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Abstract: Dysregulation of alternative splicing of hTERT gene to generate full-length Htert (hTERT-FL) that reactivate
telomerase has been recognized as a major pathological alteration in pancreatic cancer (PrCa). Mechanism about
the factors that regulate hTERT-FL splicing is lacking. Through bioinformatics approach, we focus on a candidate
splicing factor RBM10, which leads to a switch in hTERT transcripts to generate a function-less isoform hTERT-s in
PrCa, suppressed both telomerase activity and subsequent telomere shortening. RBM10 expression is negatively
associated with PrCa progression. Gain or loss of RBM10 also significantly changed PrCa cell proliferation in vitro
and in xenografts. RNA-IP and RNA pull-down assays reveal that RBM10 promotes the exclusion of exons7 and 8
which results in the production of TERT-s transcripts. This study may increase knowledge about potentially targe-

table cancer associated splicing factors and provide novel insights into therapeutic approach in PrCa.
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Introduction

Telomerase is an enzyme that is responsible for
the maintenance of telomeres. Reactivation of
telomerase has been universally recognized
as a hallmark of cancer [1, 2]. Function as the
telomerase catalytic subunit, telomerase re-
verse transcriptase (hTERT) is recognized as
one of the key factors that control telomerase
activity and maintain telomers in in up to 90%
of cancers [1, 3]. Expression of hTERT was tight
modulated at all levels including genomic and
epigenomic alteration, alternative splicing and
translational modification [4-6]. Expression
regulation of hTERT at transcription level has
been extensively explored. However, accumu-
lating evidence suggest that transcriptional
regulation is not sufficient to fully control telom-
erase activity [7]. Even though TERT gene tran-
scription increased alongside aging, neither
change of telomerase activity or full-length
hTERT (hTERT-FL) transcripts containing the
functional domain were detected, suggesting

alternative splicing, may also participated in
regulating telomerase activity [8, 9].

The hTERT gene consists of 16 exons and can
generate several variants by RNA splicing [8].
Under certain circumstances, the exons 7 and
8 were excluded which lead to a reading frame
shift and a premature stop codon within exon
10. This process results in translation of a trun-
cated variant hTERT-s (also known as +o-3 or
minus beta) [9, 10]. Exons 5-9 were encoded
for part of the reverse transcriptase domain of
hTERT, so that the telomerase activity of hTERT-
s was straightly suppressed [8, 9]. The hTERT-s
has been reported to be downregulated in dif-
ferent type of cancers such as non-small cell
lung cancer, oven cancer, prostate cancer,
colorectal cancer and brain cancer [11-15].
While consensus on the role of the reverse tran-
scriptase domain in regulating telomerase
activity has been widely reached, mechanism
that controlling alternative splicing that gener-
ates the inactive hTERT-s isoform is still not fully
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studied. Through alternative splicing, most
TERT transcripts are inactive variants instead
of hTERT-FL in human. This mechanism ensures
homeostasis of somatic cell and allows for
human to have lower cancer incidence [16].
Deciphering the potential mechanisms that
govern hTERT splicing is critical for better
understanding of human cancer.

Alterative splicing of hTERT is known to be dys-
regulated in PrCa [17, 18]. Recently, several
splicing factors were identified to potentially
control hTERT splicing [11, 19]. RBM10, also
called S1-1, is an RNA-binding protein which
preferentially binds to GGU sequences and par-
ticipates in alternative splicing [20-22]. RBM10
has been reported as a cancer-suppress ge-
ne through modulating NUMB and CREBBP
splicing [23, 24]. Loss-of-function mutation of
RBM10 is associated with high pancreatic
tumor grade and lymphnode metastasis [25].
Since RBM10 is recognized as a tumor sup-
pressor, and the regulation of RNA splicing is a
crucial process that is aberrant in PrCa, we set
out to confirm if hTERT splicing is regulated by
RBM10 in pancreatic tumor.

In this study, we proposed an unveiled function
of RBM10 that regulates hTERT splicing by bind-
ing to the GGU motif of PrCa cells to repress the
production of hTERT-FL. Loss of RBM10 pro-
mote PrCa cell proliferation, invasion and xeno-
graft growth. Our research provides a novel
insight of how hTERT splicing is regulated in
PrCa and a new direction for therapeutic
approach targeting telomerase repression that
may contribute to continuously PrCa inhibition.

