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Introduction: Pancreatic cancer remains one of the most lethal malignancies and has few
treatment options. Saikosaponin D (SSD), a major bioactive triterpene saponin isolated from
Bupleurum chinense, has been reported to exert cytotoxicity properties toward many cancer
cells. However, the effects of SSD on pancreatic cancer have been little scrutinized.
Methods: Here, we investigated the effect of SSD on the proliferation and apoptosis of
human pancreatic cancer BxPC3 and PANCI cells and the mouse pancreatic cancer cell line
Pan02. Cell viability was determined by MTT assays and cell apoptosis analyzed by DAPI
staining and flow cytometry. Expression levels of apoptosis-regulating markers and
activity of the MKK4-JNK signaling pathway were determined by Western blotting. The
inhibitor SP600125 was applied to confirm the role of the JNK pathway in SSD efficiency.
Results: SSD significantly inhibited the proliferation of BxPC3, PANCI, and Pan02 cells in
a concentration- and time-dependent manner. Flow-cytometry analysis indicated obvious
apoptosis induction after SSD exposure. Furthermore, SSD significantly triggered cleavage
of caspase 3 and caspase 9 proteins and increased the expression of FoxO3a. In addition,
activity of the MKK4-JNK pathway was dramatically increased after treatment with SSD in
BxPC3 cells. SSD obviously stimulated phosphorylation of JNK, cJun, and SEK1/MKK4
proteins within 30 minutes. The addition of SP600125 blocked the activation of SSD on the
MKK4-JNK regulatory pathway and reversed the effects of SSD on proliferation inhibition
and apoptosis induction in BxPC3 cells.

Conclusion: These results revealed that SSD was capable of suppressing tumor growth and
promoting apoptosis of pancreatic cancer cells via targeting the MKK4-JNK signaling
pathway, indicating the possibility of further developing SSD as a potential therapeutic
candidate for pancreatic cancer.

Keywords: saikosaponin D, pancreatic cancer, proliferation inhibition, apoptosis induction,
MKK4-JNK pathway

Introduction

Pancreatic cancer is one of the most lethal of solid malignancies, with 5-year
survival not exceeding 5%.' Surgery resection is still the primary therapy choice
for pancreatic cancer if it is feasible. However, most pancreatic cancers are reported
to have a complex and delayed diagnosis, due to the pancreas’s anatomic localiza-
tion and the aspecific and intermittent nature of symptoms. As a result, >85% of
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diagnosed patients show metastasic infiltrations in proxi-
mal lymphatic nodes or the liver.? First-line treatment for
the unresectable pancreatic cancer is currently based on
gemcitabine monotherapy or combination thereof with
other agents.® Despite recent major advances in therapeu-
tic strategies for cancer, pancreatic cancer prognosis
remains extremely poor, mainly because of its high resis-
tance to apoptosis induction by chemotherapy or
radiotherapy.” Therefore, it is urgent to develop effective
therapeutic strategies to improve the prognosis of this
aggressive disease.

Saikosaponin D (SSD) is one of the main bioactive
triterpene-saponin compounds derived from roots of
Bupleurum chinense, and is a commonly used herbal
drug for liver-disease treatment.” SSD is regarded as the
major effective ingredient in many traditional medicinal
formulations, and has been shown to possess multiple
pharmacological benefits. In recent years, SSD has
attracted increasing attention in the field of cancer
research. SSD exhibits significant growth suppression
and apoptotic death induction on various human solid
tumors, including hepatocellular carcinoma, breast cancer,
prostate cancer, and lung cancer.” In addition, SSD has
diverse regulatory mechanisms in different cancer cells
with unique genotypes. However, the effect of SSD and
its underlying mechanisms on pancreatic cancer cells
remain elusive and need further exploration.

MKK4 and its downstream mediator JNK, members of
the MAPK family, play vital roles in chemically triggered
cancer cell-cycle arrest and apoptotic processes.® JNK
phosphorylation activates substrates of transcription fac-
tors or proapoptotic proteins in an MKK4-dependent man-
ner. Functional suppression of JNK activation has recently
been considered as a pivotal cellular survival mechanism
and contributes to cancer cells avoiding apoptosis.” Low
expression levels of phosphorylated MKK4 are closely
associated with unfavorable prognosis in colorectal cancer
patients, suggesting involvement in tumor progression and
metastasis mediation.'® Inactivation of MKK4 can facil-
itate cancer-cell survival via inhibiting the JNK-mediated
apoptosis pathway.'' In addition, MKK4 dysregulation
occurs during the development of clinical cancer metas-
tases, and endogenous expression of MKK4 can reduce
metastasis of ovarian tumors in mice.'? High expression of
the MKK4 protein is significantly correlated with longer
overall survival and could predict favorable prognosis in
resectable pancreatic ductal adenocarcinoma.'?
Furthermore, activation of the MKK4-JNK signaling

