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Hot spot gene mutations in splicing factor 3b subunit 1 (SF3BI) are
observed in many types of cancer and create abundant aberrant mRNA
splicing, which is profoundly implicated in tumorigenesis. Here, we identi-
fied that the SF3B1 K700E (SF3B1¥7°F) mutation is strongly associated
with tumor growth in pancreatic ductal adenocarcinoma (PDAC). Knock-
down of SF3BI significantly retarded cell proliferation and tumor growth
in a cell line (Panc05.04) with the SF3B1*7°°F mutation. However, SF3BI
knockdown had no notable effect on cell proliferation in two cell lines
(BxPC3 and AsPCl) carrying wild-type SF3B1. Ectopic expression of
SEF3B1X7%F byt not SF3BIWT in SF3Bl-knockout Panc05.04 cells largely
restored the inhibitory role induced by SF3B1 knockdown. Introduction of
the SF3B1X7%F mutation in BXPC3 and AsPCI cells also boosted cell pro-
liferation. Gene set enrichment analysis demonstrated a close correlation
between SF3B1 mutation and aerobic glycolysis. Functional analyses
showed that the SF3B1%7%F mutation promoted tumor glycolysis, as evi-
denced by glucose consumption, lactate release, and extracellular acidifica-
tion rate. Mechanistically, the SF3Bl mutation promoted the aberrant
splicing of PPP2R5A and led to the activation of the glycolytic regulator c-
Myc via post-translational regulation. Pharmacological activation of PP2A
with FTY-720 markedly compromised the growth advantage induced by
the SF3B1X7°°F mutation in vitro and in vivo. Taken together, our data
suggest a novel function for SF3B1 mutation in the Warburg effect, and
this finding may offer a potential therapeutic strategy against PDAC with
the SF3B1X7°F mutation.

Abbreviations

CHX, cycloheximide; ECAR, extracellular acidification rate; FBS, fetal bovine serum; GTEx, Genotype-Tissue Expression; MDS,
myelodysplastic syndrome; PDAC, pancreatic ductal adenocarcinoma; pre-mRNA, precursor messenger RNA; SF3B1, splicing factor 3b

subunit 1; TCGA, The Cancer Genome Atlas.

3076

Molecular Oncology 15 (2021) 3076-3090 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0001-8516-6234
https://orcid.org/0000-0001-8516-6234
https://orcid.org/0000-0001-8516-6234
mailto:
mailto:
mailto:

J.-Y. Yang et al.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of
the most malignant and deadly solid tumors, exhibit-
ing an extremely poor prognosis [1]. In recent years,
the incidence of PDAC has shown a rapid upward
trend and PDAC ranks sixth and seventh among males
and females for cancer-related deaths, respectively [2].
Therefore, PDAC is a serious threat to lives and
health. Deciphering the molecular mechanism of
PDAC pathogenesis and identifying effective therapeu-
tic targets are of great importance in pancreatic cancer
research.

RNA splicing is the biological process of precursor
messenger RNA (pre-mRNA) by removing introns
from the spliceosome to form mature mRNA. Pre-
mRNA produces different types of mRNA under dif-
ferent splicing methods [3]. This process is referred to
as alternative splicing, which is considered to be an
important mechanism to increase the complexity of the
proteome. It maintains system homeostasis during the
development of different types of cells in the organism
and responds to external stimuli [4-7]. The alteration
and formation of aberrant alternative splicing play an
important role in the occurrence and development of
diseases, especially cancers [8—11].

The splicing factor is responsible for the splicing
process. Alternative splicing induced by abnormal
expression and/or mutations of splicing factors is an
important molecular feature of tumorigenesis [12—15].
The abnormal expression of splicing factors can induce
changes in many key tumor-related genes, such as
RON, BINI1, S6K1, MNK2, BIM, and BCL-x, which
in turn affects malignant phenotypes including cell
proliferation, metastasis, chemoresistance, and other
processes [16-19]. Notably, mutations in splicing fac-
tors play an important role in the occurrence and
development of tumors, especially in hematological
tumors. Kim and Shirai et al. reported that mutations
in the splicing factors SRSF2 and U2AF1 regulate the
alternative splicing of related genes by changing the
activity of their sequence-specific RNA binding sites
and eventually lead to the occurrence of hematological
tumors [20,21].

The splicing factor SF3BI1 is a core part of the U2
small nuclear ribonucleoprotein complex. Normally,
SF3BI1 is essential for the proper selection of 3’ accep-
tor sequences in pre-mRNA splicing reactions. In can-
cers, SF3B1 mutations generate a neomorphic protein
that disrupts RNA splicing and leads to the downregu-
lation of mRNA from hundreds of affected genes [22—
25]. Interestingly, it has been reported that SF3BI1 is
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frequently mutated in many types of human cancers,
including myelodysplastic syndrome (MDS), chronic
lymphocytic leukemia, breast cancer, uveal melanoma,
and PDAC [26-30]. Recently, emerging studies have
documented SF3Bl-mediated splicing alterations and
the downstream cellular processes in its oncogenic
activities [22,28,31]. To date, the potential oncogenic
roles and underlying molecular mechanisms of SF3B1
mutation in PDAC have not been identified.

