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Background: Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal disease with poor prognosis, as it is difficult to predict or
circumvent, and it develops chemoresistance quickly. One cellular mechanism associated with chemoresistance is alternative splicing
dysfunction, a process through which nascent mRNA is spliced into different isoforms. Survivin (Baculoviral IAP Repeat-Containing
Protein 5 (BIRCS)), a member of the inhibitor of apoptosis (IAP) protein family and a cell cycle-associated oncoprotein, is
overexpressed in most cancers and undergoes alternative splicing (AS) to generate six different splicing isoforms.

Methods: To determine if survivin splice variants (SSV) could be involved in PDAC chemoresistance, a Gemcitabine (Gem) resistant
(GR) cell line, MIA PaCa-2 GR, was created and assessed for its SSV levels and their potential association with GR. Cross-resistance
was assessed in MIA-PaCa-2 GR cells to FIRINOX (5-fluorouracil (5-FU), irinotecan, and oxaliplatin). Once chemoresistance was
confirmed, RT-qPCR was used to assess the expression of survivin splice variants (SSVs) in PDAC cell lines. To confirm the effect of
SSVs on chemoresistance, we used siRNA to knockdown all SSVs or SSV 2.

Results: The MIA PaCa-2 GR cell line was 40 times more resistant to Gem and revealed increased resistance to FIRINOX
(5-fluorouracil (5-FU), irinotecan, and oxaliplatin); when compared to the parental MIA-PaCa-2 cells. RT-qPCR studies revealed an
8-fold relative expression increase in SSV 23 and a 2- to 8-fold increase in the other five SSVs in the GR cells. Knockdown of all SSV
or SSV 2 only, using small inhibitory RNA (siRNA), sensitized the GR cells to Gem, indicating that these SSVs play a role in PDAC
chemoresistance.

Conclusion: These findings provide evidence for the potential role of SSV 2B and other SSVs in innate and acquired PDAC
chemoresistance. We also show that the expression of SSVs is not affected by the type of chemoresistance, therefore targeting survivin
splice variants in combination with chemotherapy could benefit a wide range of patients.
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Introduction
Although overall cancer death rates continue to decrease in men, women, and children for all major racial and ethnic
groups, improvement in pancreatic cancer death rates is yet to be observed. An estimated 60,430 new cases are predicted
to arise in the US, from which 48,220 will die in 2021." The little progress in pancreatic cancer management is indicated
by the alarming rise shown by the prediction that it will be the second most deadly cancer in the US by 2030.>
Chemotherapy is one of the most common treatments for pancreatic ductal adenocarcinoma (PDAC), as it is usually
not detected when the tumor would be resectable.” Many tumors respond to chemotherapy and regress; however, some
cancer cells may survive and expand, causing the cancer to come out of remission. These cancer cells are referred to as
chemoresistant.* ® The selective pressures brought about by chemotherapeutics can often cause upregulation of cellular
mechanisms involved in chemotherapy resistance.”* In pancreatic cancer, these mechanisms can involve drug transport
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and metabolism,’ a change in the tumor microenvironment,'® exosome release, as well as

16-20

micro RNA changes,
alternative splicing.

Survivin is a protein commonly overexpressed in cancer that has shown cell proliferation requirement and is a strong
inhibitor of apoptosis (IAP).>'** Survivin both stabilizes the microtubule spindle formation during cell division and
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blocks the inhibitors of other IAPs such as XIAP and c-IAP1/2.%*2° In many cancers higher survivin levels are indicative
of increased resistance.”*?° This is most likely caused by increased anti-apoptotic pathway activity and proliferation
stability by survivin, ultimately leading to higher drug-induced-death tolerance and chemoresistance. We propose that
chemotherapeutic stress alters survivin splice variant (SSV) expression which leads to chemoresistance.

SSVs have been shown to play a role in different many cancer processes but their role in pancreatic cancer
chemotherapy resistance has not been fully elucidated. The SSVs survivin (birc5, wild type), survivin AEx3, survivin

30-33

2B and survivin 2a are associated with cancer progression and chemoresistance while little has been reported in

survivin 3a and survivin 3p isoforms.** Specifically, it has been reported that increased levels of the 2B SSV plays the
most prominent SSV role in cancer chemoresistance.*>*

This project aimed to delineate the role of survivin and its known splice variants in pancreatic cancer’s resistance to
Gem. To address this need, we developed a GR cell line model from a Gem-sensitive parental cell line and assessed the
GR in light of the expression levels of SSVs in both cell lines. Our results show that all six SSVs are expressed in the
sensitive PDAC cell line but are overexpressed 2- to 8-fold in the GR cell line. Short inhibitory RNA (siRNA)
knockdown of all SSVs in unison resensitized the GR cell line to Gem as did the specific knockdown of survivin 2,

suggesting that targeting SSVs in combination with chemotherapy might improve the outcomes of PDAC treatments.