Material and methods

Pancreatic TMA construction and pathology
evaluation

Pancreatic ductal tumor samples were retrieved
from The General Hospital of Western Theater
Command of PLA and used to build tissue micro
arrays (TMA). This TMA is consisting of tissue
cores from 80 primary pancreatic ductal can-
cer patients.

RNA in situ hybridization (RISH) analyses

The hTERT-FL specific probe (detecting the
junction region of exons 6 and 7 of hTERT-FL
mMRNA) and the hTERT-s specific probe (detect-
ing the junction region of exons 6 and 9 of

158

hTERT-s mRNA) were synthesized by Advan-
ced Cell Diagnostic (Hayward, USA). RISH
assays were performed using the BaseScope
assay kit (Hayward, USA) following manufac-
ture’s protocol.

RISH signal was evaluated and scored as zero if
there is no signal within the whole tissue core;
one if signal is observed in less than 30% of the
cell within a core; two if signal is observed in
30-60% of the whole tissue core and three if
signal is observed in more than 60% of the
whole tissue core.

Immunohistochemistry (IHC) analyses

The RBM10 antibody (PA5-83253, Thermo-
Fisher scientific) was used for IHC staining.
Stained TMA were scanned and digital images
were generated by the Leica SCN40O scanner.
IHC scores of RBM10 (0-3) was calculated by
staining intensity (no as O, low as 1, medium as
2, and high as 3) timed by the portion of RBM10
staining positive cells (0-100%). IHC scores
>1.5 are recognized as high expression.

Cell lines

All PrCa cell lines (AsPX-1, BxPC-1, HPAC, PANC-
1, CFPAC-1) and pancreatic ductal epithelial
cell HPDE were purchased from ATCC and cul-
tured at in 5% CO, 37°C in DMEM medium con-
taining 10% fatal bovine serum (HyClone,
Logan, UT).

Western blot

Protein lysates of indicated cells were extract-
ed by the lysis buffer (50 mM Tris, 1% NP40,
150 mM NaCl, 0.5% sodium deoxycholate,
0.1% SDS pH8.0 and proteinase inhibitors). The
protein concentration was measured by BCA
assay (Pierce). Total protein was separated on
SDS polyacrylamide electrophoresis pages and
then transferred to PVDF membranes. RBM10
antibody (PA5-83253, ThermoFisher scientific)
was used for protein detection. Beta-actin
(@ab8227, Abcam) was used as loading control.

Reverse-transcription and realtime-qPCR

Total cell RNA was isolated by TRIZOL reagent.
Deoxyribonuclease was used to clean DNA resi-
dent. Reverse transcription was carried out
with superscript lll (Invitrogen) and random hex-
amers according to the manufacture’s instruc-
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tion. Real-time qPCR was performed using the
FastStart Universal SYBR Green Master mix
(Roche) and run on the ABI 7900 HT system. All
real-time qPCR results were from three inde-
pendent experiment.

Construction of PrCa cell lines by lentivirus

Lentiviral vector encoding RBM10 and shRB-
M10 were purchased from Addgene and com-
bined with VSVG and R8.9 vectors to package
lentivirus and infect PCNA-1 cells. All cell lines
were selected using blasticidin or puromycin.
Expression or knockdown of RBM10 were con-
firmed by Western blot and real-time PCR

Cell proliferation, invasion and colony forma-
tion assays

The MTS regent was used for cell proliferation
assay according to the manufacture’s instruc-
tion. Cell proliferation rates were calculated as
relative fold change of OD490 and normalized
to the start point.

Bromodeoxyuridine (BrdU) assay was carried
out following the manufacturer’s instructions.
Briefly, 1/500 diluted BrdU was added in 10*
cells and incubated for 16 hours. Then, diluted
anti-BrdU antibody was used to detect the BrdU
following the manufacturer’s instructions. The
plates were washed and added TMB peroxi-
dase substrate. Plates were read by the densi-
tometer at the wavelength of 450 nm. BrdU
index was calculated as relative fold change in
0D450 and normalized to the control group.

