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Abstract: Statins are cholesterol-lowering agents that act as inhibitors of 3-hydroxy-3-methyl-glutaryl-coenzymeA
(HMG CoA) reductase. Recently, statins have received a lot of attention, especially regarding how statins act on the
immune system. Here, the clinical impact of statin intake was examined in patients with resected pancreatic can-
cer, and the underlying mechanisms were investigated in vitro and in vivo. We found that statin intake was associ-
ated with favorable prognostic outcomes in patients with resectable pancreatic cancer. Statins, especially lipophilic
statins, exert anti-proliferative effects on pancreatic cancer cells in vitro (simvastatin > fluvastatin > atorvastatin >
rosuvastatin > pravastatin). Simvastatin had an anti-proliferative effect on pancreatic cancer cells with decreased
the yes-associated protein (YAP)/PDZ-binding motif (TAZ) expression by activating the JNK pathway, and simvastatin
treatment with oxaliplatin revealed additive anti-growth effects. Furthermore, lipophilic and hydrophilic statins sup-
pressed programmed cell death ligand 1 (PD-L1) expression by downregulating TAZ. Simvastatin treatment with
an anti-PD-1 drug (BP0273) provided immediate anti-growth effects compared to controls, such as anti-PD-1 only
and simvastatin only, and suppressed progressive disease during the early period of anti-PD-1 treatment in vivo.
In conclusion, Statins display two distinct anti-cancer effects (direct anti-growth effect and elimination of immune
suppression by downregulating PD-L1 expression) by targeting YAP/TAZ expression.
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Introduction gen, so it is believed that immune checkpoint
inhibitors do not work well [4-6]. In the field of

Pancreatic cancer is the fourth most common pancreatic cancer, the development of alterna-

cause of cancer-related mortality in economi-
cally developed countries and is set to become
the second most common cause of cancer-
related mortality in the next few years [1].
Despite the development of effective chemo-
therapy regimens, the 5-year overall survival
rate for pancreatic cancer still remain less than
10% [1]. Although immune checkpoint inhibi-
tors currently are a major pillar of cancer drug
therapy in various cancers [2, 3], pancreatic
cancer has been reported to have a low fre-
quency of microsatellite instability, low number
of lymphocytes, and low expression of neoanti-

tive treatment strategies is expected to fight
this deadly disease. Statins are commonly used
in patients with metabolic disorders, such as
hypercholesterolemia. Statins are cholesterol-
lowering agents that are widely prescribed to
prevent and manage cardiovascular diseases
and act as inhibitors of 3-hydroxy-3-methyl-glu-
taryl-coenzymeA (HMG CoA) reductase. Intere-
stingly, statins have been reported to have anti-
angiogenic and anti-proliferative properties,
suggesting their possible role as anti-cancer
agents [7]. In 1992, Sumi et al. [8] reported that
lovastatin inhibited the growth of pancreatic
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cancer cells in vitro and in vivo. In 2013,
Fendrich et al. [9] reported that simvastatin
delayed the progression of pancreatic intraepi-
thelial neoplasia and cancer formation, with an
accumulation of HMG CoA-reductase in a
genetically engineered mouse model of pancre-
atic cancer. In the clinical setting, reduced can-
cer-related mortality among statin users com-
pared with those who had never used statins
was observed for each of the 13 cancer types,
including pancreatic cancer [10]. However,
past findings from observational, case-control,
cohort studies, and randomized trials in hu-
mans have revealed inconsistent results re-
garding the benefit of statin use on the risk of
developing pancreatic cancer and on the sur-
vival of patients diagnosed with advanced pan-
creatic cancer [11-19]. In patients diagnosed
with resectable pancreatic cancer, the effect of
statins on survival has not yet been fully
elucidated.

