
tors on the Sam68 pre-mRNA. To test this possibility, we
treated LNCaP cells with DRB, which mimicked the effect
of c-MYC depletion on RNAPII phosphorylation and exon
3 splicing without significantly affecting expression of hn-
RNP F/H or other c-MYC-regulated splicing factors (Sup-
plementary Figure S6E). CLIP experiments showed that re-
cruitment of hnRNP F to the exon 3 region of the Sam68
pre-mRNA was significantly increased upon DRB treat-
ment (Figure 6C).

DISCUSSION

Sam68 is upregulated and plays key roles in several hu-
man tumors (13), including PCa (14,15). However, despite
its relevance in oncogenic processes, how Sam68 transcrip-
tion is dysregulated in cancer cells remains unknown. Our
study now demonstrates that the oncogenic transcription
factor c-MYC promotes expression and proper splicing of
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Sam68 mRNA to yield high levels of this protein in PCa To identify potential regulators of Sam68 transcription,
cells. Furthermore, we show that c-MYC and Sam68 ex- we queried public datasets provided by the Encode project
pression are tightly linked to favorable environmental con- using the UCSC Genome Browser tool. This unbiased anal-
ditions, whereas downregulation of c-MYC under andro- ysis identified a subset of transcription factors potentially
gen and/or serum deprivation correlates with repression of involved in the regulation of Sam68 expression. Among
Sam68 transcription and exon 3 splicing, yielding a vari- them, we focused on c-MYC because of its well-established
ant unable to bind RNA (Figure 6D). Thus, our work un- oncogenic function in human cancers (43). The activity of
covers the molecular mechanism underlying dysregulation ¢-MYC profoundly alters the transcriptome of cancer cells
of Sam68 expression in PCa, a finding that is probably ex- (44). Furthermore, mounting evidence supports a key role
tendible to other human cancers in which the c-MYC onco- for c-MYC also in the control of splicing, which further di-
gene is upregulated. versifyies the transcriptome of cancer cells. Indeed, spliceo-

some components (29,45) and splicing factors, including
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SRSF1, PTBPI, hnRNP Al (19,26) are direct targets of
c-MYC. Notably, SRSF1 expression promotes prolifera-
tion, cell survival and anchorage-independent growth in
several tumors (19) and its phosphorylation by SRPK1 con-
trols angiogenesis through the splicing regulation of VEGF
(46), which is essential in highly vascularized cancers like
PCa (47). On the other hand, the regulation of spliceosome
components is required for c-M YC-driven malignant trans-
formation (29,45), suggesting that safeguarding splicing fi-
delity is a key element for the pro-oncogenic function of
¢-MYC. Our study now identifies Sam68 as an additional
splicing regulator under c-M YC control in cancer. We found
a highly significant correlation between c-M YC and Sam68
expression in PCa patients, suggesting that this regulation is
functional in vivo. Although our work was focused on PCa,
it is likely that c-MYC more generally regulates Sam68 ex-
pression in cancer, as ChIP-seq peaks for this transcription
factor within the Sam68 promoter region were found in cell
lines of different origin.

Bioinformatics analyses revealed a relatively small region
upstream of the first Sam68 coding exon that displays pro-
moter features, such as histone marks of active transcrip-
tion and RNAPII occupancy. Since the transcriptional ac-
tivity of this region was confirmed in reporter assays, our
study identifies a core promoter of human Sam68 that is ac-
tive in multiple cell types. Our results also show that c-MYC
mainly acts through binding to two E-boxes proximal to the

TSS. Importantly, c-MYC expression is increased in PCa
and correlates with disease severity (30,48). Since Sam68
and c-MYC upregulation is correlated in PCa patients, our
findings suggest that Sam68 takes part to the oncogenic pro-
gram activated by c-MYC in prostate cells.

¢-MYC expression overrides growth arrest and reduces
the capacity of cancer cells to differentiate (32). Sam68 ap-
pears to support the same functions, as its depletion im-
paired PCa cell proliferation (14) and induced neural stem
cell differentiation (49). Thus, we tested the possibility that
the expression of ¢-MYC and Sam68 responds to favor-
able growth conditions in PCa cells. As expected, we ob-
served a concomitant reduction of c-MYC and Sam68 ex-
pression under conditions that cause proliferation arrest,
such as serum deprivation and inhibition of AR signaling.
These findings suggest the existence of a c-MYC-Sam68
functional axis in PCa and highlight a possible novel role
for Sam68 as mediator of c-MYC function.