Cell invasion was determined by transwell
assays. Briefly, PCNA-1 cells were cultured in
serum-free media overnight prior to planting
into the Boyden chamber. The Matrigel-coated
transwell filters were rehydrated. Cells were
suspended and planted into the top chamber
with serum-free culture media. The containing
DMEM media containing 2% serum was filled
into the bottom chamber. Cells were incubated
overnight and cells left in the upper chamber
were eliminate. Invaded cells were fixed and
stained for 10 minutes with crystal violet.
Stained cell was observed under x10 magnifi-
cation. All chambers were performed in
triplicates.

For colony formation assay, about 10° cells
were collected in 0.375% Soft agar with basal
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media and overlaid on 0.75% Noble aga in
triplicate. After 10 days of growth, colonies
larger than 0.1 mm were counted and the aver-
age of the colony number was calculated. All
chambers were performed in duplicates.

Pancreatic tumor xenograft assay

All animal protocols were reviewed and app-
roved by the Animal Care and Use Committee of
The General Hospital of Western Theater
Command of PLA and conducted following
the institutional guidelines. The 4-6 weeks old
nude mice were used for xenograft transplanta-
tion. About 10° cells were injected subcutane-
ously into the hind flanks of the nude mice.
Tumor volume was monitored one or two times
per week and calculated as Length * (Width)? *
0.562.

Droplet digital TRAP assay

PCNA-1 cells were lysed, diluted, and used for
the telomerase extension reaction. After 40
minutes reaction, telomerase was inactive by
heat. The reaction products were amplified by
droplet digital PCR for 40 cycles. The signal was
measured and droplets were scanned and
counted by the QX200 droplet reader. Telo-
merase extension was calculated as products
per cell equivalents.

Telomerase activity assay

The TeloTAGGG telomerase PCR ELISA kit was
used to analyze telomerase activity following
the manufacturer’s instruction (Roche). Briefly,
total protein collected from PCNA-1 cell and
added into the reaction mixture to generated
telomere product. The product was then ampli-
fied by PCR for 30 cycles. ELISA assays was
used to detected the amplified products, and
telomerase activity was measured as the arbi-
trary unit of 0D450-0D690.

Telomere length analysis

The average telomeres length (terminal restric-
tion fragment lengths) was determined by the
stretch PCR using the telomerase activity
detection kit following the manufacturer’s in-
structions (TeloChaser, Toyobo Co. Ltd.). Briefly,
samples were lysis and incubated under ice-
cold for 30 minutes. Insoluble fraction of the
cellular lysate was eliminated at 12,000 g and

Am J Cancer Res 2021;11(1):157-170



RBM10 inhibits pancreatic cancer by splicing hTERT

4°C centrifuged for 20 minutes. The superna-
tant was collected and about 9 ug of protein
was used for PCR detection. Telomeric repeats
were produce at 37°C for 60 mins and then iso-
lated, incubated at 90°C for 3 minutes and
subjected to 30 cycles of PCR including 94°C
for 30 seconds, 50°C for 30 seconds, and
72°C for 60 seconds. The amplified terminal
restriction fragments were run on a 10% poly-
acrylamide gel and analyzed by Southern blot.

Construction of hTERT minigenes

The human genomic BAC clone was used as
the template to construct the hTERT minigene.
Exon 6-9 and their 300-400 bp flanking intron
regions of the hTERT gene (NM_198253) were
amplified by Platinum Taq DNA Polymerase
High Fidelity (Invitrogen) and cloned into the
expression vector. The hTERT-minigene with
mutant were generated using the original
hTERT-minigene as the template by the Q5 site-
directed mutagenesis kit (New England Bio-
labs). Sanger sequencing was used to confir-
med the integrity of all the minigenes.

RNA immunoprecipitation (RNA-IP) assays

PCNA-1 cell transfected with Flag-RBM10 plas-
mid for 48 hours. Cell chromatin were cross-
linked with formaldehyde for 20 minutes at
37°C. Cells were then cracked by sonication in
RNA IP buffer (1% SDS, 50 mM Tris, and 10 mM
EDTA, pH 8.0, plus protease inhibitor cocktail).
Purified chromatin sample was added into 2 ug
of Flag or control IgG antibody and incuba-
ted overnight at 4°C for immunoprecipitation.
Target complex were precipitated by protein
A/G agarose beads. Eluting buffer containing
1% SDS, 0.1 M NaHCO,, and 50 pl RNase inhib-
itor was used to elute immunocomplexes.
Cross-links was reversed by adding 10 ul 5 M
NaCl into 500 ul of eluted immunocom-
plexes and heated for 2 hours at 64°C.
Immunoprecipitated RNA fragments were elut-
ed by 1500 ul lysis buffer containing 1% 2-mer-
captoenthanol. Purelink RNA Mini Kit was used
to isolate eluted RNA and subsequence to
reverse transcription. DNA products were quan-
tified by real-time qPCR and presented as per-
centage of input.