We previously reported that statin intake
was associated with favorable prognostic out-
comes in patients with colon cancer [20] and
hepatocellular carcinoma [21]. In recent years,
statins have received much attention, especial-
ly regarding how statins act on the immune
system. The programmed death ligand-1/pro-
grammed death-1 (PD-L1/PD-1) signaling path-
way is an important mechanism of tumor immu-
nosuppression that obstructs the activation of
T lymphocytes and enhances the immune toler-
ance of tumor cells. Statins inhibit geranylgera-
nylation of small GTPases, resulting in arrested
endosomal maturation, prolonged antigen re-
tention, enhanced antigen presentation, and T
cell activation [22]. Furthermore, they demon-
strated that mevalonate pathway inhibitors,
including lipophilic statins, are robust against
cancer vaccinations and synergize with anti-
PD-1 antibodies in multiple mouse cancer mod-
els [22]. Statin therapy could improve the intes-
tinal microbiome and overcome systemic
inflammation [23]. The synthesis of cholesterol
itself is essential for training myeloid cells, and
statins prevent the induction of trained immu-
nity [24]. These findings suggest that statins
could be an alternative approach for the
immune system by monotherapy or in combina-
tion with other anti-cancer agents. However,
the mechanism underlying the strengthening of
the immune system by statin use has not been
fully elucidated.
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The Hippo pathway is an evolutionarily con-
served regulator of tissue growth and cell fate
[23, 24]. YAP and TAZ are transcriptional activa-
tors pervasively induced in several human solid
tumors, and their functions in cancer cells have
been the focus of intense investigation [25].
YAP and YAZ have been recognized as signaling
keys in the tumor microenvironment, including
cancer immune evasion systems [26]. Several
studies have indicated that YAP/TAZ is upregu-
lated in pancreatic cancer samples [27-29] and
higher YAP expression is associated with poor-
er survival in patients with pancreatic cancer
[30, 31]. These findings led us to develop an
alternative approach by targeting YAP/TAZ in
pancreatic cancer. Previously, we identified
that statins inhibited cell proliferation by down-
regulating TAZ expression rather than YAP
expression in hepatocellular carcinoma [21].
Here, we examined whether statins could mod-
ulate YAP/TAZ expression with anti-cancer
effects, including cancer immune evasion in
pancreatic cancer.

Method
Patients

Paraffin-embedded sections were obtained
from patients with pancreatic cancer who
underwent resection at the Kumamoto
University Hospital between January 2004 and
December 2018. The study was approved by
the medical ethics committee of Kumamoto
University, and written informed consent was
obtained from all subjects. Among them, 47
patients had taken statins preoperatively and
postoperatively, and were categorized into the
statin intake group. All 47 patients took statins
prior to the operation and continued to take
statins for at least 1 year after the operation.
The remaining 153 patients who did not take
statins were categorized into the statin non-
intake group. The type of statins used were ros-
vastatin (34%), pravastatin (23%), atorvastatin
(19%), simvastatin (4%), and others (19%).

Cell culture

Human pancreatic cancer cell lines (MIA PaCa-
2, PANC-1, PK-8, and AsPC-1) and mouse pan-
creatic cell line (Panc02) were used. MIA PaCa-
2 cells were cultured in Dulbecco’s modified
Eagle’'s medium (DMEM; Wako) supplemented
with 10% fetal bovine serum (FBS). PANC-1,
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PK-8, and AsPC-1 cells were cultured in RPMI-
1640 medium (Wako Pure Chemical Industries).
Cell lines were tested and authenticated using
the GenePrint 10 System (Promega).

Western blot analysis

Cells collected from 6-well plates were washed
once with phosphate-buffered saline (PBS) and
lysed in radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris/HCI (pH 7.5), 150 mM NacCl,
1% (v/v) Nonidet™ P-40 (NP40), 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate
(SDS), and protease inhibitor). Each protein
sample (12 pg) was resolved by sodium dodec-
yl sulfate-polyacrylamide gel electrophoresis
and transferred onto a polyvinylidene difluoride
membrane. The membrane was placed in tris-
buffered saline with Tween® 20 (TBST) solution
containing the primary antibody, YAP/TAZ (CST,
#8418) x 1000, p-p38 (CST, #9211) x 1000,
p38 (CST, #8690) x 1000, p-SAPK/JNK (CST,
#9251) x 1000, SAPK/JNK (CST, #9252) x
1000, p-Erk1/Erk2 (CST, #4370) x 1000,
Erk1/Erk2 (CST, #4695) x 1000, p-Akt (CST,
#9271) x 1000, Akt (CST, #9272) x 1000,
cleaved Caspase-3 (CST, #9661) x 1000,
PD-L1 x 1000, B-actin (CST, #4967) x 1000.
Signals were detected by incubation with sec-
ondary antibodies labeled using the ECL
Detection System (GE Healthcare, Little
Chalfont, UK).

TAZ and YAP suppression with siRNA duplex
oligonucleotides

Silencing of TAZ and YAP suppression was car-
ried out using siRNA and Stealth RNAi siRNA
duplex oligonucleotides (Invitrogen), as previ-
ously described [32]. The cells were plated in a
6-well culture plate. Duplex siRNA was trans-
fected using Lipofectamine RNAIMAX Reagent
(Invitrogen), according to the manufacturer’s
instructions. Whole-cell lysates were prepared
48 h after transfection. Three different siRNAs
were designed and purchased for each target
gene (Stealth RNAI siRNA; Invitrogen), and the
most effective siRNA was used in subsequent
experiments. The most effective sequences
were SiTAZ (WWTR1), 5-CCCAGACAUGAGAUC-
CAUCACUAAU-3, YAP, 5-GGAAGGAGAUGGAAU-
GAACAUAGAA-3, and complementary sequenc-
es of each oligo. The negative control siRNA
used was Stealth RNAi Negative Control
Duplexes (Medium GC Duplex; Invitrogen).
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TAZ and YAP overexpression using plasmid
vector