Methods and Materials

Cell Culture

The PDAC cell line MIA PACA-2 was acquired from the American Type Culture Collection (ATCC, Manassas, VA) and
maintained in Dulbecco’s modified Eagle medium (DMEM; ATCC, Manassas, VA) supplemented with Normocin at a final
concentration of 100 pg/mL (InvivoGen, San Diego, CA), 100 units of penicillin, 100ug of streptomycin/mL, 300 pg of
L-glutamine/mL and 10% United States Department of Agriculture (USDA)-sourced heat-inactivated fetal bovine serum
(FBS) as well as 2.5% heat-inactivated horse serum (Mediatech, Manassas, VA). The PANC-1 PDAC cell line was acquired
from ATCC and maintained in DMEM (Mediatech, Manassas, VA) supplemented with 100 units of penicillin, 100ug of
streptomycin/mL, 300 pg of L-glutamine/mL, and 10% USDA-sourced heat-inactivated FBS (Mediatech, Manassas, VA).
In all experiments, cells were cultured at 37°C in a humidified atmosphere containing 5% CO2 to 70-80% confluency prior
to use. Cells were suspended and harvested using 0.25% trypsin in HBSS (Genesee Scientific, San Diego, CA). Cells were
imaged using a Hoffman microscope during exponential growth in standard media to assess morphology changes.

Generation of a Gemcitabine Resistant (GR) Cell Line

Low passage MIA PaCa-2 cells were plated in duplicate in 10 cm plates at a cell density of 1 x 10* cells/mL in 5 mL
media. A control plate was set up separately with duplicate handling. On day two, media with a final concentration of
16nM Gem (initial ICsy) was added to drug treatment groups. Drug treated cells were continuously grown in 16nm
concentration of Gem until there was a significant reduction in visual cell death, after which the concentration of Gem
was incrementally increased to 500 nM and was continuously passaged without changes in proliferation or visual cell
death. These cells exhibited a sustained increase in Gemcitabine-resistant and were named Mia-PaCa-2-GR. Mia-PaCa
-2-GR cells were then maintained in growth media with a final concentration of 500 nM Gemcitabine until experimental
use (Figure 1A).

MTT and Viability

To determine the ICso values for both PANC-1 and MIA PaCa-2 cell lines, cells were plated in a 96 well plates at
a density of 5000 cells/well and grown for 12—16 hours. Gem was introduced at various concentrations (0.001-100 uM),
diluted in the cells’ respective media for 24, 48 and 72 hours. MIA PaCa-2 and MIA PaCa-2 GR cells were single-agent
as well as multi-agent tested for cross-resistance to the three chemotherapeutic components of FOLFIRINOX a four drug
therapy cocktail currently used to treat pancreatic cancer patients: folinic acid, with 5-FU (10 uM), irinotecan (2 pM),
and oxaliplatin (10 uM). MIA PaCa-2 GR cells were grown in conditions with and without 500 nM Gem upon drug
treatment with FIRINOX.
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Figure | Generating a Gemcitabine resistant MIA PaCa-2 GR cell line. (A) Diagram illustrating how the MIA PaCa-2 GR cell line was generated. MIA PaCa-2 cells were
grown with low nanomolar (nM) concentrations of Gem. Live cells surviving Gem were regrown in the same concentration. Once cell death was decreased, Gem
concentration was steadily increased up to 500 nM in which the cells were maintained continuously. (B) Cellular morphology was visualized using Hoffman Modulation
contrast microscopy with a 40x magnification. (C) IC50 of MIA PaCa-2 and MIA PaCa-2 GR cells was calculated by exposing both cells lines to a concentration of
Gemcitabine ranging from 0.001-100 pM for 72 hours. At the end of 72 hours, a MTT assay was performed to assess the IC50. IC50 was calculated using GraphPad 8.4.2.

The cells were incubated with these different agents for 72 hours followed by the trypan blue or MTT assay to determine
cell viability. The reduction of the tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), to
a blue formazan crystal is facilitated by mitochondrial and NADPH-dependent cellular enzymes. Following treatment for
24, 48 or 72 h, MTT was added, at a final concentration of 0.5mg/mL to each well, and incubated for 2 h at 37°C. The
metabolically active cells reduced the MTT to blue formazan crystals, which were dissolved in DMSO. The plates were
then centrifuged at 500g for 5 min and MTT solution was eluted from plate. 100ul of DMSO was added to cells to
solubilize the formazan crystals in each well. The plates were read using a SpectraMax i3x Multi-Mode Microplate Reader
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(Molecular Devices, LLC, San Jose, CA) at absorbance wavelength 570nm and reference 630nm. ICs, values were
calculated using GraphPad Prism (GraphPad Software, San Diego, CA).