In this study, by loss-of-function and gain-of-
function studies, we demonstrated that SF3B1 K700E
mutation favored in vitro cell proliferation and in vivo
tumor growth in pancreatic cancer cells. Gene set
enrichment analysis of PDAC samples from The Can-
cer Genome Atlas (TCGA) revealed that the SF3BI1
mutation was closely associated with the Warburg
effect. Further mechanistic studies identified that the
SF3B1 K700E mutation resulted in aberrant splicing
of PPP2R5A and led to an increase in c-Myc expres-
sion, which ultimately promoted the Warburg effect
and tumor growth in PDAC.

2. Materials and methods

2.1. Bioinformatic analysis

For determining SF3B1 expression, the online
GEPIA?2 database [32] was searched. GEPIA2 provides
an overview of TCGA and The Genotype-Tissue
Expression (GTEx) project. We utilized GEPIA2 to
analyze the expression profile and prognostic value of
the SF3B1 gene in pancreatic cancer. For SF3BI1
mutation and copy number analysis, the cBioPortal
database (http://www.cbioportal.org/) was used.

2.2. Cell lines and reagents

Human pancreatic cancer cell lines including AsPCl,
Capan-2, BxPC3, Capan-1, CFPAC-1, MiaPaCa-2,
SW1990, PANC-1, Panc05.04, and the nonmalignant
HPDE cell line were preserved in Ren Ji Hospital.
Detailed cell line information was provided in
Table S1. All cells were maintained in the culture med-
ium as suggested by protocols by American Type Cul-
ture Collection. Briefly, cells were cultured with 10%
(v/v) FBS (Gibco, New York, NY, USA) and 1% (v/
v) penicillin—streptomycin (Sigma-Aldrich, St. Louis,
MO, USA) at 37 °C and 5% CO, condition. PP2A
activator FTY-720 was purchased from Selleck (S5002,
Shanghai, China). The concentration of FTY-720 used
in this study is 5 pM. For colony formation assay,
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FTY-720 was administrated every 48 h; for western
blotting and measurement of tumor glycolysis, FTY-
720 was administrated for 24 h. And FTY-720 was
administered after the cells were seeded for 12 h.

2.3. Plasmids and cell transfection

Two specific short hairpin RNAs (shRNAs) against
SF3B1 were synthesized by GenePharma (Shanghai,
China). HEK293T cells were seeded and transfected
along with a three plasmid system (pPACKHI1-GAG,
pPACKHI-REV, and pVSV-G) using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) following the
guidelines by the manufacturer. Cell supernatants con-
taining viral particles were harvested at 72 h after
transfection and filtered through 0.45-pm filters.
Panc05.04 cells were cultured in a 6-well plate at a
density of 3 x 10° per well and infected with 0.5 mL
recombinant lentivirus in the presence of 5 pg-mL ™'
polybrene (H9268; Sigma-Aldrich). Next, sh-SF3BI-
expressing cells were selected with puromycin
(2 pgmL™"; Gibco) for 1-2 weeks. The knockdown
efficiency of SF3B1 was verified by western blotting.
The K700E mutant SF3B1 plasmid was a gift from
Marc-Henri Stern (Department of Genetics and Biol-
ogy of Cancers, INSERM U830, Institute Curie, PSL
Research University). Full-length wild-type SF3B1 and
K700E mutant SF3B1 were subcloned into pCDH-
CMV-MCS-EF1-Puro vector to generate SF3BIWT
and SF3BIX"F  overexpression plasmids. Plasmid
transfection was performed in Panc05.04 cells using
500 ng of plasmid construct and Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s
instructions. The transfection efficiency was verified
before subsequent cellular experiments.

2.4. Western blotting analysis

Western blot analyses of whole-cell protein lysates
were performed essentially as reported previously [33].
In brief, protein lysates were quantified and separated
by SDS/PAGE and transferred to polyvinylidene diflu-
oride membranes which were then probed with one of
the following primary antibodies, SF3B1 (diluted at
1 : 2000; Abcam, Hanzhou, China, ab172634), c-Myc
(diluted at 1 : 1000; Cell Signaling Technology, Shang-
hai, China, #5605), p-c-Myc (562) (diluted at 1 : 1000;
Cell Signaling Technology, #13748), PPP2R5A (diluted
at 1 : 2000; Abcam, ab89621), and B-actin (diluted at
1 : 2000; Abcam, ab8226). Finally, membranes were
supplemented with species-specific secondary antibod-
ies, and immunoreactivity was detected by Odyssey

J.-Y. Yang et al.

imaging system (LI-COR Biosciences, Lincoln, NE,
USA).