cDNA corresponding to human YAP1/TAZ was
introduced into the plLenti-C-Myc-DDK-IRES-
Puro lentiviral gene expression vector (#PS-
100069; Origene) as previously described [32].
Human YAP1/TAZ cDNA was amplified with
forward primers (5-ATGGATCCCGGGCAGCA-3)/
(5-ATGAATCCGGCCTCGGC-3) and reverse prim-
ers (5-CTATAACCATGTAAGAAAGCTTTC-3) and
(5-TTACAGCCAGGTTAGAAAGG-3) the full se-
quence of the YAP1/TAZ cDNA was validated by
Sanger sequencing.

Growth assay

Cells were seeded in a 96-well plate at a den-
sity of 1000 cells per well for MIA PaCa2 and
3000 cells for PK-8, PANC-1, and AsPC-1. The
medium in each well was changed daily. Viable
cell numbers were measured using a Cell
Counting Kit-8 (CCK-8) containing 2-(2-metho-
xy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-dis-
ulfophenyl)-2H-tetrazolium (WST-8; Dojin La-
boratories, Kumamoto, Japan) at 0, 24, 48,
and 72 h according to the manufacturer’s
instructions. Optical density at 450 nm was
measured using an automatic microplate read-
er (Molecular Devices, Osaka, Japan). Each
experiment was performed in triplicates.

Flow cytometric analysis

Harvested cells were washed and incubated
in PBS containing 1% FBS containing the be-
low fluorochrome conjugated antibodies in a
U-bottom 96-well plate. After washing, the sam-
ples were acquired on a BD FACSVerse (TM)
(Becton, Dickinson and Company). Data were
analyzed using FlowJo software (TreeStar).

In vivo experiment

To assess the effects of statins on tumors
in vivo, we transplanted 1.0 x 10° Panc02
cells were subcutaneously transplanted into
C57BL/6 mice. Twenty-four mice were random-
ly divided into four groups (six mice each group).
Simvastatin (30 mg/kg) was injected daily into
the peritoneum, anti-PD-1 drug (BP0273) 200
ug was injected into the peritoneum on the 3rd,
6th, and 9th days after tumor transplantation.
The mice were sacrificed on day 35, the tumors
were dissected. Tumor volumes were gauged
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Table 1. Comparison of background characteristics between the

groups with and without statins (N = 200)

resection for pancreatic can-
cer (Figure 1A; Table 2). To elu-

Statin intake  Without statin intake

Clinical variables

cidate the underlying mecha-
P-value nism of statin-derived anti-

(n = 47) (n = 153) )
Age 72 (47-90) 67 (36-86) 0.010 cancer effegts on pqncreatlo
cancer, we first examined the
Gender (Male) 25 (53%) 83 (54%) 0.515 S
growth inhibitory effects on
CEA (ng/nL) 3.0(0.5-112) 2.5(0.2-39.3) 0.276

CA19-9 (U/L)
Blood loss (g)
Operation time (min)

T-stage (T3, T4) 41 (87%)
Lymph node positive, 22 (47%) 85 (56%)
Morbidity (CDCs > Ill) 13 (28%) 43 (28%)

Adjuvant chemotherapy 38 (81%)

475 (0.5-2200) 64.0(0.1-4764) 0.169
639 (45-13153) 646 (10-12925) 0.672
483 (120-791) 494 (150-1221) 0.079
129 (84%)

126 (82%)

pancreatic cancer cells in vitro
using five types of statins (sim-
vastatin, fluvastatin, atorvas-
tatin, rosvastatin, and pravas-

0.410 tatin). Llipophilic statins (simv-
0.188 astatin, fluvastatin, and atorv-
0.556 astatin) displayed strong anti-

0.483 growth effects at 72 h in

CDCs, Clavien-Dindo classifications. The T stage was used by the UICC for Interna-

tional Cancer Control 7th edition.

using the following formula: volume [mm?] =
(length [mm]) x (width [mm])? x 0.52.

Statistical analysis

All experiments were performed in triplicate,
and the data shown are representative of the
consistently observed results. Data are pre-
sented as mean + SD. Differences between
groups with and without statins were tested
using the Student’s t-test. Overall survival (0S)
and recurrence-free survival (RFS) were exam-
ined using the Kaplan-Meier method and com-
pared using the log-rank test. Data were ana-
lyzed using JMP (SAS Institute, Tokyo, Japan)
and Excel 2016 (Microsoft, Redmond, WA,
USA). Statistical significance was set at P <
0.05.