Trypan Blue Cell Viability Assessment

Panc-1, Mia-PaCa-2 ad Mia-PaCa-2 GR cell lines were seeded into 6-well plates at 150,000 (Panc-1) or 200,000 cells
and were incubated at 37°C for 12—16h before treatment. Cells were then treated with chemotherapy at IC50 values from
MTT or with siRNA. 72h after drug treatment, cells were washed with PBS and suspended with trypsin. Before
quantitation, the trypsin-cell suspension was diluted 1:3 with fresh media, centrifuged to a pellet and trypsin removed.
Cells were resuspended in 100ul of pbs. 10ul of cell suspension was mixed with 10ul trypan blue (Sigma, Burlington,
MA) and was counted using TC20 cell counter (BioRad Laboratories, Hercules, CA) to assess live cell number after
treatment. Cell numbers were normalized to controls for quantitation.

Cyquant Cell Viability

Cells were handled in the same way as for the MTT assessment. After 72h of treatment plates were centrifuged at 500g
for 5 min and media eluted. Cells were washed with PBS and centrifuged again to elute PBS wash. Plates were then
frozen at —80°C until day of assessment, at which time Cyquant proliferation assay kit was used to detect total DNA
concentration to assess cell number. Cells were lysed and prior to incubation with detection reagent according to the
manufacturer’s protocols and plates were read using SpectraMax i3x Multi-Mode Microplate Reader (Molecular Devices,
LLC, San Jose, CA) with fluorescent detection at excitation 480 nm emission 520 nm.

RNA Isolation

Total RNA was isolated using the Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s instruction.
Briefly, harvested cells were lysed in 500 puL Trizol reagent with the pellet frozen at —80°C. Samples were thawed at
room temperature after which 100 pL of chloroform was added and cells were incubated at room temperature. Samples
were shaken vigorously for 15 seconds and then allowed to stand for 5 minutes at room temperature prior to centrifuging
for 15 minutes at 12,000 x g at 4°C. The aqueous phase was transferred to a fresh tube, and 250 pL of 2-propanol was
added, followed by an additional 10-minute centrifugation step. RNA pellets were washed in cold ethanol and the
concentration was determined by measuring absorbance at 260/280 nm on a NanoDrop spectrophotometer (Thermo
Scientific, Waltham, MA).

Primer Design
Primers specific for each of the six SSVs were designed using unique regions in their sequences and the National Center
for Biotechnology Information (NCBI) nucleotide database (https://www.ncbi.nlm.nih.gov/nucleotide) (Table 1).

Rt-Pcr

Total RNA was converted into cDNA using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA). The synthesized cDNA was diluted to 400 ng, of which 5uL was used as a template for quantitative
real-time polymerase chain reaction (RT-qPCR). cDNA was amplified by PCR using a pair of primers specific for each
SSV and as listed in Table 1, and GAPDH was used as an internal control. Real-time PCR amplification and analysis
were carried out on a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA). PCR conditions
were optimized, and 25 pL reactions were prepared using SYBR Green PCR Master Mix (Bio-Rad Laboratories,
Hercules, CA), 10 uM of forward/reverse primers, and 50 ng of cDNA. All reactions were run in triplicate using the
primers described. The reaction conditions were as follows: 95°C for 3 minutes, 40 cycles of 95°C for 10 seconds, and
60°C for 1 minute, followed by a melting curve ranging from 65°C to 95°C (acquiring fluorescence data every 0.5°C).
A negative control reaction without reverse transcription was included in each experiment, and the specificity of the SSV
was confirmed. Relative levels of each SSV target sequence was calculated using the comparative CT (crossing
threshold) values and each sample was normalized using to GAPDH.
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Table | Survivin Splice Variant Primers