2.5. RNA isolation, reverse transcription, and
real-time quantitative PCR

Total RNA was isolated from indicated cells using
TRIzol reagent (Takara Bio, Dalian, China) and sub-
sequently used for reverse transcription with a Prime-
Script RT-PCR reagent kit (Takara Bio). cDNA was
subjected to real-time quantitative polymerase chain
reaction (RT-qPCR) with an SYBR Green PCR kit
(Takara Bio) on an ABI7500 Real-time PCR system
(Applied Biosystems, Inc., Austin, TX, USA). The pri-
mer sequences used in this study were shown as fol-
lows: SF3BI-F, 5-GTGGGCCTCGATTCTACAGG-
3’; SF3BI1-R, 5-GATGTCACGTATCCAGCAAATC
T-3'; PPP2R5A-F, Y- AGAGCCCTGATTTCCAGCC
TA-3'; PPP2R5A-R, 5-TTTCCCATAAATTCGGTG
CAGA-3; Myc-F, 5-GTCAAGAGGCGAACACACA
AC-3; Myc-R, 5-TTGGACGGACAGGATGTATG
C-3; ACTB-F, 5-ACTCGTCATACTCCTGCT-3;
ACTB-R, 5-GAAACTACCTTCAACTCC-3'. The
2-A4Ct method was used to calculate the relative
expression of target genes. The ACTB gene was used
as an internal control. For reverse transcriptase poly-
merase chain reaction (RT-PCR), the primers used in
this study were shown as follows: PPP2RSA-F,
GCCTAGCATTGCAAAACGAT; PPP2R5A-R, GCA
ATGCAAAGCCATTGATA.

2.6. Immunohistochemical (IHC) analysis

Tissue sections from xenograft mouse models were
fixed, embedded, and sectioned. IHC analysis was per-
formed as described previously [34]. Primary antibod-
ies against Ki-67 (diluted at 1 :400; Cell Signaling
Technology, #9449) and SignalStain® Boost IHC
Detection Reagent (HRP, Mouse) (Cell Signaling
Technology, #8125) were used.

2.7. Cell viability

Cell viability was detected by Cell Counting Kit-8
(CCK-8; Dojindo Molecular Technologies, Shanghai,
China). In brief, PDAC cells were seeded into 96-well
plates at a density of 3,000 cells per well. At the indi-
cated time, 10% (v/v) CCK-8 reagent was added to
each well prior to incubation at 37 °C for another 1 h.
Then, absorbance at 450 nm was measured by an
enzyme-linked immunosorbent assay reader (PerkinEl-
mer, Inc., Waltham, MA, USA).
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2.8. Colony formation assay

For colony formation analysis, 500 viable cells were
plated in 6-well plates and maintained in a complete
medium for 10-14 days. Once colonies were visible,
they were fixed with 4% paraformaldehyde and
stained with 0.5% crystal violet, and photographed.
The experiment was repeated at least three times.
The number of colonies was counted under an
Olympus inverted light microscope (Olympus, Tokyo,
Japan).

2.9. Glucose uptake and lactate production

As reported previously [35], the Glucose Colorimetric
Assay Kit (Sigma-Aldrich, MAK263) and Lactate
Assay Kit (BioVision, Palo Alto, CA, USA, K607-100)
were used to determine glucose uptake and lactate pro-
duction according to the manufacturer’s protocols,
respectively. Briefly, 3-5 x 10° PDAC cells were
seeded into 6-well culture plates. Twenty-four hours
later, cell culture supernatants were collected after
24 h and subjected for analysis. The final level of glu-
cose and lactate was normalized to total protein con-
tent as measured by the Pierce BCA Protein assay
(Pierce Biotechnology, Rockford, IL, USA).

2.10. Measurement of extracellular acidification
rate

The extracellular acidification rate (ECAR) was deter-
mined using the Seahorse Bioscience XF96 Extracellu-
lar Flux Analyzer (Seahorse Bioscience, Billerica, MA,
USA). Experiments were performed according to the
manufacturer’s protocols. Seahorse XF Cell Glycolysis
Stress Test Kit (Seahorse Bioscience) was used for
ECAR measurement. In brief, 2 x 10* cells per well
were seeded in an XF96-well plate. After baseline mea-
surements, glucose, the oxidative phosphorylation inhi-
bitor oligomycin, and the glycolytic inhibitor 2-DG
were sequentially injected into each well at indicated
time points. Finally, data were assessed by Seahorse
XF-96 Wave software and ECAR is shown in mpH/
minute.