pathway would be a promising therapeutic approach for
tumor cells to induce proliferation inhibition and metasta-
sis prevention. Treatment with arsenite triggers the cell-
apoptotic signals and activates the MKK4-JNK cell-death
GADD45a
Sophoridine exhibits effects of proliferation inhibition

pathway dependent on upregulation.'*
and mitochondrial-related apoptosis induction in pancrea-
tic cancer cells via ROS-dependent JNK activation.'
Activation of the MKK4-JNK signaling cascade by cur-
cumin also promotes cell apoptosis in human gastric can-

1
cer cells.'®

As such, identifying bioactive modulators
targeting the MKK4-JNK signaling pathway provides an
alternative approach to contribute to chemotherapy
advances for pancreatic cancer.

In the present study, we evaluated the effects of SSD
on pancreatic cancer—cell proliferation, apoptosis, and
expression of potential mediators. In addition, we further
investigated the relationship of SSD and the MKK4-JNK
signaling pathway in regulating growth inhibition and
apoptotic death to clarify the underlying mechanisms of

SSD in pancreatic cancer cells.

Methods

Main Reagents

SSD (molecular weight 780.98 Da, HPLC>98%) was pur-
chased from Yuanye Biotechnology (Shanghai, China),
and its structural formula is shown in Figure 1A. SSD
was dissolved in absolute DMSO and further diluted
with culture medium at different concentrations. RPMI
1640 medium (2.05 mM L-glutamine without calcium
nitrate) was obtained from Cellmax (Beijing, China) and
FBS Hangzhou Sijiqing (Zhejiang, China). The MTT-
assay kit and DAPI-staining kit were bought from
Beyotime Biotechnology (Shanghai, China). An annexin
V-FITC + PI double-staining kit from BD Biosciences
(Franklin Lakes, NJ, USA) was used to determine cell-
apoptosis rates. The JNK-specific inhibitor SP600125
(S1460) was obtained from Selleck Chemicals (Houston,
TX, USA). Antibodies used in this study were purchased
from Cell Signaling Technology (Danvers, MA, USA):
cleaved caspase 3 (9664), p53 (2527), FoxO3a (12,829),
pINK (9251), p-cJun (2361), pSEK1/MKK4 (4514),
pERK (4370), pATF2 (5112), and B-actin (3700). The
cleaved caspase 9 antibody Asp353 (AF5240) was
obtained from Affinity Biosciences (Cincinnati, OH,
USA). Other reagents employed in this study are indicated
separately wherever appropriate.

submit your manuscript

9466

Dove

OncoTargets and Therapy 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove Lai et al
A B 3 1.2
&_: ' mm48h
E 1.04 T 4 72 h
° T
A > T
(0] E 0.8+ #H -
(o] % T
0=\ 2 0.6 L
HO Ho =
o . 8 0.4 i
OH o
. o 2
HO* , B 0.2
on s -
OH & 0.0l T T T T LI
0 1 2 4 6 8

Saikosaponin D

Cc

Concentrations of SSD (uM)

Cnotrol 2 pyM SSD 4 pM SSD 6 pM SSD
D
&4 32%| o 48% | 23.2% | 29.3%
5] - ] ] .
<73 QI jQz: 7 E E
o, 1 ] i ]
e—g Q3 [Q4 E Q3 | Q4 = E
) 1.7% 21%| 3 15.5% | 15.7%
ST T T T T T T T T T T T T T T T \maniy ABLEALL S e B 2000 S I R L 0 000 e a1
102 3 " 4 {02 10 104 108
Tor "o . 1o oy Ao o 1o g o . Y TCA
Control 2 uM SSD 4 UM SSD 6 UM SSD

Figure | SSD treatment resulted in growth inhibition and apoptosis induction in BxPC3 pancreatic cancer cells. (A) Chemical structure of SSD. (B) BxPC3 cells were
treated with indicated concentrations of SSD for 48 and 72 hours, after which cell viability was measured using MTT assays. Values represent mean * SD of three
independent experiments. **P<0.01, **P<0.00| compared with cells without SSD treatment for 48 hours; “P<0.01, *#P<0.001 compared with cells without SSD treatment
for 72 hours. (C) BxPC3 cells were treated with different concentrations of SSD (0, 2, 4, and 6 uM) for 48 hours and then stained with DAPI. Fragmented or condensed
nuclei were observed under fluorescence microscope, as indicated by the red arrows. (D) Flow-cytometry assay were performed to detect rates of apoptosis using annexin
V-FITC + PI double-staining. BxPC3 cells were treated with different concentrations of SSD for 48 hours and then collected for apoptosis analysis.