The KH domain is crucial for the RNA-binding activ-
ity of Sam68 (34). It was previously reported that a Sam68
splice variant lacking a functional KH domain (Sam68-
AKH) is generated upon growth arrest (33) and this variant
was proposed to participate to cell cycle arrest in fibroblasts.
Nevertheless, whether the Sam68-AKH variant existed in
cancer cells and the mechanisms underlying its expression
had not been investigated. Sam68-AKH results from exon
3 skipping during pre-mRNA splicing. We observed an
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increase in exon 3 skipping upon growth arrest induced
by either serum or androgen deprivation and this effect
was recapitulated by knockdown of ¢c-MYC. Thus, c-MYC
likely controls both transcription and productive splicing
of Sam68. This regulation may have widespread impact
on the transcriptome of PCa cells. Expression of Sam68-
AKH may not only impair splicing of the direct Sam68
targets, but also affect those of SRSF1 because Sam68 is
required to inhibit non-sense mediated decay (NMD) of
SRSF1 transcripts (50). These observations suggest that the
¢-MYC- mediated oncogenic program may also rely on a
widespread splicing program empowered by the network of
cross-regulation between its downstream effectors. Since c-
MYC lacks molecular features that can be targeted by small
molecule inhibitors, identification of downstream effectors
may help develop treatments for M YC-driven cancers. For
instance, antisense oligonucleotides (ASOs) targeting splic-
ing of Sam68 exon 3 may weaken the c-M YC oncogenic pro-
gram in PCa and enhance the efficacy of other anti-cancer
treatments.

Mechanistically, we linked c-MYC action to modulation
of RNAPII activity. Since c-MYC influences RNAPII oc-
cupancy across the transcribed unit of its target genes, as
well as phosphorylation of RNAPII at Serine 2 (51),c-MYC
might alter Sam68 splicing by affecting the RNAPII elon-
gation rate within the locus. Indeed, we found that depletion
of c-MYC decreased Ser-2 phosphorylation of RNAPII in
LNCaP cells and reduced the RNAPII elongation rate in
the Sam68 gene, which correlated with exon 3 skipping. In
our experiments RNAPII processivity was calculated as ra-
tio of regions in the same transcript, thus it should be in-
dependent of the total amount of transcript produced by
the gene. Nevertheless, since transcription efficiency and
RNAPII processivity are mechanistically linked (39), they
could impact on each other and we cannot completely dis-
tinguish between these two aspects affected by c-MYC.
However, the effect on Sam68 splicing could be recapitu-
lated by treatment of cells with several CDK9 inhibitors.
Thus, our results suggest that reducing the RNAPII elonga-
tion rate is sufficient for exon 3 splicing regulation and that
¢-MYC coordinates transcription and splicing of Sam68 by
affecting the RNAPII elongation rate.

Changes in RNAPII dynamics can affect splicing by af-
fecting recruitment of specific splicing factors to the reg-
ulated exons (37). Such model was recently demonstrated
for the CFTR gene, where reduced RNAPII processivity al-
lowed recruitment of the splicing repressor ETR-3 and pro-
moted exon skipping (38). Herein, by performing bioinfor-
matics analyses and splicing assays, we identified hnRNP
F as a regulator of Sam68 exon 3 splicing, whose recruit-
ment to the pre-mRNA is favored by a slow RNAPII in
PCa cells. We focused on hnRNP F because its antibody
functioned better than that of hnRNP H under CLIP con-
ditions in LNCaP cells. However, given their high homol-
ogy, this antibody also partially recognizes hnRNP H and
it is likely that exon 3 skipping is due to binding of both
hnRNPs to the Sam68 transcript.

In conclusion, our study reveals that c-MYC contributes
to regulation of Sam68 transcription and productive splic-
ing in PCa cells through modulation of RNAPII dynamics
within the gene.
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