2.11. Measurement of PP2A activity

PP2A activity was determined by PP2A Immunopre-
cipitation Phosphatase Assay Kit (Sigma-Aldrich, 17-
313) according to the manufacturer’s protocol. In
brief, Panc05.04 cells were treated with 1 pum
FTY720 for 24 h and were then lysated by NP-40
lysis buffer supplemented with protease inhibitor
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cocktail. Finally, immunoprecipitation of PP2A
was conducted and its activity was assessed by
dephosphorylation of the phosphopeptide (K-R-pT-I-
R-R).

2.12. Xenograft assay

Six-week-old male nude mice were obtained from the
Chinese Academy of Sciences (Shanghai, China).
Mice were randomly grouped with five mice in each
group, and PDAC cells were subcutaneously in the
lower back of nude mice. FTY-720 was dissolved in
water and administered intraperitoneally
(3 mg-kg "-day™'). All nude mice were sacrificed
1 month after injection. The tumor xenografts were
separated and weighed. This study was approved by
the Research Ethics Committee of Shanghai Jiao
Tong University.

2.13. Statistical analysis

All data were presented as the mean + SD from three
independent experiments. Student’s z-test and one-way
analysis of variance (ANOVA) were used to compare
differences between two groups and multiple groups,
respectively. Tukey’s test was used for post hoc analy-
sis following ANOVA. GrapHPAD PRISM (GraphPad
Software Inc., San Diego, CA, USA) was used for sta-
tistical analyses. The prognostic value of SF3BI
expression was conducted by the Kaplan—Meier
method and analyzed by the log-rank test. In all statis-
tical analyses, P < 0.05 was considered statistically sig-
nificant.

3. Results

3.1. SF3B1 mutation in human cancers

Previously, many studies observed that SF3B1 is com-
monly mutated in human cancers, especially MDS
[36,37]. By searching the cBioPortal database (http://
www.cbioportal.org/), we found that SF3BI had a
high mutation frequency across multiple cancers, such
as uveal melanoma and bladder cancer (Fig. 1A). In
the TCGA cohort, however, only 3/179 PDAC sam-
ples harbored SF3B1 mutations (Fig. 1A). Further-
more, by data mining the PDAC cohort in the ICGC
database, we revealed that SF3B1 had the highest
mutation frequency among the 28 splicing factors ana-
lyzed (Fig. 1B). More interestingly, the SF3B1 K700E
was the most frequent hot spot mutation with a fre-
quency of 57.14% (Fig. 1C).
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3.2. The effects of SF3B1 knockdown on PDAC
cell proliferation

By real-time qPCR and western blotting analysis, we
observed that SF3B1 was universally expressed in
PDAC cell lines. At mRNA level, MiaCapa-2 and
SW1990 cells had a lower SF3BI1 expression in com-
parison with nonmalignant HPDE cells (Fig. S1B).
Inconsistently, CFPAC-1 and Panc05.04 had a higher
protein level of SF3B1 compared with HPDE cells
(Fig. S1B). Data from TCGA + GTEx showed that
SF3B1 was not overexpressed in PDAC (n=179)
compared with normal pancreas tissues (n = 171)
(Fig. S1C). Moreover, SF3B1 expression was compa-
rable between SFB1 WT and SF3BlI MUT samples
(Fig. S1D). Kaplan—Meier curves showed that SF3B1
expression was not associated with overall survival in
PDAC patients (Fig. S1E).

J.-Y. Yang et al.

To determine the cellular function of SF3BI in
PDAC, we genetically silenced SF3B1 in three cell
lines, Panc05.04, BxPC3, and AsPCIl. The SF3BIl
K700E mutation was present in Panc05.04 cells, while
BxPC3 and AsPCI cell lines carried wild-type SF3BI1.
As shown in Fig. 2A, SF3B1 protein expression was
markedly downregulated by two shRNAs against
SF3BI in all three cell lines. By CCK-8 assay, we
noticed that SF3B1 knockdown significantly reduced
the cell viability of Panc05.04 cells but not BxPC3 and
AsPCI1 cells (Fig. 2B). Of note, cell apoptosis was not
affected by SF3B1 knockdown in all three cell lines
(Fig. 2C). To observe the long-term effect of SF3B1
knockdown, we performed plate colony formation
assay. Similarly, a suppressive effect was only found in
SF3BI-mutant Panc05.04 cells (Fig. 2D). Moreover,
we generated an in vivo xenograft model by subcuta-
neous injection of Panc05.04-sh-Ctrl and Panc05.04-
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Fig. 1. Mutation landscape of key splicing factors. (A) Pan-cancer analysis of the mutation profile of SF3B1 in human cancers. Data were
derived from the TCGA cohort. (B) The mutation frequency of key splicing factors. Data were derived from the ICGC database: PACA-AU
(431 cases) and PACA-CA (252 cases). (C) Location and frequency of SF3B1 hot spot mutations. Data were derived from the ICGC
database.

3080 Molecular Oncology 15 (2021) 3076-3090 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



J.-Y. Yang et al.