Genes & Accession Forward Reverse Size Location
WT (NMO0O01 168) GACCACCGCTCTCTACATTC GTTCCTCTATGGGGTCGTCA 184 167-187 (F)
350-331 (R)
AEx3 (NM001012270) CCACCGCATCTCTACATTCA CCTTTGCATGGGGTCGTC 181 169188 (F)
350-331 (R)
2B (NM001012271) CCAGATGACGACCCCATTG TGTTCCTCTCTCGTGATCC 95 326-344 (F)
420402 (R)
3B(ABI154416) GCCAGATGACGACCCCATAG TCTGCTAACAGAGCTCTCTCAATTT 156 204-223 (F)
359-335 (R)
3a(DQ227257) CCACCGCATCTCTACATTCA AGCTCTCTCATGGGGTCGTC 183 48-67 (F)
230-211 (R)
20(AY927772) CCACCGCATCTCTACATTCA GGCTGGCCAGAGAAGACTTACAT 195 91-110 (F)
285-263 (R)
GAPDH (NM002046.5) ACGGATTTGGTCGTATTGGGCG CTCCTGGAAGATGGTGATGG 212 214-235 (F)
425-406 (R)

Gene Silencing Experiments

To silence all SSVs, siRNA (5'-CAGACTTGGCCCAGTGTTT-3') was used, which targets a region in exon 2, a conserved
region in SSVs. MISSION siRNA duplexes targeting the 5'-~AATACCAGCACTTTGGGAG-3' sequence in the open reading
frame of the human survivin 28 (NM_001012271) and MISSION siRNA universal negative control predesigned oligos were
used (Millipore Sigma, St. Louis, MO). Briefly, 150,000 to 200,000 cells/well were plated in 6-well plates for PANC-1, MIA
PaCa-2, and MIA PaCa-2 GR cell lines. Sixteen hours later, 3 pg of siRNA was mixed with MISSION transfection reagent
(Sigma) at a 1:3 ratio (siRNA: transfection reagents) in 200 ul Opti-MEM (ThermoFisher Scientific, Grand Island, NY). The
mixture was incubated for 15 minutes at room temperature and then added to the cells dropwise. MIA-PaCa-2 GR cells were
grown in media with and without 500 nM Gem at the time of treatment.

Immunoblot and Protein Quantitation

Cells were harvested 72h after treatment and centrifuged at 500g for 5 min. media and trypsin was eluted and cells were
resuspended in 50-100ul of RIPA buffer. A Pierce BCA protein assay kit (Thermo Scientific, Waltham, MA) was used
according to manufacturer’s protocol to quantitate total protein in each sample. 20pg of protein sample was resolved
using a SDS-page 15% acrylamide-bis gel and transferred to a nitrocellulose membrane (Advansta, San Jose, CA).
Membrane was immunostained using rabbit polyclonal anti-survivin (NB500-201, NOVUS Biologicals, 1:1000) for
detection of all survivin isoforms, mouse monoclonal anti-p53 (1:1000) (DO-1, sc126, Santa Cruz Biotech), mouse
monoclonal anti-YY1 (1:1000) (H-10, sc-7341 Santa Cruz Biotech), rabbit polyclonal anti-spl (1:1000) (PEP-2 sc59,
Santa Cruz Biotech) and loading controls rabbit monoclonal anti-B-actin (1:5000) (D6AS, Cell Signaling) and mouse
monoclonal anti-GAPDH (1:1000) (0411, sc-47724, Santa Cruz Biotech). Dylight 800 Goat-anti-mouse IGG (1:20000)
(SA535521, Invitrogen), and goat-anti-rabbit IGG antibodies (1:20000) (SA5-35571, Thermo Scientific) were used for
secondary stain and quantitation via Odessey CL-x (LI-COR Lincoln, NE).

Statistics

All experiments were performed using at least three biological replicates with bar graph values expressed as the mean
and standard error of the mean (SEM). A repeated-measures two-way ANOVA was used to determine the efficacy of
independent intervention variables, following the Wilcoxon signed-rank test. The groups (cell lines/SSVs) and treatment

OncoTargets and Therapy 2022:15 hetps: 1151

Dove!


https://www.dovepress.com
https://www.dovepress.com

Fuller et al Dove

(drug/siRNAs) were the independent variables while viability and normalized relative expression measures were the
dependent variables. IC50’s were calculated using GraphPad 8.4.2. P values *p < 0.05, **p < 0.01, and ***p < 0.005
were considered statistically significant.