Results

Statin intake is associated with favorable prog-
nostic outcomes in patients with resectable
pancreatic cancer, and statin treatment has
an anti-proliferative effect on pancreatic can-
cer cells in vitro

The clinical benefits of statin intake in resect-
able pancreatic cancer have not been fully elu-
cidated. Except for age, there were significant
differences, in the clinicopathological charac-
teristics between the groups with and without
statins (Table 1). Interestingly, statin intake
provided significantly favorable prognostic out-
comes in recurrence-free survival and overall
survival in patients who underwent curative
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pancreatic cancer cell lines,
whereas those of hydrophilic
statins (rosvastatin and pra-
vastatin) were modest (Figure
1B). Furthermore, the anti-proliferative effect
of statins in MIA PaCa-2 cells was dose- and
time-dependent (Figure 1C). Thus, lipophilic
statins have anti-growth effects on pancreatic
cancer cells compared to hydrophilic statins
(simvastatin > fluvastatin > atorvastatin > rosu-
vastatin > pravastatin).

Simvastatin attenuated YAP/TAZ expressions
by activating JNK pathway in pancreatic can-
cer cells

Next, we examined whether statin-induced
anti-growth effects depended on YAP/TAZ
expression, as previously reported in hepato-
cellular carcinoma [21]. As shown in Figure 1B,
simvastatin displayed strong antigrowth activi-
ty in MIA PaCa-2 cells, whereas it was modest
in PK-8 cells. Interestingly, simvastatin treat-
ment decreased YAP/TAZ expression in a dose-
dependent manner in MIA PaCa-2 cells, but not
in PK-8 cells, whereas pravastatin treatment
did not result in significant changes in YAP/TAZ
expression (Figure 2A). Furthermore, we inves-
tigated the phosphorylation of mitogen-activat-
ed protein kinase (MAPK) and Akt kinase. Then,
of the three MAPKs (p38MAPK, SAPK/JNK, and
Erk1/2), the stress-activated p38 MAPKs and
JNKs were activated by simvastatin treatment
in a dose-dependent manner in MIA PaCa-2
cells rather than in PK-8 cells. Of the three
MAPKs, stress-activated p38 MAPKs and JNKs
play key roles in balancing cell survival and
death in response to both extracellular and
intracellular stresses [33]. In contrast, the
phosphorylation of Akt decreased in a dose-
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Figure 1. Statins provide favorable prognostic outcomes in patients with pancreatic cancer and displays the anti-growth effects on pancreatic cancer cells. A. Up-
per: Kaplan-Meier curve of overall survival (OS) in resected pancreatic cancer patients with and without statin intakes. The median survival of statin users was 45
months while the median survival of non-statin users was 29 months (P = 0.024). Below: Kaplan-Meier curve of recurrence-free survival (RFS) in resected pancre-
atic cancer patients with and without statin intake. The median relapse-free survival of statin users was 27 months, while that of non-statin users was 14 months (P
= 0.049). B. Anti-growth effects on pancreatic cancer cells (MIA PaCa2, PK-8, PANC-1, and AsPC-1) using five types of statins (simvastatin, fuvastatin, atorvastatin,
pravastatin, and rosuvastatin) at different concentration (5 uM, 10 yM, and 15 pM). The medium in each well was changed daily. Viable cell numbers were mea-
sured at 72 h using a Cell Counting Kit-8 (CCK-8). C. Anti-growth effect of the five types of statins on MIA PaCa2 cells. The medium in each well was changed daily.
Viable cell numbers were measured at 24, 48, and 72 h using the Cell Counting Kit-8 (CCK-8).
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Table 2. Univariate and multivariate analyses of overall survival in patients with resected pancreatic

cancer (N = 200)

Univariate analysis

Multivariate analysis

Clinical variables

HR 95% CI P-value HR 95% Cl  P-value
Age > 70 1.12 0.75-1.66 0.56
Gender (male) 1.43 0.96-2.14 0.08
CEA (> 3.4 ng/mL) 1.54 1.01-2.32 0.046 NS
CA19-9 (> 37 U/L) 2.29 1.48-3.67 0.001 NS
Blood loss (> 550 g) 1.51 1.04-2.20 0.028 NS
Operation time (> 700 min) 1.14 0.79-1.65 0.47
T stage (T3, T4) 1.99 1.17-3.22 0.013 255 1.30-5.39 0.002
Lymph node positive 2.23 1.54-3.60 <0.001 1.16  1.07-2.53 0.009
Morbidity (CDCs > Ill) 1.27 0.84-2.01 0.25
Adjuvant chemotherapy 0.75 0.45-1.30 0.29
Statin intake 0.61 0.37-0.96 0.024 0.59 0.35-0.93 0.021