Cell Lines and Cell Culture

The human pancreatic cancer cell lines BxPC3 and
PANCI1 the of
Biochemistry and Cell Biology at the Chinese Academy

were purchased from Institute
of Sciences (Shanghai, China). The mouse pancreatic can-
cer cell line Pan02 was purchased from Tongpai
Biotechnology (Shanghai, China). Cells were cultured in
RPMI 1640 medium containing 10% FBS and maintained

at 37°C in a 5% CO,-humidified atmosphere.

Cell-Viability Assays
MTT assays followed the manufacturer’s recommenda-
tions to estimate cell viability after treatment with SSD.

Pancreatic cancer cells were seeded in 96-well plates at
a density of 10* cells per well in 100 uL RPMI 1640
medium supplemented with 10% FBS. After overnight
incubation, the culture medium was removed and replaced
by SSD diluted in medium to a final concentration of 1-8
puM for 48 hours and 72 hours. Cells were subsequently
incubated with a final concentration of 5 mg/mL MTT for
4 hours, and formazan crystals were dissolved in 150 pL
DMSO. Absorbance at 490 nm was measured on
a microplate reader. As for JNK-inhibition analysis, the
cells that had been seeded in 96-well plates were pre-
treated with 10 pM SP600125 for 1 hour, then treated
with different concentrations of SSD. Next, absorbance
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was measured for cell viability. Independent experiments
were repeated in triplicate.

DAPI Staining

Apoptotic cells were stained with DAPI solution as
described previously.!” After treatment with various con-
centrations of SSD, culture media were discarded and
BxPC3 cells fixed with 4% paraformaldehyde for 10 min-
utes at room temperature. Next, fixed cells were washed
with PBS three times and stained with DAPI solution for
15 minutes at room temperature away from light. Then,
cells were washed twice with PBS again and observed
with fluorescence microscopy.

Flow-Cytometry Analysis

Apoptosis of pancreatic cancer cells was detected by
annexin V-FITC + PI double-staining analysis. After treat-
ment with different concentrations of SSD, cells were
collected and washed twice with PBS. Then, cells were
resuspended in 100 pL binding buffer containing 5 pL
annexin V-FITC conjugate and 5 puL. PI and incubated at
room temperature for 20 minutes in the dark. After adding
300 pL annexin V-FITC binding buffer, cells were col-
lected and quantitatively analyzed using flow cytometry
(FACSCalibur; BD Biosciences).

Western Blotting Analysis
Pancreatic cancer cells were incubated in six-well plates at
a density of 5x10° cells per well. After growth overnight,
cells were treated with different concentrations of SSD.
Next, total protein from cells was extracted using RIPA
buffer PMSF
instructions Biotechnology).

and according to  the
BCA-protein

assays were carried out to quantify concentrations of cellu-

lysis
(Beyotime

lar proteins, and equal amounts of denatured protein sam-
ples were used for subsequent experiments. Cellular
proteins were separated by different concentrations of SDS-
PAGE depending on the size of the target protein, and then
electrotransferred onto PVDF membranes for about 2 hours.
Next, membranes were blocked with 5% (w:v) nonfat dry
milk and 0.1% Tween 20 in TBS at room temperature for at
least 1 hour, then incubated with target antibodies overnight
at 4°C. After being washed three times with TBST, mem-
branes were incubated with antirabbit secondary antibody or
antimouse secondary antibody for 1 hour at room tempera-
ture. An enhanced-chemiluminescence reagent (Thermo
Fisher Scientific) was used to detect immunoreactive

protein bands by gel imaging, while ImageJ software was
used for grayscale analysis. Data were normalized to -
Actin.

Statistical Analysis

Results are shown as means + SD of at least three inde-
pendent experiments. All statistical analyses were done
using GraphPad Prism 7.0 software. Data were determined
by unpaired #-tests and one-way ANOVAs to compare
between two independent groups. P<0.05 was considered
statistically significant.