RNA pull-down assay

NETN buffer with proteinase inhibitor cocktail
were used to lysis PCNA-1 cells transfected
with Flag-RBM10 plasmid. Biotin-labeled RNA
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oligos were attached onto streptavidin beads at
4°C for 2hours. Cell lysate was incubated com-
bined with beads banded the biotin-labeled
RNA oligos to pull-down the Flag-RBM10 pro-
tein. Purified proteins were detected by Western
blot using anti-Flag antibody.

Statistics

Statistical analysis was carried out by the
GraphPad Prism 8.0 software. Differences
among groups were compared by one-way
ANOVA test. Spearman correlation analysis was
used to evaluate the correlation between
hTERT-FL and hTERT-s RISH scores with tumor
stage. The level of significance was set at
P<0.05 as *, P<0.01 as **.

Results

Downregulation of RBM10 expression associ-
ates poor prognosis of PrCa

To explore the potential factors associated with
hTERT splicing and PrCa progression, we ana-
lyzed the published hTERT minigene siRNA
screen [11] results and significantly altered
gene in two PrCa database (TCGA and GTEXx)
[26, 27]. RBM10 was one of the top-ranking
PrCa specific RNA-binding protein that associ-
ated with alternative splicing of hTERT and PrCa
progression (Figure 1A). Genomic profiling of
PrCa patients (GEPIA) showed that among
PrCa patients, RBM10 expression was nega-
tively correlated with tumor stage (Figure 1B).
Patients with relatively lower RBM10 expres-
sion have shorter total patient survival and dis-
ease-free survival duration (Figure 1C). Similar
results were also obtained from data of TCGA
PanCancer atlas (Figure 1D). In cell model,
RBM10 expressed differently in several pancre-
atic cell lines, all PrCa cell lines expressed
lower levels of RBM10 than the benign HPDE
cells (Figure 1E). Reduced RBM10 protein
levels in PrCa cell lines were correlated wi-
th increased levels of hTERT-FL mRNA, but
decreased hTERT-s mRNA levels (Figure 1F).

We further utilized IHC assays on TMAs to mea-
sure RBM10 expression in our PrCa cohort
(Figure 2A, 2B). Consistent with RBM10 mRNA
results, our IHC results indicated that patients
with relatively lower RBM10 protein expression
have shorter total patient survival and disease-
free survival rates (Figure 2C). RBM10 IHC
score was also negatively correlated with tumor
stage (Figure 2D). In addition, the mean RBM10
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Figure 1. RBM10 expression in PrCa(PrCa) patients and cell models. A. A Venn diagram of results from indicated database shows splicing factor RBM10 is signifi-
cantly upregulated in PrCa. B. Whole transcriptome sequencing data from TCGA and GTEx database were analyzed in the GEPIA website (http://gepia.cancer-pku.
cn/). RBM10 mRNA level was present as Log2(TPM+1) and used to compare compared RBM10 mRNA levels among different pancreatic tumor stage. C. Overall
survival and disease-free survival of pancreatic patients by RBM10 level were compared and analyzed by Kaplan-Meier curves. D. Whole transcriptome sequencing
data from TCGA PanCancer Atlas database were analyzed in the cbioportal website (http://www.cbioportal.org/). Z-scores were used to divide PrCa patients into
RBM low and high groups. Overall survival and disease-free survival of pancreatic patients by RBM10 level were compared and analyzed by Kaplan-Meier curves.
E. Multiple pancreatic cell lines were used to measure RBM10 expression by immunoblotting and realtime-gPCR. F. Multiple pancreatic cell models were used
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to analyze hTERT-FL and hTERT-s expression by real-time PCR. Original, full-length blot images were provided in

Supplementary Figure 1.
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Figure 2. Application of TMA to study RBM10 expression during PrCa progression. A, B. RBM10 IHC assays were
carried out on the PrCa TMA using RBM10 antibody as described in the Methods section. Representative images of
RBM10 IHC staining are shown. IHC scores were used to divide PrCa patients into RBM10 low (less than 1.5) and
high (higher or equal to 1.5) groups. C. Overall survival and progression-free survival of pancreatic patients were
plotted by RBM10 IHC score using Kaplan-Meier curves. D. Scattered plots show RBM10 IHC scores of indicated
tumor groups. The association of RBM10 level with PrCa tumor stage was calculated by Spearman’s correlation test.
E. RBM10 expression in tumor with or without LNs metastasis were compared by t-test.