NS, not significant; HR, hazard ratio; CDCs, Clavien-Dindo classification. The T stage was used by the UICC for International

Cancer Control 7th edition.

dependent manner in MIA PaCa-2 cells treated
with simvastatin. Furthermore, simvastatin
treatment also induced apoptosis, represented
by cleaved caspase-3 expression, in a dose-
dependent manner, especially in MIA PaCa-2
cells (Figure 2A). These findings suggest that
statins exert pro-apoptotic effects on pancre-
atic cancer cells by suppressing YAP/TAZ
expression and activating JNK and p38 MAPKs.
To further elucidate the pathway that plays a
key role in statin-induced cellular stress and
cell death, MIA PaCa-2 cells were treated with
simvastatin and inhibitors of JNK and p38. The
JNK inhibitor (SP600125, abcom: ab120065)
inhibited YAP/TAZ downregulation by simvas-
tatin and suppressed cleaved capase-3 and
cleaved PARP, which are indicators of apoptosis
(Figure 2B). The decreased expression of phos-
pho-Akt induced by simvastatin was also atten-
uated by JNK inhibitor treatment (Figure 2B).
On the other hand, the p38 inhibitor SB 203580
(@ab120162) did not affect YAP/TAZ downregu-
lation by simvastatin and failed to suppress
cleaved PARP expression (Figure 2C). Addi-
tionally, the p38 inhibitor failed to inhibit the
simvastatin-induced decrease in phospho-Akt
expression (Figure 2C). Furthermore, a JNK
inhibitor (SP600125) attenuated the simvas-
tatin-derived anti-growth effect on MIA-PaCa-2
cells in growth assay (Figure 2D). In the present
clinical setting, anti-cancer agents, such as
oxaliplatin, are usually used to treat advanced
or recurrent pancreatic cancer. We further
examined the additive antigrowth effects of
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simvastatin on oxaliplatin in MIA-PaCa-2 cells.
Simvastatin treatment with oxaliplatin enhan-
ced the anti-growth effects in MIA PaCa-2 cells
(Figure 2E). Thus, simvastatin exerts anti-can-
cer effects on pancreatic cancer cells by
decreasing YAP/TAZ expression via activation
of the JNK pathway.

Statins decreases PD-L1 expression in pancre-
atic cancer cells via TAZ downregulation

In recent years, statins have received a lot of
attention, especially regarding how they act on
the immune system [34, 35]. The interaction
between PD-L1 on cancer cells and PD-1 on
lymphocytes stands as the key step in cancer
immune escape [36, 37]. We examined chang-
es in PD-L1 expression induced by simvastatin
in pancreatic cancer cells (MIA PaCa-2).
Interestingly, simvastatin treatment reduced
PD-L1 expression in pancreatic cancer cell
(MIA PaCa-2) by FACS analysis (Figure 3A) Also
in western blotting analysis, simvastatin or
pravastatin treatment decreased PD-L1 expres-
sion (Figure 3B). We further examined the
changes in PD-L1 expression in cancer cells
(PK-8 cell line) after treatment with the five
statins by FACS. Interestingly, lipophilic statins
(atorvastatin, fluvastatin, and simvastatin) and
hydrophilic statins (pravastatin and rosuvas-
tatin) suppressed PD-L1 expression in cancer
cells (Figure 3C). We further investigated the
mechanism underlying statin-derived PD-L1
downregulation by focusing on YAP/TAZ expres-
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Figure 2. Simvastatin downregulates YAP/TAZ expressions via the JNK pathway. A. Simvastatin treatment suppressed YAP/TAZ expressions with stress-activated p38
MAPKs and JNKs compared to controls in pancreatic cancer cell lines (MIA PaCa-2 > PK-8 cells) at 48 h, whereas Pravastatin did not show such the significant down-
regulation. Medium with statin changed every 24 h. B-actin protein expression served as a loading control. Representative blots are shown. “P < 0.05 and “*P < 0.01.
B. JNK inhibitor attenuated the YAP/TAZ down-regulation and diminished cleaved Capase-3 and cleaved PARP expressions induced by Simvastatin treatment. JNK
inhibitor (SP600125, abcom: ab120065) (30 uM) was added to the medium 2 h before simvastatin treatment. B-actin protein expression was used as the loading
control. The representative blots are shown. C. p38 inhibitor addition to simvastatin did not affect YAP/TAZ downregulation by simvastatin and failed to diminished
cleaved Capase-3 and cleaved PARP expression. p-38 inhibitor (SB 203580, abcom: ab120162) (20 uM) was added to the medium 2 h before adding simvastatin.
B-actin protein expression was used as the loading control. Representative blots are shown. D. JNK inhibitor hindered the simvastatin-derived anti-growth effect in
MIA PaCa-2 cells. Medium containing simvastatin (2.5 yM) and JNK inhibitor (30 uM) was changed every 24 h. E. Simvastatin treatment with oxaliplatin enhances
the anti-growth effects in MIA-PaCa-2 cells. The medium containing simvastatin (2.5 uM) and oxaliplatin (2.5 pM) was changed every 24 h.