Role of SF3B1 mutation in pancreatic cancer

Panc05.04 BxPC-3 AsPC-1
A Panc05.04 BxPC-3 AsPC-1 B
T o T a9 T« 15 20 25
o m o m o o E & sh-Ctrl € -8 sh-Ctrl =3 20 & shcrl
E22 2R 5020 S 4o & shsFeBI S %1 -e sh-sFaBi-1 = -8 sh-SF3B1-1
Q22 222 2292 2 sh-SF3B1-2 3 sh-SF3B12 g 15 Sh-SF381-2
»w B o »w v n »w w » o ) 1.0 [
3 05 5 = E
SF3B1 | . [ g e S os , g
FEEE—TE=] (. Sl sl
B-actin | v ] [ v ] [ ] 00 00 00
DO D1 D2 D3 D4 D5 DO D1 D2 D3 D4 D5 DO D1 D2 D3 D4 D5
Fold 1.0 01 01 1.00.050.05 1.0 0.1 0.1
c - o D sh-Ctrl sh-SF3B1-1  sh-SF3B1-2 = cnci
2.0 5 sh-SF3B1-1 3 - p— 2T sh-SF3B1-1
B8 sh-SF3B1-2 S 300+ B sh-SF3B1-2
2 Q
= e
o ©
8 151 a 6
& T ] I S 2004 I
oy g **
7} «@ © —
c 10 LI) S
[e% ke
& % @ —/
(&) om o
o E 100
2 05
= = 1
2 - :
8}
0.04 Q 04
Panc05.04 BxPC-3 AsPC-1 < Panc05.04 BxPC-3 AsPC-1
Q *%k
E ‘ F  shcul sh-SF3B1-1  sh-SF3B12 8 g0, Mo
[ — o
sherl WBBW S s o = )
£ £ 2 . 2
sh-SF3B1-1 g = E S| 8 4
. 5 [ 3 2% :
> > > & g 7 " 0 . s T
<} S B = 12
sh-SF3B1-2 ¢ 3 o 4+ § £ 2 L ity 5 o
. & & N Y
N
(O OO 0\\\ (‘g,\’ ,gb’\' é\,c}é(%@é(,&
o Tem 2 3 4 5 6 7 8 &}\ %(\)%Q \Q]ng %Q' é(\’

Fig. 2. The effects of SF3B1 knockdown on PDAC cell proliferation. (A) The knockdown efficiency of SF3B1 in Panc05.04, BxPC3, and
AsPC1 cells was analyzed by western blotting. (B) The effect of SF3B1 knockdown on Panc05.04, BxPC3, and AsPC1 cell proliferation was
determined by CCK-8 assay (n = 3). (C) The effect of SF3B1 knockdown on Panc05.04, BxPC3, and AsPC1 cell apoptosis was determined
by caspase-3/7 activity assay (n = 3). (D) The effect of SF3B1 knockdown on the colony formation ability of Panc05.04, BxPC3, and AsPC1
cells (n=3). (E) Panc05.04-sh-Ctrl and Panc05.04-sh-SF3B1 cells were subcutaneously injected in nude mice; gross xenografts were
shown, and tumor weight was analyzed. (F) IHC analysis showed representative Ki67 staining in Panc05.04-sh-Ctrl and Panc05.04-sh-SF3B1
xenograft tumor tissues. Scale bar: 50 um. Data were presented as the mean + SD; **P < 0.01; ***P < 0.001; statistical significance was

calculated by Student's t-test.

sh-SF3B1 cells in nude mice. The results showed that
xenografts from Panc05.04-sh-SF3B1 cells have
reduced tumor weight (Fig. 2E) and positive staining
for Ki67 (Fig. 2F) compared that from Panc05.04-sh-
Ctrl cells.

3.3. SF3B1 K700E mutation plays a growth-
promoting role in PDAC

To further investigate the effect of SF3B1 mutation on
PDAC cells, we genetically silenced endogenous
SF3B1 in three cell lines (BxPC3, AsPCIl, and
Panc05.04) by shRNA-1 and re-expressed shRNA-
resistant wild-type SF3B1 (SF3BIWT) and the K700E