Results
SSD Decreased Cell Viability and Induced

Cell Apoptosis in Pancreatic Cancer Cells
To investigate the antiproliferative effect of SSD, BxPC3
cells were incubated with different concentrations of SSD
for 48 and 72 hours. Then, cell viability in each group was
determined using MTT assays. The results revealed that
SSD significantly inhibited growth rates of BxPC3 cells in
a dosage- and time-dependent manner (Figure 1B). After
treatment with 1 uM SSD for 48 hours in BXPC3 cells, the
proliferative inhibitory rate was just 3.44%, while the
inhibitory rate became 31.61% when the SSD concentra-
tion increased to 4 uM, which was 9.2-folds that of the 1
uM—treatment group. ICso values of SSD on BxPC3 cells
were 4.47 uM and 3.27 uM at 48 and 72 hours, respec-
tively. DAPI-staining results indicated that BxPC3 cells
exhibited typical morphological features of apoptotic cells
following treatment with 4 and 6 pM SSD, including
bright nuclear condensation and perinuclear apoptotic
bodies (Figure 1C). Furthermore, SSD treatment triggered
significantly increased cell-apoptosis rates in a dose-
dependent manner (Figure 1D). Apoptosis in BxPC3
cells was only 4.9% in the control group. However, apop-
tosis rates had increased to 38.7% and 45.0% after treat-
ment with 4 uM and 6 uM SSD for 48 hours: 7.9- and
9.2-fold that of the control group, respectively.

To further confirm the anticancer effects of SSD, pro-
liferation and apoptosis rates were evaluated in PANCI1
and Pan02 cells after treatment with various concentra-
tions of SSD. MTT results demonstrated that SSD signifi-
cantly decreased the growth of PANCI1 and Pan02 cells in
a dose- and time-dependent manner (Figure 2A and 2B).
1Csq values of SSD in PANC1 and Pan02 cells at 48 hours
were 5.18 and 4.76 uM, respectively. In addition, SSD
treatment also promoted apoptosis in both PANCI and
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Figure 2 SSD treatment triggered growth inhibition and apoptosis induction in PANCI and Pan02 cells. (A) Effect of SSD on proliferation in PANCI cells. (B) Effect of SSD
on proliferation in Pan02 cells. Cells were treated with indicated concentrations of SSD for 48 and 72 hours, after which cell viability was measured using MTT assays. Values
represent means * SD of three independent experiments.*P<0.05, **P<0.01, ***P<0.001 compared with cells without SSD treatment for 48 hours; #p<0.05, "P<0.01,
###p<0,001 compared with cells without SSD treatment for 72 hours. (C) The effect of SSD on the cell apoptosis rate in PANCI cells. (D) The effect of SSD on the cell
apoptosis rate in Pan02 cells. Cells were treated with indicated concentrations of SSD for 48 hours and then collected for apoptosis analysis using annexin V-FITC + PI

double-staining.

Pan02 cells (Figure 2C and 2D). After treatment with 6
puM SSD, cell apoptosis in PANCI and Pan02 cells was
63.6% and 25.1%, respectively (Figure 2C and 2D). These
results were consistent with the cell viability—assay results.
Our results demonstrated the proliferation-inhibition and
apoptosis-promotion effects of SSD in pancreatic cancer
cells.

SSD Activated Cleavage of Caspase
Proteins and Increased Expression of

FoxO3a in Pancreatic Cancer Cells
To understand the mechanisms of SSD involved in cell
apoptosis, we carried out Western blotting experiments to

determine expressions of potential apoptosis-regulatory pro-
teins in pancreatic cancer cells. After treatment with different
concentrations of SSD, caspase 3 and caspase 9 activity and
protein-expression levels of p53 and FoxO3a were analyzed
and quantified. As shown in Figure 3A, SSD significantly
increased the cleavage of the proapoptotic proteins caspase 3
and caspase 9 and obviously enhanced the expression of
FoxO3a in a dosage-dependent manner. Semiquantitative
analysis indicated that cleavage of caspase 3 and caspase 9
in the 2 uM SSD—treatment group were 1.5- and 1.4-fold that
of the control group, respectively (Figure 3B), while in the 4
uM  SSD-treatment group protein expression levels of
cleaved caspase 3 and caspase 9 became 2.1- and 1.8-fold
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Figure 3 Effects of SSD on apoptosis-related proteins in BxPC3 cells. (A) BxPC3 cells were treated with indicated concentrations of SSD for 48 hours and expression levels
of cleaved caspase 9, cleaved caspase 3, p53, and FoxO3a determined using Western blotting. B-actin served as the internal control. (B) Semiquantitative immunoblot-
staining analysis of the indicated apoptosis-regulatory proteins on SSD treatment with an image analyzer. Grayscale-scan analysis of Western blot images was from three
independent experiments, and fold changes included normalization to B-actin. *P<0.05, **P<0.01 denote significant differences compared with the control group for each

protein.

that of the control group, respectively (Figure 3B). It is worth
noting that SSD showed a slight regulatory effect on the total
expression of mutant p53 protein in BxPC3 cells (Figure 3B).