IHC score was higher in patient without lym-
phoid metastasis but decreased in patient with
lymphoid metastasis (Figure 2E). In summary,
both public data and our TMA results indicate
that reduced RBM10 expression associates
with advanced PrCa and poor patient survival.

RBM10 regulates telomerase activity in PrCa
cells

Lentivirus vectors stably expressing RBM10 or
shRBM10 RNA were used to infect PCNA-1 cell.
Telomere length assay showed that RBM10
overexpression reduced and RBM10 depletion
enhanced PCNA-1 telomere length (Figure 3A).
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Consistently, gain- or loss-of-function of also
altered PCNA-1 telomerase activity (Figure 3B,
3C). Furthermore, transfection of hTERT-FL
expression vector or shhTERT RNA were able to
rescue the change of telomere length and
telomerase enzyme induced by RBM10 altera-
tion (Figure 3D-F). These results indicated
RBM10 regulated telomerase activity in PrCa
cells.

RBM10 suppresses PrCa cell growth and xeno-
graft progression

MTS and BrdU assays showed that PCNA-1 cell
proliferation rates were inhibited by gain-of-
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function of RBM10 and enhanced by RBM10
depletion. Consistently, these effects can also
be abolished by introduction or depletion of
hTERT-FL (Figure 4A, 4B). Similar results were
also found in PCNA-1 cell invasion and anchor-
age colony formation assays (Figure 4C, 4D).
Using the PCNA-1 xenograft model, we showed
RBM10 inhibited and shRBM10 promoted
PCNA-1 xenograft growth which can be rescued
by introduction of hTERT-FL or shhTERT-FL
(Figure 4E). These results indicate that RBM10
inhibits pancreatic cell proliferation, invasion,
colony formation, and xenograft growth.

RBM 10 expression is associated with hTERT
splicing in PrCa

We found that hTERT-FL is expressed at merely
low levels in normal pancreatic cell but dramati-
cally induced in PrCa cell, while hTERT-s expres-
sion levels shows opposite trend (Figure 1F). To
validate these findings, RNA in situ hybridiza-
tion (RISH) assays were applied in our TMA
(Figure 5A, 5B) and confirmed that compared
to RBM10 high tissues, hTERT-FL staining was
higher in RBM10 low PrCa. hTERT-FL RISH sig-
naling was scored as high (score =3) in 13.6%
(3/22), moderate (score =2) in 68,2% (15/22),
and low (score =1) in 13.6% (3/22) of RBM10
low samples. Only 4.5% (1/22) of RBM10 low
were hTERT-FL negative. By contrast, none of
RBM10 high sample strongly expressed hTERT-
FL, 13.8% (8/58) expressed moderate, 69.0%
(40/58) expressed weak and almost 17.2%
(10/58) express no hTERT in RBM10 high tis-
sue. Meanwhile, no high hTERT-s RISH scored
was detected in RBM10 low samples, only
27.3% (6/22) of RBM10 low samples express
moderate and 72.7(16/22) express weak
hTERT-s (Figure 5C). Consistently, RBM10 IHC
score was negatively correlated with hTERT-FL
RISH score but positively correlated with hTERT-
s RISH score (Figure 5D). Together, these
results suggest a tightly association of RBM10
expression with hTERT splicing.