Results

Generating a Chemoresistance Cell Line MIA PaCa-2 GR
MIA PaCa-2 cells were plated in duplicate into 10 cm dishes at a cell density of 1 x 105 cells/mL in 5 mL media. One
plate was left untreated but was passaged alongside the Gem-treatment plate. The cells, initially treated with a sublethal
dose of 10nM Gem, were named MIA PaCa-2-Gem (Figure 1A). The untreated cells were used as a control, as
continuous cell culture can alter cellular characteristics, including drug resistance. After one week, the Gem-treated
cells showed negligible levels of cell death, and were actively proliferating, so the Gem concentration was increased.
Over the next 5 months, drug sensitivity directed the steady increase in Gem levels from 10nM to 50nM to 100nM to
200nM. After multiple passages in 200 nM Gem, negligible cell death was observed. However, approximately 25-40%
of the MIA PaCa-2-Gem cells had an observable fibroblast-like phenotype (Figure 1B). This phenotype has been
associated with chemoresistance in different cancers.’’ >° At this stage, the Gem-treated cells were again actively
proliferating in the presence of Gem and the concentration was increased to 500 nM (Figure 1A). MIA PaCa-2-Gem
cells have been continuously passaged in this concentration with active proliferation and negligible levels of cell death.
To confirm successful resistance, ICs, values were calculated in both MIA PaCa-2 and MIA PaCa-2-Gem cell lines
by exposing the cells to a range of concentrations (0.01-1000 uM) for 72 hours. Using an MTT assay and GraphPad
prism version 8.4.2 software, we determined after conditioning for nearly 12 months that the ICs, value had increased to
680 nM for MIA PaCa-2-GR compared to 16 nM for MIA PaCa-2 (Figure 1C). At this point, we ceased further Gem
concentration increasing and renamed these Gem-treated cells MIA PaCa-2 GR for Gemcitabine Resistance. It has been
our observation that these GR cells are stable both in their cell division and in their resistance to Gem.

Assessing Cross-Resistance of MIA PaCa-2 GR to Other Chemotherapies

To assess whether the MIA PaCa-2 GR cell line was also resistant to other drugs that are used to treat PDAC, MIA PaCa-
2 and MIA PaCa-2 GR cells were exposed to three of the drugs that make up FOLFIRINOX: 5-FU, Irinotecan and
Oxaliplatin (FIRINOX). We did not test folinic acid as it is used to reduce the side effects in vivo produced by the other 3
components of FOLFIRINOX. We used 10 uM of 5-FU, 2 uM of irinotecan, and 10 uM of oxaliplatin and assessed their
effect, in the absence of Gem, on cell viability 72 hours after treatment. Our results indicate that MIA PaCa-2 GR cells
are also resistant to these three drugs (Figure 2). When compared to the MIA PaCa-2 GR cell line, the MIA PaCa-2
parent cells experienced 80%, 90%, and 90% more cell death by 5-FU, irinotecan, and oxaliplatin, respectively in the
trypan blue exclusion assay (Figure 2B) and a significant decrease in metabolic activity in the MTT assays (Figure 2D
and F). When MIA PaCa-2 and MIA PaCa-2 GR cells were treated with the three-drug regimen FIRINOX, GR cells were
still more resistant to the combination of agents than the parental cell line, but they too were reduced by approximately
45% whereas the GR cells only experienced a reduction of ~20% (Figure 2A, D and F). In a completely separate
experiment, MIA PaCa-2 GR cells were treated in the presence of 500 nM Gem plus 5-FU, irinotecan, oxaliplatin, or
FIRINOX. This combination of Gem with any of the components of FIRINOX and with FIRINOX itself resulted in an
approximate 40% reduction in cell viability (Figure 2C). Though the addition of Gem to these agents resulted in some
GR sensitivity in the trypan blue exclusion assays, the MTT and Cyquant assays showed the chemotherapy combinations
with Gem had a similar or slightly improved outcome compared to the Gem deprived GR cells and only had a reduction
in cell viability by less than 20% (Figure 2E and G).

Evaluating the Expression of Survivin Splice Variants in MIA PaCa-2 GR Cell Line

To quantitate expression of the SSVs in the MIA PaCa-2 GR cells compared to MIA PaCa-2 cells, we analyzed total
transcript levels by RT-qPCR using primers (Table 1) that detect the wild type, Aex3, 2B, 3, 2a, and 3a SSVs transcript
variants. This method is often used when antibodies are not available. The RT-qPCR analyses showed that the SSVs
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Figure 2 Assessing cross-resistance to other chemotherapies. (A) In the absence of Gem, MIA PaCa-2 and MIA PaCa-2 GR were treated with 5-FU (10 uM), irinotecan (2 pM),
oxaliplatin (10 uM) or their combination FIRINOX, using the same dosages, for 72 hours after which cell viability was assessed using trypan blue. In the absence (B) le or presence (C) of
Gem (500 nM), MIA PaCa-2 and MIA PaCa-2 GR were treated with 5-FU (10 uM), irinotecan (2 tM), oxaliplatin (10 uM) or their combination FIRINOX, using the same dosages, for 72
hours after which cell viability was assessed using trypan blue. (D) MTT assay evaluating the effect MIA PaCa-2 IC50 values of each drug on MIA-PaCa-2 GR cells’ viability. (E) MTTassay
evaluating the effect of MIA PaCa-2 IC50 values of each drug on MIA-PaCa-2 GR cells’ viability in the presence of Gem. (F) Cyquant assay using DNA detection method for quantitating
cell number with MIA PaCa-2 GR cells seeded in the absence of Gem. (G) Cyquant assay using DNA detection method for quantitating cell number with MIA PaCa-2 GR cells seeded in
the presence of Gem. For statistical analysis a Wilcoxon’s analysis was performed with data presented as the mean (£ SEM) with *p<0.05, *p<0.01, and ***p<0.005.
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control. For statistical analysis a Wilcoxon’s analysis was performed with data presented as the mean (£ SEM) with *p<0.05, **p<0.01, and ***p<0.005.