To further clarify the proapoptosis mechanisms of SSD
in pancreatic cancer cells,expression levels of cleaved
caspase 3, caspase 9, and FoxO3a were determined in
PANCI1 and Pan02 cells. The results demonstrated that
SSD treatment significantly increased the activity of cas-
pase proteins and promoted the expression of FoxO3a in
PANCI1 and Pan02 cells (Figure 4A and 4B). Compared
with the control group, FoxO3a expression in the 2 pM
SSD-treatment group and 4 pM SSD-treatment group
increased by 54.6% and 65.7% in PANCI cells, respec-
tively (Figure 4C). Similar results were observed in Pan02
cells (Figure 4D). Treatment with 4 pM SSD led to
a 68.3% increase in the expression level of FoxO3 and
a 45.9% increase in caspase 9 cleavage in Pan02 cells
(Figure 4D). These results suggested that SSD promoted
apoptosis of pancreatic cancer cells through activating
caspase 3 and caspase 9 proteins and increasing expression
of FoxO3a in vitro.

SSD Induced Activation of MKK4—JNK

Signaling Pathway in BxPC3 Cells

Given the central roles of the MKK4-JNK signaling path-
way in apoptosis induction and tumor progression,'® we
determined changes in master regulators involved in this

pathway after treatment with SSD. As shown in Figure
5A, SSD increased the phosphorylation of JNK, SEK1/
MKK4, and ATF2 in a concentration-dependent way in
BxPC3 cells. After treatment with 2 pM SSD for 48 hours,
protein levels of pJNK, pSEK1/MKK4, and pATF2 had
increased 1.5-, 2.6-, and 1.7-fold, respectively, over the
control group, while 4 pM SSD treatment upregulated the
activities of JNK, SEK1/MKK4, and ATF2 proteins by
1.8-, 3.7-, and 2.4-fold, respectively (Figure 5B). In addi-
tion, the expression of phosphorylation of ERK was
obviously increased by low concentrations of SSD
(Figure 5A). However, 6 uM SSD treatment significantly
inhibited the expression of pERK, indicating complex
regulatory mechanisms involving SSD and the ERK-
signaling pathway in pancreatic cancer cells.'>"”

The time-course activities of the MKK4-JNK signaling
pathway were further analyzed after SSD treatment. As
shown in Figure 6A, SSD triggered rapid activation in this
pathway in BxPC3 cells. Semiquantitative analysis sug-
gested that after the treatment with SSD for just 30 min-
utes, expression levels of pJNK and pSEK1/MKK4 had
increased 1.2- and 1.5-fold over the control group, respec-
tively (Figure 6B). Phosphorylation of the JNK protein
reached its maximum at 4 hours, whileexpression of
pSEK1/MKK4 peaked at 2 hours. Furthermore, SSD expo-
sure obviously activated the phosphorylation of cJun, sug-
gesting a potential regulatory target for SSD in BxPC3
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Figure 4 Effects of SSD on apoptosis-regulatory proteins in PANCI and Pan02 cells. (A) SSD treatment caused activation of caspase proteins and increased expression of
FoxO3a in PANCI cells. (B) SSD treatment caused activation of caspase proteins and increased expression of FoxO3a in Pan02 cells. Cells were treated with indicated
concentrations of SSD for 48 hours and levels cleaved caspase 9, cleaved caspase 3, and FoxO3a expression determined using Western blotting. -actin served as the internal
control. (C) Semiquantitative analysis of Western blotting results in PANCI cells. (D) Semiquantitative analysis of Western blotting results in Pan02 cells and semiquanti-
tative immunoblotting analysis of indicated proteins on SSD treatment with an image analyzer. Grayscale scan analysis of Western blot images was from three independent
experiments, and fold changes included normalization to B-actin. *P<0.05, **P<0.01, ***P<0.001 compared with the control group for each protein

cells. Compared with the ERK-signaling pathway, the
MKK4-JNK signaling pathway was more sensitive to
SSD treatment in PANCI1 cells (Figure 6A). These data
indicated that activation of the MKK4-JNK pathway was
a primary event during SSD-induced proliferation inhibi-
tion and apoptosis in these cells.