RBM10 interacts with hTERT pre-mRNA and
inhibits exons inclusion

Since the RBM10 is an RNA binding protein and
regulates hTERT-associated telomerase activi-
ty, we hypothesized that RBM10 directly regu-
lates hTERT RNA splicing. RBM10 overexpres-
sion downregulated and shRBM10 up regulated
hTERT-FL/hTERT-s mRNA ratio (Figure 6A, 6B).
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The GGU motif has been reported to be a con-
sensus RBM10 binding site. We found several
GGU motif within the 5’ splice site of exon 5-8
in hTERT gene. In vivo RNA immunoprecipita-
tion assays confirmed that RBM10 was recruit-
ed to the sites next to the 5’ splice sites of
hTERT intron 7 and 8 (S4-S5 sites), but not oth-
ers regions (Figure 6C). RNA pull-down assays
indicated that RBM10 can directly bind to the
wild type, but not the mutant GGU motif within
S4 and S5 region in PCNA-1 cells (Figure 6D).
To further confirm that RBM10 regulates hTERT
splicing, we constructed an hTERT minigene
vector in which exons 7/8 and their flanking
300-400 bp intron base pairs were inserted
between exons 6 and 9 (Figure 5C). When
transfected into PCNA-1 cell, RBM10 upregu-
lated hTERT-s but downregulated hTERT-FL
MRNA derived from the minigene vector. In
addition, Site-specific mutagenesis (GGU to
GAU) within the RBM10 binding sites showed
repress of RBM10-mediated exon7/8 skipping
(Figure 6E). These results confirm that RBM10
regulates hTERT splicing.

Discussion

The hTERT can be spliced into several different
isoforms, but only hTERT-FL is able to produce
catalytic protein component that is capable of
maintain telomeres [28]. In our study, we found
that PrCa express low levels of RBM10 were
more advanced and have poor prognosis
(Figure 1). Loss of RBM10 inhibits the exons 7
and 8 skipping during hTERT splicing to gener-
ate functional telomerase and maintain telo-
mere length (Figure 6). Further, RBM10 regu-
lates growth and invasion in PrCa cells, cou-
pling telomere length maintenance.

Several cis elements play critical roles in hTERT
splicing regulation. It has been reported that
lack of cis elements of intron in hTERT pre-
MRNA can prevent the inclusion of exon7 and 8
[11]. These cis elements are conserved in
hTERT pre-mRNA and potentially allow hTERT to
be alternative spliced by different splicing fac-
tors such as NOVA1, SRSF11, hnRNP H2, and
hnRNP L [11, 29, 30]. RBM10 has a RanBP2-
type Zn finger, which is capable of binding with
high affinity to 5’ splice site of exon7-8 in hTERT
pre-mRNA with a GGU motif. Intriguingly, the 5’
splice site of exon 7-8 has several GGU motifs
(Figure 6C) which engage RBM10 binding and
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Figure 4. RBM10 inhibits PrCa cell proliferation, colony formation and xenograft growth. A-D. Gain- and loss-of-function of RBM10 with was applied to PCNA-1 cell
and rescued by gain- and loss-of-function of hTERT-FL. A. Cell proliferation rate were analyzed by MTS assays and calculated as relative 0D490 fold change to that
at day 0. B. BrdU incorporation assays were performed and relative BrdU incorporation rate were present. C. Cell invasion rates were measured by trans-well assays.
D. Colony formation of PCNA-1 cell were analyzed by soft agar assay and colony numbers were counted with diameters more than 100 um. E. PCNA-1 xenografts
were established as described in the Methods section. Tumor volumes were measured weekly and plotted.
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Figure 5. hTERT splicing variants expression in PrCa TMA. A, B. RISH assays were performed on PrCa TMA using hTERT-FL and hTERT-s probes as described in the
Material and Method section, representative images were shown. C. Distribution of hTERT-FL and hTERT-s RISH scores in RBM10 low or high groups were plotted.
D. hTERT-FL and hTERT-s expression in correlation with RBM10 IHC scores was analyzed by Spearman’s correlation test. Results were calculated and presented as
the mean + SEM.
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Figure 6. RBM10 binds to the GGU motif in hTERT precursor RNA and regulates hTERT splicing. (A, B) A schematic diagram shows the structure of the hTRET mi-
nigene reporter and the derived hTERT splice variants. Expression of hTERT-FL and hTERT-s in PCNA-1 cell with gain- and loss-of function of RBM10 was validated
by (A) RT-PCR and (B) realtime-PCR. (C) A schematic diagram of the potential RBM10 binding sites (S1-S6) analyzed in RNA-IP assays. PCNA-1 cells were transfected
with the Flag-RBM10 plasmid. In vivo RNA-IP were carried out using IgG or Flag antibody. Precipitated RBM10 associated RNA fragments were reversed into cDNA
and analyzed by real-time qPCR. Level of precipitated RNA were presented as % of input. (D) Flag-RBM10 was pulldown by biotin-labeled oligos from PCNA-1 cells
and detected by western blot using Flag antibody. (E) A schematic diagram presents the structure of hTERT minigene vector. PCNA-1 cells were transfected with
control, wild or mutant hTERT-minigene in the presence of RBM10 plasmid or not. Total RNA was collected and hTERT-FL and hTERT-s mRNA levels were measured
by realtime-qPCR. All experimental assays were repeated in three independent experiments. Data were presented as the mean + SD ** delegates P<0.01 when
comparing with controls. Original, full-length blot images were provided in Supplementary Figures 3 and 4.
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consequently blocking the site for splicing and
inducing exon 7-8 skipping. This hypothesis is
supported by the results that RBM10 were
observed to potentially bind hTERT pre-mRNA
and inhibits hTERT-FL transcript generation
(Figure 6). In our research, we proposed a
model for how RBM10 protein interacted with
hTERT pre-mRNA. In this model, we propose
that RBM10 binds to GGU motifs within the 5’
splice site of intron 7-8 and brings the 5’ splice
site of exon 6 in close proximity to the 3’ splice
site of exon 9, generating hTERT-s mRNAs with
exon 7 and 8 skipping. Supporting this model,
RBM10 failed to bind to the hTERT minigene
bearing site-mutant of GGU motif and PCNA-1
cell transfected with site-mutant minigene
switched their splicing pattern to almost solely
hTERT-s (Figure 6E).