above were overexpressed 3.44, 2.67, 7.95, 7.88, 2.13, and 2.85-fold higher in the GR cells compared to parental MIA
PaCa-2 cells, respectively (Figure 3A). Protein expression of wild type survivin was also shown to be higher in relative
expression Relative quantification was carried out using the comparative (AACt) method (Supplemental Tables 1A-F).

Evaluating the Expression of Survivin Splice Variants in PANC-| Cells

To quantitate expression of the SSVs depicted in the reportedly Gem resistant PANC-1 cell line compared to reportedly Gem
sensitive MIA PaCa-2 cells, we again analyzed total transcript levels by RT-qPCR using primers (Table 1) that detect the wild
type, Aex3, 2B, 3B, 20, and 3a SSVs transcript variants. Our RT-qPCR results indicated a significant overexpression of all
survivin splice variants in PANC-1 cells compared to MIA PaCa-2 cells (Figure 4A). SSVs survivin WT, AEx3, 28, 3, 3a
and survivin 20 were overexpressed 3.14, 4.00, 5.45, 5.88, 2.14, and 2.23-fold more in PANC-1 cells compared to MIA
PaCa-2 cells respectively. In addition, we determined that the Gem ICsy was 138 nM for PANC-1 as compared to 16 nM for
MIA PaCa-2 cells. This PANC-1 ICs is 8.6 times higher than the ICs, for the MIA PaCa-2 cells (Figure 4B). Relative
quantification was carried out using the comparative (AACt) method as in Figure 3 (Supplemental Tables 1A-F)

Survivin 23 Knockdown Sensitizes Resistant Cells to Gemcitabine

Survivin 2B has been linked to chemoresistance® and in our hands, it was expressed in the parental MIA PaCa-2 cell line. In
addition, it was significantly overexpressed in both PANC-1 and MIA PaCa-2 GR (Figures 3 and 4A). We sought to assess
SSV 2s effect on chemoresistance by knocking it down using siRNA as described in the methods section. Cells were
exposed to siRNA 24 hours prior to Gem treatment, and cell viability was assessed 72 hours after siRNA treatment or 48
hours after Gem treatment. For control, non-targeting scramble siRNA, and siRNA that targets all SSVs were used with the
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Figure 4 Evaluating the expression of SSVs in MIA PaCa-2 compared to PANC-I cells. (A) RT-qPCR was performed with MIA PaCa-2 as a control compared to PANC-I.
The level of expression of SSVs were measured relative to GAPDH and presented as fold increase of SSVs in PANC-| cells compared to MIA PaCa-2 cells. (B) IC50 of
PANC-I and MIA PaCa-2 cells was calculated by exposing both cell lines to a concentration of Gemcitabine ranging from 0.001-100 uM for 72 hours. At the end of 72
hours, a MTT assay was performed to assess the |C50. IC50 was calculated using GraphPad 8.4.2. For statistical analysis a Wilcoxon’s analysis was performed with data
presented as the mean (x SEM) with *p<0.05, **p<0.01, ***p=<0.005.