Blocking of JNK Activation Suppressed
SSD-Induced Apoptosis and Reversed
SSD-Induced Proliferative Inhibition

In order to further confirm the regulatory effect of the JNK
pathway during SSD treatment in pancreatic cancer, the
specific JNK inhibitor SP600125 was applied to block

JNK activation by SSD exposure. As shown in Figure
7A, SSD increase the phosphorylation of JNK, SEK1/

MKK4, ERK, and ATF2 effectively, consistent with pre-
vious results. After treatment with SP600125, the upregu-
lated expression of pJNK, pERK, and pATF2 on SSD had
significantly decreased. In the absence of SP600125, 2 uM
SSD treatment increased phosphorylated protein levels of
JNK, ERK, and ATF2 1.06-, 1.11-, and 1.30-folds over the
control group, respectively (Figure 7B), while after expo-
sure to SP600125, activation of JNK, ERK, and ATF2
proteins on SSD was obviously inhibited (Figure 7B).
The results suggested that pre-treatment with SP600125
effectively prevented the JNK activation induced by SSD
in BxPC3 cells. It was also interesting to note that
SP600125 showed only a slightly inhibitory effect on
activation of the SEK1/MKK4 protein by SSD and exhib-
ited almost no effect on p-cJun levels in BxPC3 cells
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indicated proteins on different time courses with an image analyzer. Grayscale-scan analysis of Western blot images was from three independent experiments, and fold
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(Figure 7A). These results demonstrated that SSD regu-
lated the activities of SEK1/MKK4 and cJun indepen-
dently of JNK activation in PANCI cells.

The apoptosis-induction and proliferation-inhibition
effects of SSD were further determined in the presence
of SP600125 to confirm the role of JNK activation in the

antitumor efficacy of SSD. As shown in Figure 8A, block-
ing activation of the JNK pathway significantly reduced
the apoptosis-induction effect mediated by SSD in BxPC3
cells (Figure 8A). SSD-induced typical apoptotic morpho-
logical features decreased obviously after treatment with
SP600125 in BxPC3 cells, including bright nuclear
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group without SP600125 exposure. Data expressed as means * SD, n=3.

condensation and perinuclear apoptotic bodies (Figure
8A). In addition, apoptotic cell fractions induced by SSD
were significantly inhibited through blocking JNK activa-
tion (Figure 8B and 8C). Apoptosis fractions of BxPC3
cells were 9.8% and 12.6% after treatment with 2 and 4
uM SSD, respectively (Figure 8C). However, in the pre-
sence of the JNK inhibitor, apoptosis rates of BxPC3 cells
at the same SSD concentrations reduced to 7.2% and
8.6%, respectively (Figure 8C). Furthermore, inhibiting
JNK activation also substantially reversed SSD-induced
cell-proliferation inhibition in BxPC3 cells, in accordance
with its role in cell apoptosis (Figure 8D). The prolifera-
tion-inhibition rate of 4 uM SSD reduced from 26.53% to
16.37% after the addition of SP600125 (Figure 8D). These
data clearly indicated that activation of the JNK pathway
was required for apoptosis induction and proliferation
inhibition by SSD in BxPC3 cells.

Finally, the clinical significance and prognostic value
of the MKK4-JNK signaling pathway in pancreatic cancer
were evaluated based on the gene-expression data from the
Cancer Genome Altas. mRNA-expression levels of
MKK4, JNK1, and JNK2 proteins exhibited no differences
between pancreatic cancer tissue and normal paracancer-
ous tissue (Figure 9A). However, low expression of
MKK4 was found to be significantly associated with

poor survival, suggesting a protective role of the MKK4
gene in pancreatic cancer progression (Figure 9B), while
the JNKI1/JNK2 genes showed no significant correlation
with overall survival rate (Figure 9B). In addition, a strong
positive relationship between MKK4 expression and JNK1/
JNK?2 was observed in PANCI cells (Figure 9C and 9D).
These results indicated that activation of the MKK4—-JNK
signaling pathway would be a promising therapeutic
approach. Our results demonstrated that SSD increased
the activity of the MKK4-JNK regulatory pathway to
suppress cell growth and induce apoptosis in PANCI
cells, providing a potential chemotherapeutic agent for
future drug development.

Discussion

Pancreatic cancer has long been acknowledged as a fatal
malignancy with gradually increasing incidence and extre-
mely dismal prognosis, partly attributed to robust apopto-
sis resistance to current chemotherapy methods.?® In this
study, we found that SSD possessed potent antitumor and
obvious apoptosis-induction activity against pancreatic
cancer. Exposure to SSD significantly activated the
MKK4-JNK signaling pathway, while blocking the JNK
pathway with SP600125 reduced the regulatory effects of
SSD in pancreatic cancer cells. Taken together, the data at
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hand demonstrated that SSD inhibited proliferation and
caused apoptosis of pancreatic cancer cells via activation
of the MKK4-JNK signaling pathway.