mutant (SF3B1%7°F) As shown in Fig. 3A and S3A
ectopic expression of SF3BIVT or SF3B1X7F
restored SF3B1 to a level comparable to endogenous
SF3BI. Interestingly, re-expression of SF3BIX7%F was
sufficient to compromise the reduced cell viability and
colony formation ability induced by SF3B1 knock-
down in Panc05.04 cells, while SF3B1VT was much
less effective in restoring the cell proliferation of sh-
SF3B1 Panc05.04 cells (Fig. 3B,C). In sh-SF3BI
BxPC3 and AsPCI cells, ectopic expression of SF3BI
K700E but not SF3B1 WT also exhibited a promotive
on the cell proliferation (Fig. S3A,B). To confirm the
biological significance of SF3BI®7%F in tumor growth,
we performed a xenograft experiment using SF3Bl1-
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WT- or SF3B1-K700E-overexpressing sh-SF3B1 cells.
As a result, SF3B1-K700E-overexpressing Panc05.04
cells displayed tumor growth more seriously than the
SF3B1-WT-overexpressing Panc05.04 cells (Fig. 3D).
IHC analysis of Ki67 showed that tumor tissues from
the SF3B1-K700E-overexpressing group had more pos-
itive staining than those from the SF3BI-WT-
overexpressing group (Fig. 3E). Collectively, these
findings suggest that the SF3B1 mutation is critically
involved in cell proliferation and tumor growth of
PDAC.

3.4. SF3B1 mutation promotes glycolytic
metabolism in PDAC cells

To determine the mechanism by which SF3B1 muta-
tion promotes tumor growth in PDAC, we performed
gene set enrichment analysis by utilizing RNA
sequencing data from TCGA. Among 179 PDAC sam-
ples, three samples had SF3B1 mutations. GSEA
revealed that the SF3B1 mutation was closely associ-
ated with five gene signatures, including E2F _targets,
G2M_checkpoint, MYC_targets V1, mitotic spindle,
and glycolysis (Fig. 4A,B). These pathways indicate
that SF3B1 mutation may contribute to cell cycle pro-
gression and tumor glucose metabolism. To verify the
potential effect of SF3B1 mutation on the glycolytic
phenotype of PDAC cells, we analyzed glucose and
lactate levels in sh-Ctrl and sh-SF3B1 PDAC cells.
Indeed, knockdown of SF3BI significantly inhibited
cell glucose uptake and lactate release in Panc05.04
cells (Fig. 4C,D), but not in BXxPC3 and AsPCl1 cells
(Fig. S2A,B). Using Seahorse XF Analyzers, we con-
firmed that ECAR was reduced by SF3B1 knockdown
in SF3BI-mutant PDAC cells (Figs 4E and Fig. S2C).
Moreover, re-expression of SF3BIX7E  put  not
SF3BIVT was sufficient to restore the SF3BI
knockdown-mediated reduction in glucose uptake and
lactate production in Panc05.04 cells (Fig. 4F,G).
Although glycolytic ability of BxPC3 and AsPC1 cells
was not altered by SF3B1 knockdown, ectopic expres-
sion of SF3B1K700E but not SF3BIWT significantly
promoted glucose uptake and lactate production
(Fig. S4C). Taken together, these data indicate that
the SF3B1 mutation may play a role in the regulation
of glycolytic metabolism in PDAC.

3.5. SF3B1 mutations increase c-Myc expression
and regulate PPP2R5A splicing in PDAC cells

It is well known that c-Myc is a key transcription fac-
tor for aerobic glycolysis [38]. Interestingly, we found
that the SF3Bl mutation was associated with

Role of SF3B1 mutation in pancreatic cancer

alteration of c-Myc signaling in PDAC (Fig. 4A,B).
By real-time qPCR, we failed to observe changes in c-
Myc mRNA levels upon SF3BI knockdown in
Panc05.04 cells (Fig. 5A). However, SF3B1 knock-
down resulted in a marked downregulation of c-Myc
protein expression in Panc05.04 cells (Fig. 5B). More-
over, re-expression of SF3BIK700E in sh-SF3B1
Panc05.04 cells largely restored c-Myc protein expres-
sion (Fig. 5C), indicating that the regulation of c-Myc
expression by SF3B1 might occur via post-
transcriptional and/or post-translational mechanisms.
To uncover whether SF3B1 mutation stabilizes c-Myc
protein, we detected c-Myc protein level in SF3Bl1-
WT- or SF3BI1-K700E-overexpressing Panc05.04-sh-
SF3BI cells in the presence of 100 pg-mL™"' cyclohex-
imide (CHX). As shown in Fig. 5D, shSF3B1 cells
with restored SF3B1K700E had significant increased
level of c-Myc at every time points compared with
shSF3BI control cells after CHX was treated to arrest
protein synthesis. Notably, SF3B1-K700E-expressing
cells showed significant stability of c-Myc protein com-
pared with SF3B1-WT-expressing at 1 h after CHX
treatment (Fig. SD). Previously, it was well docu-
mented that aberrant splicing of PPP2R5A induced by
SF3B1 mutation leads to MYC activation via post-
translational regulation. To test this possibility in
PDAC, we analyzed PPP2RS5SA expression in the
SF3Bl-mutant Panc05.04 cells. RT-PCR analysis
showed that aberrant splicing of PPP2R5SA was pre-
sent in  SF3BI1-K700E-overexpressing sh-SF3Bl1-
Panc05.04 cells (Fig. SE). Western blotting and real-
time qPCR revealed that both PPP2R5A mRNA and
protein expression were significantly suppressed by the
SF3B1 K700E mutation (Fig. 5F). PPP2R5A acts as a
regulatory subunit of the major serine/threonine PP2A
protein complex, which can dephosphorylate c-Myc at
serine 62 and lead to c-Myc degradation. By western
blotting analysis, we noticed a significant increase in
phosphorylated c-Myc levels in SF3B1%7%F cells com-
pared with SF3BIWT cells. Ectopic expression of
PPP2R5A largely abrogated the increased phosphory-
lation level of c-Myc induced by SF3B1-K700E in sh-
SF3B1-Panc05.04 cells (Fig. 5G). Taken together,
aberrant PPP2R5SA splicing induced by SF3B1 muta-
tion might contribute to c-Myc activation and subse-
quent glycolytic metabolism and tumor growth.