efficiency and specificity of the knockdown determined using RT-PCR (Figure 5A). In our hands, siSSVs significantly
knocked down both WT and 2f in PANC-1 and only WT with limited effect on 2p in the MIA PaCa-2-GR cell lines
(Figure 5A). In addition, si2f§ knocked down only 2f3 in MIA PaCa-2-GR and PANC-1 cell line and was ineffective on WT in
either PANC 1 or MIA PacA-2 GR cells (Figure 5A). Immunoblots on siSSVs reduced overall survivin levels by 83% in
MIA PaCa-2 GR cells and 84% in PANC-1 however si2f3 did not have a significant effect on overall survivin protein
expression (Figure 5B and C). Our results indicate that knocking down SSV 2 in MIA PaCa-2 GR and in PANC-1 cells
significantly reduced cellular viability in PANC-1 cells by 31% (Figure 5D, lane 4) and MIA PaCa-2 GR cells by 30%
(Figure 5E, lane 7). MTT viability showed dramatic loss in metabolic activity with siRNA knockdown, where PANC-1
experienced 49% reduction (Figure 5F, lane 4) and MIA PaCa-2 GR 56% (Figure 5G, lane 7) reduction with si2f3.
Knockdown of all SSVs (siSSVs) also resulted in significant reduced cellular viability by 55% and by 32% respectively
in the PANC-1 and MIA PaCa-2 GR cell lines (Figure 5D, lane 3 and 5E, lane 5). MTT showed similar decreases in
metabolic activity with a reduction with a 70% and 51% reduction in PANC-1 and MIA PaCa-2 GR respectively (Figure SE,
lane 3 and Figure 5G, lane 5). Importantly, siRNAs directed against the SSVs in the MIA PaCa-2 GR cell line were able to
resensitize these cells to Gem by further increasing cell death with the addition of Gem by an additional 13% with siSSVs
(64% reduction overall) and 18% with si2f (75% reduction overall (Figure 5G, lanes 6 and 8). However, there was
significant reduction in cell metabolism when treated with the Scramble control compared to untreated cells (45% in MIA
PaCa-2 and 36% in PANC-1). Though significant enhanced killing was measured in both MIA PaCa-2 GR and PANC-1 cell
lines, the percent killing did not exceed 60%, indicating that factors other than SSVs still have a role in drug resistance.
Unfortunately, SSV siRNA did not prove in our hands to potentiate the killing effect of Gem in the MIA PaCa-2 GR cells as
their combined efficacy was not significantly better than that recorded by Gem-treatment alone (Figure SE, lanes 5 and 6).

Discussion

Chemoresistance is a major factor and obstacle to improving the sensitivity of pancreatic cancer to chemotherapy and
thus improving patient outcomes. Survivin,*' the multifunctional IAP protein, has been shown to be responsible for drug
resistance®® but as of yet has not been successfully targeted in order to resensitize chemoresistant cancers to
chemotherapy.**>**' Though Survivin’s expression has been found to be synonymous with tumor resistance to che-

4344 it is not localized to the cell

41,45

motherapy, resistance to apoptosis, enhanced metastasis, and cell cycle progression,
surface with inhibitable catalytic activity has most likely lowered the enthusiasm for developing specific antagonists.
In addition, few comprehensive studies have fully investigated the six known survivin isoforms (SSVs) and the role they
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Figure 5 Survivin 2p knockdown sensitizes resistant cells to Gemcitabine. (A) RT-qPCR was performed to verify the siRNA knockdown of MIA PaCa-2 GR and PANC-|
cells to either knockdown all SSVs using siSSVs or si2f} to knock down only the SSV 28 in MIA PaCa-2 GR and PANC-I. (B) Immunoblot of all survivin splice variants
expression in MIA PaCa-2 GR (lanes 1-3) and PANC-I (lanes 4-6). (C) Quantitation of immunoblot expression by LI-COR software using B-actin as a loading control. (D)
Trypan blue exclusion assay for PANC-1 cells treated with siRNA for 72 hours. (E) Trypan blue exclusion assay for MIA PaCa-2 GR with combination of Gem and siRNA.
Gem was added 24 hours after siRNA treatment and viability was assessed at the end of 72 hours. (F) MTT assay showing the metabolic activity of siSSVs or si2 knock
down on PANC-1 cells after 72h siRNA treatment. (G) MTT assay showing the metabolic activity of siSSVs and si2 knock down on MIA PaCa-2 GR cells with Gem or
without Gem. Gem was added 24h after siRNA initial treatment and cell viability was assessed after 72h of siRNA treatment. For statistical analysis, a Wilcoxon’s analysis
was performed. Data is presented as mean (+ SEM) with *p<0.05, **p<0.01, and ***p=0.005.