SSD has been proven to be a potential therapeutic strategy
for several cancers. For instance, SSD effectively inhibits cell
proliferation and increased cell-apoptosis rates in hepatocellu-
lar carcinoma cells.”' Treatment with SSD also causes growth
suppression and apoptosis-dependent death in triple-negative
breast cancer cells.”> SSDenhances the sensitivity of gefitinib

in human non—small cell lung cancer cells via regulating the
STAT3-BCL2 signaling pathway.” Furthermore, SSD has
been reported to enhance cell radiosensitivity of liver cancer
cells.** In this study, our results indicated that SSD triggered
apoptotic death of pancreatic cancer cells through increasing
caspase 3/9 protein cleavage and enhancing FoxO3a expres-
sion (Figures 3 and 4). Further results indicated that the antic-
ancer effect of SSD was dependent on activation of the
MKK4-JNK pathway in pancreatic cancer cells (Figure 8).
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In addition to pancreatic cancer cells, recent reports have
indicated that SSD ameliorates pancreatic fibrosis and inhibits
the activation of pancreatic stellate cells, which play a crucial
role in the progression and therapeutic resistance of pancreatic
cancer.”> More importantly, SSD inhibits the proliferation and
migration of hepatic stellate cells, which are morphologically
and functionally similar to pancreatic stellate cells.”® These
results suggest that SSD has potential regulatory effects on
both pancreatic cancer cells and pancreatic stellate cells, which
are important components of the tumor microenvironment. It
would be interesting to determine further the effect of SSD on
cross talk and interaction between pancreatic stellate cells and
cancer cells and investigate whether SSD treatment might be
useful for the destruction of the pancreatic cancer—supportive
microenvironment.

Gemcitabine has been approved by FDA as the standard
first-line chemotherapeutic agent for the treatment of locally
advanced and metastatic pancreatic cancers. However, gemci-
tabine monotherapy offers only a 1.5-month increase in med-
ian survival, requiring continuous research into novel active
agents and development of more effective therapeutic strate-
gies for pancreatic cancer patients.”” Combination therapy
based on gemcitabine and other active antitumor agents
could provide a modest improvement in survival.*® For exam-
ple, compared with gemcitabine alone, gemcitabine and har-
mine combination therapy provides enhanced therapeutic
benefit in pancreatic cancer.’’ Consequently, it is of great
interest to identify new therapeutic agents to increase the
chemosensitivity of gemcitabine and develop novel combina-
tion-therapy approaches. Herbal medicines and plant-derived
compounds are becoming increasingly important sources of
cancer-chemopreventive ~ or  adjuvant  chemotherapy.*
Oridonin can overcome gemcitabine resistance in PANC1/
Gem cells by regulating GSTn and LRP1-ERK—-JNK signal-
ing, inducing cell apoptosis.®’ Our previous results have also
demonstrated that cryptotanshinone and imatinib have
a cooperative role in inducing cell apoptosis, suggesting
a combination therapy for the treatment of chronic myeloid
leukemia patients.>* In this study, we proved that SSD was
effective in the induction of apoptosis and activation of the
MKK4-JNK pathway in pancreatic cancer cells. Furthermore,
SSD has been confirmed to increase the chemosensitivity of
resistant cancer cells via facilitating mitochondrial fission.*
Therefore, a combination-treatment strategy based on SSD and
gemcitabine in pancreatic cancer is promising and needs to be
explored further in follow-up studies.

The well-documented tumor-suppressor gene P53
is frequently mutated and represents a crucial initiating