3.6. Pharmacological activation of PP2A
suppresses cell proliferation and aerobic
glycolysis in SF3B1-mutant PDAC cells

The immune modulator FTY720 is also an FDA-
approved oral PP2A activator [39]. From a therapeutic
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test (C-E) or Student’s t-test (F, G).

point of review, we tested the potential tumor-
suppressive role of FTY720 in Panc05.04 cells. As
shown in Fig. 6A.B, PP2A activation by FTY-720
inhibited the colony formation ability of SF3BIWT
Panc05.04 cells, and this inhibitory role was further
boosted in SF3BIX'™F Panc05.04 cells. Moreover,
FTY-720 treatment led to glycolytic inactivation in
SF3B1X7%E Panc05.04 cells as demonstrated by the
downregulation of glucose uptake and lactate release
(Fig. 6C). Consistently, FTY-720 treatment signifi-
cantly decreased the level of total and phosphorylated

3084

c-Myc in SF3BIX7%°E Panc05.04 cells (Fig. 6D). Fur-
thermore, the in vivo effects of FTY-720 were tested in
a xenograft assay. The result showed that FTY-720
inhibited  tumor  growth  of  SF3BI-K700E-
overexpressing but not SF3BI-WT Panc05.04-sh-
SF3B1 cells (Fig. 6E). Notably, the body weight of
mice treated with FTY-720 remained unaltered, sug-
gesting that FTY-720 is nontoxic in vivo (Fig. 6F).
Collectively, these results suggest that SF3B1 K700E
mutation leads to the aberrant splicing of PPP2R5A
and the increased expression of c-Myc, which leads to
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Fig. 5. SF3B1 mutations increase c-Myc expression and regulate PPP2R5A splicing in PDAC cells. (A) Real-time gPCR analysis of the effect
of SF3B1 knockdown on c-Myc mRNA expression in Panc05.04 cells (n = 3); statistical significance was calculated by Student’s t-test. (B)
Western blotting analysis of the effect of SF3B1 knockdown on c-Myc protein expression in Panc05.04 cells; error bars indicate technical
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SF3B1 cells. (F) Real-time gPCR and western blotting analysis of the effect of SF3B1-WT or SF3B1-K700E on PPP2R5A expression in
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an enhanced Warburg effect and subsequent tumor metastasis and SF3B1 knockdown inhibits breast can-
growth in PDAC. cer cell proliferation, invasion, and migration via aber-
rant splicing [42]. Moreover, pharmacological
inhibition of SF3B1 with Jerantinine A induces signifi-
cant tumor-specific cell death and a significant increase
Accumulating evidence suggests that dysregulation or in unspliced pre-mRNAs [43]. Apart from expression
mutations in SF3B1 represent driver events in many dysregulation, abundant data have focused on studies
malignancies. SF3B1 has been reported to be overex- of mutations in SF3B1 [28.,44]. In this study, we report
pressed in prostate cancer [40], hepatocellular carci- that hot spot mutations in SF3B1 lead to a metabolic
noma [41], and breast cancer. In breast cancer, reprogramming and growth-promoting effects and
overexpressed SF3B1 is associated with lymph node induce vulnerability to PP2A activators in PDAC cells.

4. Discussion
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Fig. 6. Pharmacological activation of PP2A suppresses cell proliferation and aerobic glycolysis in SF3B1-mutant PDAC cells. (A)
Measurement of PP2A activity after FTY-720 treatment for 24 h in SF3B1-WT- or SF3B1-K700E-overexpressing Panc05.04-sh-SF3B1 cells
(n=3). (B) The effect of PP2A activation by FTY-720 on the colony formation ability of SF3B1-WT- or SF3B1-K700E-overexpressing
Panc05.04-sh-SF3B1 cells (n = 3). (C) The effect of FTY-720 treatment on the glucose uptake and lactate release of SF3B1-WT- or SF3B1-
K700E-overexpressing Panc05.04-sh-SF3B1 cells. (D) Western blotting analysis of the effect of FTY-720 treatment on the total and
phosphorylation levels of c-Myc in SF3B1-WT- or SF3B1-K700E-overexpressing Panc05.04-sh-SF3B1 cells. (E) SF3B1-WT- or SF3B1-K700E-
overexpressing Panc05.04-sh-SF3B1 cells were subcutaneously injected in nude mice; tumor growth was monitored in the presence of FTY-
710 treatment (3 mg-kg~"-day™"); gross xenografts were shown, and tumor weight was analyzed. (F) Body weight of mice used in (E). Data
were presented as the mean + SD; *P < 0.05; **P < 0.01; statistical significance was calculated by one-way ANOVA and Tukey's multiple
comparisons test.