play in chemoresistance,* let alone the role they play in pancreatic cancer chemoresistance. In fact, in the few existing
studies of SSV expression in cancer, it is mostly the role these splice variants play in apoptosis regulation that has been
investigated.**4¢
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Therefore, to the best of our knowledge, this is the first study evaluating all SSVs in respect to chemoresistance, using
quantitative RT-PCR, that is often acquired during the treatment of pancreatic malignancy. We found the SSV expression
significantly higher in pancreatic cancers that are innately resistant to Gem (PANC-1) and in those that have acquired
further Gem resistance (MIA PaCa-2 GR) in comparison to the parental MIA PaCa-2 cell line (Figures 3 and 4).
Moreover, we specifically recorded that SSV 2 was elevated more than 5-fold in the PANC-1 and more than 8-fold in
the MIA PaCa-2 GR cells in comparison to the parental cell line, suggesting that SSV 2 might be a molecular marker of
chemoresistance and a poorer prognosis in PDAC. Recent clinical studies have shown that elevated SSV expression is
associated with poor survival in PDAC as well as cancers such as breast, thyroid, and oral 32344648

Survivin’s main transcript predominates most cancers. However, certain of its alternative splice variants have been
recorded in what appears to be tumor specific and even tumor stage specific.*! SSV 2a, for example, if found expressed
in most tumors at their most malignant stage.*” It is believed that this SSV, with the propensity to induce apoptosis, is co-
expressed with the antiapoptotic Survivin WT, in high grade tumors, as an attempt to attenuate Survivin WT’s
antiapoptotic activity.’™>! To state it more specifically, the homodimerization of Survivin occurs in solution and the
heterodimerization with its splice variants may be important in further regulation of its function.**>%>! We hypothesize
the chemoresistant potential of SSV 2b in this study is largely due to monomer interactions within the cell; however,
heterodimerization of SSVs is largely unknown and may also regulate proliferation and antiapoptotic potential. The
Survivin 2b splice variant adds 23 amino acids in between the interacting regions of Smac/Diablo and HSP90.*
Monomeric survivin is typically associated with interactions with the SMAC/Diablo complex, AIF release mechanism,
XIAP stability and nuclear export, whereas homodimerization of survivin WT is more commonly associated with
microtubule stabilization during proliferation.’>>* We are currently studying the SSV 2B monomeric state as a way of
explaining increased antiapoptotic potential over its wildtype variant. Furthermore, splicing regulation, to include both
trans and cis regulatory effects need to be investigated in chemosensitivity as well as all the other hallmarks of cancer.
The epigenetic regulator, BORIS has been identified to induce multiple transcription initiation sites resulting in multiple
mRNA splice variants,”* and it has been hypothesized that the survivin gene may also have the equivalent machinery to
create multiple splice variants. Regulatory factors such as Sp1, YY1, and p53 have binding sites in the survivin promoter,
along with cell cycle dependent regulatory regions,”> > but it is p53 alone that has been shown to influence the
expression patterns of the splice variants of survivin.’® Specifically, WT p53 suppresses the expression of survivin and
its SSVs and an increase in the SSVs in breast cancer has been shown when p53 is mutated.”” ®' WT p53’s physical
interaction with DNA methyl transferase I (DNMT1) influences the survivin promoter’s methylation, leading to survivin
repression in HCT116 cells.> WT p53 has also been reported interacting with the spliceosome protein SAP145 that
affects pre-mRNA splicing sites.’' Together, both spliceosomal and methylation patterns could significantly affect SSV
expression and chemoresistance and further investigation of these is ongoing in our laboratory.

SSV 2B has previously been reported in cancers such as ovarian, acute myeloid leukemia (AML),*® gastric carcinoma,®
brain tumors,** soft tissue sarcoma,” and in rheumatoid arthritis.*> In addition, siRNA against SSV 2P has led to growth
suppression and apoptosis in rheumatoid arthritis (RA) fibroblast-like synoviocytes, and in chemoresistant ovarian cancer
cell lines,” SSV 2B knockdown resensitized these cells to taxanes.*® The strong correlation between SSVs, and SSV 2p in
particular, as shown in our study supports the hypothesis that high SSV expression might foretell of Gem chemoresistance in
pancreatic cancer. Moreover, our findings also predict that elevated SSVs may correlate with resistance to other agents that
may be examined for the treatment of pancreatic cancer such as the multi-agent chemotherapy regimen of FOLFIRINOX
(folinic acid, 5-FU, irinotecan, and oxaliplatin).*® In addition, we demonstrate for the first time that knockdown of all SSVs,
and more importantly of SSV 2 specifically, resensitized GR pancreatic cancer cells to Gem. Of interest, cells which had
become GR simply by continuous propagation in an ever-increasing concentration of Gem were again sensitized by SSV
siRNA knockdown. This would support the importance of SSVs, and specifically SSV 28, in both acquired and innate
chemoresistance often recorded in pancreatic cancer. These results suggest that targeting SSVs alone or in combination with
chemotherapy might improve the outcomes of PDAC treatments.
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