event in the development of pancreatic cancer.>* P53 muta-
tions are closely associated with decreased time to recur-
rence and contribute significantly to poor prognosis and
chemotherapeutic ~ resistance in  pancreatic  cancer
patients.>> The BxPC3 cell linecarries a unique Y220C
P53Y?2°C mutation, which creates an extended surface cre-
vice in the DNA-binding domain, destabilizes p53, and
causes denaturation and aggregation.’® Compared with
other mutations, P53Y?*°C in BxPC3 cells has been found
to maintain transactivation activity of the P27 gene.>’ Our
results indicated that SSD showed no obvious regulatory
effect on p53 total protein in BxPC3 cells (Figure 3).
However, Kumar et al suggested that the active triterpenoid
nimbolide from Azadirachta indica induced higher levels of
apoptotic cell death through reducing mutant p53 in pan-
creatic cancer cells.>> On the other hand, mesothelin has
been found to regulate growth and apoptosis via a p53-
independent signaling pathway in pancreatic cancer cells
harboring mutated p53 protein.*® Wu et al demonstrated
that dihydrosanguinarine exhibited completely opposite
effects on the expression of total p53 protein in different
pancreatic cancer cells,* indicating that the regulation
mechanism of p53 depends on both drugs and
genotypes of cancer-cell lines. The MEK-ERK signaling
pathway also plays important roles in regulatiing the
expression and distribution of mutant p53 protein in pan-
creatic cancer cells. Asperolide A has been proven to induce
p53—p21 stabilization through activation of the MEK-ERK
signaling pathway in lung carcinoma cells.** However,
because of the feedback-loop control of the ERK cascade,
the ERK-signaling pathway exhibited bidirectional regula-
tory effects in tumor progression. For instance, curcumin
has been reported to suppress H,O,-induced pancreatic
cancer invasion and migration via inhibiting the ERK
pathway,'® while sophoridine has been demonstrated to
trigger apoptosis of human pancreatic cancer cells through
ROS-dependent ERK activation.'> In this study, we found
that concentration was an important factor in the regulatory
effect of SSD on ERK activity in BxPC3 cells (Figure 5).
Different concentrations of SSD even showed opposite
effects on expression levels of pERK. Furthermore, SSD
treatment failed to cause obvious changes in the activity of
ERK during the first 6 hours, indicating a indirect regula-
tory role in pancreatic cancer cells (Figure 6). Taken
together, these results suggest complex and multiple med-
iating mechanisms of SSD on the functions of p53 and the
ERK-signaling pathway, and further investigations on this
issue are required.
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MKK4 is a critical mediator of stress-activated protein-
kinase signals, and plays vital roles in the development and
progression of various human cancers. As a midstream mem-
ber of the MAPK family, MKK4 is the crucial transducer
upstream of JNK signaling through directly phosphorylating
specific Tyr residues located in the activation loop of the JNK
protein in response to various extracellular stimuli.*' MKK4
activation leads to phosphorylation and activation of the down-
stream JNK-signaling pathway, which is a well-known thera-
peutic target for apoptosis induction in pancreatic cancer.*
MKXK4 has been indicated to be a tumor metastasis—suppressor
gene in prostate and ovarian cancers.” Reduced expression of
MKK4 is closely associated with cancer metastasis and may
contribute to the progression and poor prognosis in colorectal
cancer patients.' Lu et al demonstrated that cytoplasmic
MKK4 expression was significantly downregulated in tumor
tissue compared with nontumor tissue in pancreatic ductal
adenocarcinoma, and high cytoplasmic MKK4 levels were
closely associated with longer cancer-specific survival.'® On
the other hand, activation of MKK4 would be a promising
approach to increase JNK signaling and induce cell apoptosis
in pancreatic cancer. Zhang et al suggested that triptonide
inhibits pancreatic cancer—cell tumorigenicity and tumor
growth via activating an MKK4-mediated tumor-suppressive
signaling pathway.** Capsaicin causes cell apoptosis and pan-
creatic tumor-growth suppression through activating MKK4
other related downstream effector by ASK1.* Our results also
demonstrated that SSD was an effective activator of MKK4
protein in BxPC3 cells. Compared with the control group, 4
uM SSD induced 2.7-fold higher expression of pMKK4 pro-
tein (Figure 5). Moreover, SSD triggered activation of the
MKK4-signaling pathway within 30 minutes, suggesting
SSD upregulated MKK4 phosphorylation directly (Figure 6).
MKKA4-protein activity was also closely associated with che-
mosensitivity to gemcitabine in human pancreatic cancer cells.
Kreutzer et al demonstrated that cellular depletion of CK2a
leads to enhanced phosphorylation of MKK4 and JNK proteins
and increased sensitivity to gemcitabine in PANC cells.*’ Due
to the the frequently mutated and loss of function of the
MKK4-INK signaling node in pancreatic cancer, identifying
effective and selective activators for the MKK4—-JNK pathway
would be an alternative approach for pancreatic cancer
therapy.*

Conclusion

In the present study, we demonstrated that SSD inhibited
proliferation and induced apoptosis of pancreatic cancer
cells through upregulating the key regulatory MKK4-JNK

pathway. These findings also suggest that the MKK4—-JNK
pathway may be a potential target in the treatment of
pancreatic cancer. SSD may be developed into a leading
candidate drug for pancreatic cancer therapy.
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