PDAC is a highly lethal malignancy characterized
by a high frequency of mutations in classical oncoge-

in PDAC cells via loss-of-function and gain-of-
function studies. Genetic silencing of SF3B1 only dis-

nes and tumor suppressors, such as KRAS, TP53,
CDKN2A, and SMAD4. As reported by Christopher J.
Scarlett er al., SF3BI is one of the most significantly
mutated genes in PDAC [26]. However, the clear bio-
logical functions of SF3B1 mutation in PDAC tumori-
genesis have not been demonstrated. In this study, we
revealed a tumor-promoting role of SF3B1 mutation

played a tumor-suppressive effect in a PDAC cell line
harboring SF3B1 mutation but not wild-type SF3BI,
suggesting a change-of-function of SF3B1 mutation in
PDAC. PDAC is characterized by severe desmoplasia
and a tumor microenvironment with hypoxia and a
lack of nutrients. However, most of our observations
are based on in vitro cell experiments, which were
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conducted under nonphysiological nutrient conditions
(high saturating glucose) and oxygen tension. More-
over, our in vivo findings were noticed in nude athymic
mice and did not reflect the complicated immune
response in the tumor microenvironment. Thus, the
cellular functions of SF3B1 mutations in PDAC war-
rant further investigation.

SF3B1 mutations play different roles in the biologi-
cal processes of different tumor types. The high muta-
tion rate of SF3B1 in hematological tumors strongly
suggests its tumor-driving effect. SF3B1 mutations
reduce the response of CLL patients to DNA damage,
leading to rapid disease progression and poor progno-
sis in SF3B1 mutant CLL patients [45]. In contrast,
Furney and Harbour et al. sequenced SF3B1 muta-
tions in 117/105 uveal melanoma patients, respectively,
and found that the SF3B1 mutations were all associ-
ated with a lower stage and a better prognosis [27,46].
The different splicing events induced by SF3B1 muta-
tions might contribute to diverse biological processes
and clinical outcomes. Previously, several studies have
documented the molecular mechanism underlying
SF3Bl1-mediated oncogenic activities. It is well docu-
mented that SF3B1 mutations facilitate usage of aber-
rant branch point residues, which commonly manifests
in transcripts bearing aberrant intron-proximal 3’splice
site (3’ss). Two research teams performed transcrip-
tome sequencing of SF3B1 mutation and wild-type
MDS and found that the downregulation of
SLC25A37 alternative splicing leads to iron overload
in cells. At the same time, alternative splicing of MDS
pathogenic genes including ASXL1, CBL, ALAS2,
ABCB7, PRRF8, and HNRNPD was discovered
[47,48]. In breast cancer, SF3B1 mutations induce
missplicing-associated downregulation of the serine
synthesis pathway enzyme PHGDH and decrease
mitochondrial respiration [49]. In prostate cancer, Liu
et al. recently showed that mutations in SF3BI1 pro-
mote decay of transcripts encoding the protein phos-
phatase 2A subunit PPP2R5A [25].

In the current study, we confirmed the molecular
mechanisms of SF3BI1 mutation in the regulation of
the PPP2R5SA-PP2A-c-Myc axis in PDAC. Impor-
tantly, this finding for the first time couples SF3B1
mutation to reprogrammed glucose metabolism in
PDAC. Interestingly, specific inhibitors of SF3BI, such
as Spliceostain A and Pladienolide B, can change the
splicing of MCL-1, CDK, and VEGF, and inhibit the
proliferation of many tumors including MDS and
small-cell lung cancer [50,51]. Because these inhibitors
have very low toxicity to normal cells, this indicates
that SF3BI1 can be used as a potential therapeutic tar-
get for PDAC treatment.

Role of SF3B1 mutation in pancreatic cancer

5. Conclusions

Our findings revealed the contribution of SF3B1 in
PDAC and have identified a novel function of SF3B1
mutation in regulating the Warburg effect. Impor-
tantly, SF3B1 mutation was closely associated with the
activity of the PP2A complex, indicating that targeting
the SF3B1-PP2A-c-Myc axis in combination with the
first-line chemotherapy regimen may improve the treat-
ment effect for SF3B1-mutant PDAC patients.
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