100 MIA PaCa-2 | "7 PK-8
B 804 80
N
©
£ 60 60
S
(=
= 404 H 404
c i
3 ;
o 209 ] 20
0 .- T T — 0 r
3 4 5 5
0 10 10 10 10
PD-L1
M isotype, M: control (DMSO), M: 5uM Si
* %
*
400 ||—| | 600
300 500
T 400
5200 300
100 200
100
0
ctrl  5uM  10uM ctrl  5uM  10uM
~
D /\? £
& &
>N
™~ ~
5 X &R R X R
£ & a4 a a u
FI I & & &L
S 5 2 5 5 § 8§
@ 2 2 2 2
YAP = -~ -

2048

B
MIA PaCa-2
Simvastatin Pravastatin
S
&
<% 5uM 10pM  5uM  10puM
PDLT - . - —
B-actin <GS
E cDNA Ctrl YAP TAZ Ctrl YAP TAZ
Simvastatin OouM 5uM
YAP = '
TAZ =
PDLT | . -
B-actin /A S —
F Mia Paca-2
Control JNK inhibitor
Simvastatin -~ ouyM  5uM  OuM  5uM
PD-L1
B-actin - ———

C PD-L1 expression in PK-8
’ 6000
Control //NV\ 5000
/I e 4000
Atorvastatin e \\ ”
<\ ~ T 3000
3
Fli tati g {
uvastatin /<\ S 000
Pravastatin AT\ 1000
' N\
: 0
R tati . . . .
osuvastatin . r §¢ & @‘& &\Q 0\\0
° & & & & &
/ < & o K & S
Simvastatin // N\ ° <8 € & ¢
\
/ N
o 1 w0t
Comp.APC.A APC.A
G Panc02 1.0x 108

£ simvastatin 30mg/kg
& LpSverydey Sacrifice at Day35

M. :

I 1 I anti-mouse PD-1(BP0273)

C57BL/6
Day3 6 9 200ug i.p
(mm3) Tumor Volume
160
——Control
120 ——simvastatin
80 —anti-PD-1
£ f T \ I simvastatin
40 I f\| +anti-PD-1
0
7 14 21 28 35 (days)

Am J Cancer Res 2023;13(5):2041-2054



Statin exerts anti-cancer effects via YAP/TAZ

Figure 3. Statins suppress PD-L1 expression of pancreatic cancer cells by downregulating TAZ expression. A. Sim-
vastatin treatment suppressed PD-L1 expression in MIA PaCa-2 and PK-8 cells by FACS analysis. MFIl, median
fluorescence intensity. P < 0.05 and P < 0.01. B. Simvastatin treatment suppressed PD-L1 expression in MIA
PaCa-2 cell by western blot. B-actin protein expression served as a loading control. Representative blots are shown.
C. Not only lipophilic statins (atorvastatin, fluvastatin, and simvastatin) but also hydrophilic statins (pravastatin and
rosuvastatin) suppressed the PD-L1 expression in PK-8 cell. D. Downregulation of YAP/TAZ using siRNA technique
decreased PD-L1 expression in MIA PaCa-2 cell. B-actin protein expression served as a loading control. Representa-
tive blots are shown. E. Overexpression of TAZ enhanced PD-L1 expression and attenuated the simvastatin-induced
decrease in PD-L1 expression, but not in YAP overexpression. B-actin protein expression served as a loading control.
Representative blots are shown. F. JNK inhibitor hindered the PD-L1 down-regulation induced by Simvastatin treat-
ment. B-actin protein expression served as a loading control. Representative blots are shown. G. Simvastatin treat-
ment addition to anti-PD-1 drug displayed immediately anti-growth effect compared to controls such as anti-PD-1
only and simvastatin only, and suppressed progressive disease during early period by anti-PD-1 treatment in vivo.
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JNK inhibitor also hindered the
PD-L1 down-regulation induced
by Simvastatin treatment (Figure
3F). Interestingly, simvastatin

treatment in addition to anti-PD-1
@ drug (BP0273) (200 pg, ip) pro-

vided an immediate anti-growth
effect compared to controls, such
as anti-PD-1 only and simvastatin
only, and suppressed progressive
disease during the early period
after anti-PD-1 treatment in vivo
(Figure 3G).
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Discussion