Since RBM10 regulates hTERT splicing and sup-
press hTERT-FL expression, downregulation of
RBM10 genes in PrCa is predicted to maintain
telomere length and likely switch on cell mitosis
and proliferation. This hypothesis is consistent
with our findings that RBM10 depletion sup-
presses PrCa cell growth and tumor pro-
gression (Figure 4). Although a whole-exome
sequencing research showed loss-of-function
mutation of RBM10 was associated with long
survival [25], it does rule out the possibility that
other mechanisms contributes to RBM10 func-
tion since only 4% tumors bearing indicated
mutation. Our research show that low RBM10
expression level in both TCGA and our cohorts
is associated with advanced pancreatic tumor
stage and poor prognosis (Figures 1, 2). These
findings support the idea that RBM10 is a
tumor-suppress gene which represses tumor
development and progression by modulating
hTERT splicing. Also, as a well-known RNA bind-
ing protein, RBM10 may also have functions
other than regulating splicing [31]. Our results
point out the possibility that by targeting
RBM10 expression and function, telomerase
activity and telomere length maintenance in
PrCa can be manipulated which may be a novel
therapeutic intervention.

The mechanisms of downregulation of RBM10
in pancreatic remain unknown. No cancer-spe-
cific promoter mutations were reported in PrCa
[32]. Only 4% pancreatic tumors were reported
to bearing loss-of-function mutation of RBM10
[25]. Thus, suppression of RBM10 may involve
epigenetic mechanisms including histone post-
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translational modifications. We did not profile
RBM10 mutation or other RBM10 genomic-or
epigenomic alterations in our cohort. However,
regardless of these that prevent us from estab-
lishing a full model that explain the association
between RBM10 and PrCa, they did not impede
us from drawing the conclusion that RBM10
appears to integrate hTERT alternative splicing
with sustained tumor progression. Thus, our
study has provided a new insight into splicing
regulation of hTERT in PrCa and identified
RBM10 as a candidate gene for manipulating
the hTERT splicing machinery for PrCa therapy.
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Supplementary Figure 1. Multiple pancreatic cell lines were used to measure RBM10 expression by immunoblot-
ting and realtime-gPCR (Original image of Figure 1E).
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Supplementary Figure 2. Terminal restriction fragment length analysis of indicated cells were analyzed using TRF-
Southern blot (Original image of Figure 3A and 3D).
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Supplementary Figure 3. Expression of hTERT-FL and hTERT-s in PCNA-1 cell with gain- and loss-of function of
RBM10 was validated by RT-PCR (Original image of Figure 6A).

Input Pull down Input Pull down
MT  WT MT WT MT WT MT WT
170— 170—
130— 130—
RBM10 RBM10
95 — 95 —
72 — 72 —

Supplementary Figure 4. Flag-RBM10 was pulldown by biotin-labeled oligos from PCNA-1 cells and detected by
western blot using Flag antibody (Original image of Figure 6D).
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