In this study, we found that statins
displayed anti-cancer effects by
suppressing YAP/TAZ expression
via JNK cascade activation and by
disturbing cancer immune escape
via PD-L1 in cancer cells. First,
oral statin intake was significantly
associated with favorable prog-
nostic outcomes for overall sur-
vival and recurrence-free survival.
Second, statins, especially lipo-
philic statins, exert antigrowth
effects via apoptosis by activating
the JNK pathway and suppress-
ing YAP/TAZ expression. Notably,

Decreased PD-L1 expression

I o Y

Figure 4. Summary figure for statin-derived anti-cancer effects in this
study. Statins suppresses YAP/TAZ expressions via pSAPK/JNK cas-
cade activation. Then, Statins induce apoptosis and PD-L1 downregula-
tion in pancreatic cancer cells. These statin-derived anti-cancer effects
are diminished by the JNK inhibitor.

Cleaved
caspase-3

sion. The downregulation of YAP/TAZ by siRNA
decreased PD-L1 expression (Figure 3D).
Interestingly, the downregulation of TAZ expres-
sion effectively suppressed PD-L1 expression
compared to YAP (Figure 3D). In contrast, the
overexpression enhanced PD-L1 expression
and attenuated the simvastatin-induced de-
crease in PD-L1 expression, but not YAP over-
expression (Figure 3E). Collectively, statins
decreased PD-L1 expression in pancreatic can-
cer cells via TAZ down-regulation. Furthermore,
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YAP/TAZ downregulation and statin-induced
apoptosis were attenuated by the JNK inhibitor.
Third, statin treatment decreased PD-L1
expression by TAZ (rather than YAP) downregu-
lation in cancer cells. And this statin-induced
PD-L1 downregulation was also attenuated by
the JNK inhibitor. Thus, the present study eluci-
dated the possible molecular mechanism of
statin-induced anti-cancer effects through two
distinct mechanisms in pancreatic cancer
(Figure 4).
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We confirmed that the inhibitory effects of
statins on pancreatic cancer cells in vitro were
stronger. In the present study, statin intake pro-
vided significantly favorable prognostic out-
comes in recurrence-free survival and overall
survival in patients who underwent curative
resection for pancreatic cancer. Only 22% of
patients taking statins were taking lipophilic
statins, most of which were hydrophilic statins.
To confirm the anti-growth effect of statin
intake in humans, we investigated the Ki-67
expression in clinical samples. Although statin
intake was likely to be associated with low
Ki-67 expression levels in pancreatic cancer
tissue, the Ki-67 expression levels between
patients with and without statin intake did not
reach a significant difference (A P-value = 0.08;
data not shown). However, statin intake was
associated with significant favorable prognos-
tic outcomes. These findings led us to hypoth-
esize that statin intake has not only direct anti-
cancer effects but also indirect anti-cancer
effects by modulating the immune system.
Reports on the effects of statins on the survival
of patients diagnosed with resectable pancre-
atic cancer are still limited [38]. Wu et al. [38]
reported that simvastatin use, not lovastatin
use, was associated with improved survival and
improved overall and disease-free survival
among 226 patients undergoing resection for
early stage pancreatic cancer. The effect of
statins on the survival of patients diagnosed
with advanced pancreatic cancer has been
inconsistent. Only one RCT on the survival ben-
efit of statin intake is available for advanced
pancreatic cancer [39]. In 2014, Hong et al.
[39] reported that the addition of low-dose
simvastatin to gemcitabine in advanced pan-
creatic cancer did not provide clinical benefit in
a randomized double-blind, placebo-controlled
phase Il trial. On the other hand, in patients
with a diagnosis of pancreatic cancer including
the resectable and unresectable condition set-
ting, a recent systematic review and meta-anal-
ysis of 14 studies with 33,137 PDAC patients
reported that statins use was significantly
associated with a reduced risk of death in pan-
creatic cancer patients [40]. Wang et al. [41]
also performed a meta-analysis using five ret-
rospective cohort studies and reported that
statin use increased overall survival in patients
diagnosed with pancreatic cancer in 2019. In
2019, a pooled analysis of two phase Il studies
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showed that statin use was associated with
better overall survival among patients with
metastatic pancreatic cancer treated with first-
line chemotherapy [42]. Thus, difference from
past RCT in 2014, those recent systematic
review and meta-analysis suggested that prog-
nostic benefit form statin use on survival of
patients diagnosed with pancreatic cancer. We
believe that uncovering the underlying molecu-
lar mechanism of statin-derived anti-cancer
effects will lead to the true clinical benefit of
statin intake for cancer patients in the future.

In the present study, statin treatment sup-
pressed YAP/TAZ expression and apoptosis in
pancreatic cancer cell lines. The anti-cancer
effects of lipophilic statins are stronger than
those of hydrophilic statins. Adding simvastatin
to an anti-cancer agent (oxaliplatin) provides
additive anti-growth effects in pancreatic can-
cer cells. Yin et al. [43] reported that simvas-
tatin inhibited viability, stemness, tumor
growth, and metastasis and enhanced the effi-
cacy of gemcitabine. These changes are asso-
ciated with modulation of Shh-related gene
expression [43]. Importantly, the inhibitory
effects of YAP/TAZ were dependent on JNK cas-
cade activation in pancreatic cancer cells.
Therefore, the simultaneous use of a certain
drug that can inhibit the JNK signaling cascade
may attenuate statin-derived anti-growth
effects via YAP/TAZ suppression in the clinical
setting. Hao et al. [44] reported that lipophilic
statins inhibited YAP nuclear localization, co-
activator activity, and colony formation in pan-
creatic cancer cells and prevented the inci-
dence of pancreatic cancer in Kras®?° mice. As
another mechanism of statin-derived anti-can-
cer effects for pancreatic cancer, Kusama et al.
[45] reported fluvastatin and lovastatin inhibit-
ed the in vitro cancer cell invasion induced by
attenuating the EGF-induced translocation of
RhoA. Atorvastatin also delayed the progres-
sion of pancreatic lesions to carcinoma by regu-
lating PI3/AKT signaling in p48Cre/+ LSL-
KrasG12D/+ mice [46]. Thus, although the anti-
tumor effects of statins have been demonstrat-
ed in various experimental studies [47], the
underlying mechanism has not been fully eluci-
dated. The present study elucidated a novel
mechanism of the statin-derived anti-growth
effect with apoptosis by activating the JNK
pathway and suppressing YAP/TAZ expression.

Am J Cancer Res 2023;13(5):2041-2054



Statin exerts anti-cancer effects via YAP/TAZ

As another important anti-cancer effect, statins
decreased PD-L1 expression in pancreatic can-
cer. The PD-L1/PD-1 signaling pathway is an
important component of tumor immunosup-
pression, which can inhibit the activation of T
lymphocytes and enhance the immune toler-
ance of tumor cells, thereby achieving tumor
immune escape [48]. PD-L1 shows abnormally
high expression in tumor cells, which is consid-
ered the main factor responsible for promoting
tumor immune escape.

Mevalonic acid metabolism is involved in con-
trolling T-cell activation [49-52]. Statins inhibit
geranylgeranylation of small GTPases, resulting
in arrested endosomal maturation, prolonged
antigen retention, enhanced antigen presenta-
tion, and T cell activation. They demonstrated
that in multiple mouse cancer models, meval-
onate pathway inhibitors are robust against
cancer vaccinations and synergize with anti-
PD-1 antibody [22]. In colon cancer, systemic
administration of statins can elicit effective
antitumor immune responses by inducing
immunogenic cell death and enhancing den-
dritic cell-mediated CD8+ T-cell immunity
against KRAS™! tumors [53]. Thus, there are
several reports that statins act on the immune
system, but there are limited reports that
statins affect changes in PD-L1 expression
[54]. Lim et al. reported that statins decrease
PD-L1 expression by inhibiting AKT and
B-catenin signaling in several types of cancers,
except pancreatic cancer [54]. The present
study showed that statins suppressed PD-L1
expression by downregulating YAP/TAZ expres-
sion (mainly in a TAZ-dependent manner rather
than YAP) in pancreatic cancer cells. However,
much remains to be discovered about the
tumor microenvironment, and the regulation
network of PD-L1 by statins remains to be
uncovered in detail. The TME was enriched with
cholesterol. High cholesterol levels in the tumor
microenvironment induce CD8+ T cell exhaus-
tion and upregulate immune checkpoints PD-1,
2B4, TIM-3, and LAG-3 [55]. Furthermore, low-
ering cholesterol levels in the tumor microenvi-
ronment using simvastatin restores the antitu-
mor activity of CD8+ T cells [55]. Further study
of the immune response to statins in the tumor
microenvironment may provide additional ideas
for immunotherapy and a new development
direction for effective use in cancer treatment.

In conclusion, this study suggests a novel treat-
ment approach for pancreatic cancer using
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statins, which provide two distinct anti-cancer
effects (direct anti-growth effect and elimina-
tion of immune suppression by downregula-
ting PD-L1 expression) by targeting YAP/TAZ
expression.
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