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Abstract

Objectives—Pancreatic cancer has a five year survival rate of less than 5%, partly due to limited
chemotherapeutic options, thereby highlighting the need for novel therapies. Triptolide, a
diterpene triepoxide derived from a Chinese herb has shown great promise in preclinical testing
against pancreatic cancer using immune compromised animals.

Results—In this study, we tested the ability of triptolide to induce cell death in cell lines derived
from a primary tumor and adjacent liver metastases of immuno-competent animals (KRas®12P;
Trp52R172H: pdx-1 Cre (KPC)). Both cell lines were more aggressive in their ability to form
tumors when compared to other pancreatic cancer cell lines, and showed constitutive activation of
the NFkB pathway. Triptolide induced apoptotic cell death in both cell lines, as evidenced by
decreased cell viability and increased caspase 3/7 activity, Annexin V positivity, and increased
TUNEL positivity in tumors from KPC animals treated with Minnelide. Additionally, triptolide
decreased levels of HSP70, its transcription factor HSF1, and the anti-apoptotic proteins Bcl-xL,
Bcl-2 and Mcl-1, known to be up-regulated in pancreatic cancer.

Conclusion—The ability of triptolide to cause cell death in cell lines derived from immune-
competent animals further validates its potential as a novel agent against pancreatic cancer.
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Introduction

Pancreatic cancer is the fourth leading cause of cancer related deaths in the United States,
with over 45,000 cases expected and over 38,000 succumbing to the disease in 2013.
Survival five years after diagnosis is less than 5%, with only 15% of the patients eligible for
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surgical resection at presentation.! Current chemotherapies, such as gemcitabine and
erlotinib, have failed to have impact survival statistics, keeping the prognosis stable over the
past 30.2:3 Novel therapies are therefore urgently needed against this deadly disease. We
have identified triptolide, a diterpene triepoxide derived from the Chinese herb Triptoleum
wilfordii, as an effective agent against pancreatic cancer using pancreatic cancer cell lines of
varying aggressiveness.*® The clinical usefulness of triptolide is restricted by its low
solubility in water. We have therefore designed a water-soluble prodrug of triptolide, named
Minnelide, that has shown great promise in preclinical studies using immortalized pancreatic
cancer cell lines in immunocompromised mouse models.# In an immunocompetent
environment, the genetically engineered mouse bearing the KRas®12D; Trp53R172H
mutations expressed under the control of the Pdx-1 Cre promoter (KPC) mimics the
progression of human disease, making it a relevant mouse model to study novel therapies.®
Recent studies have shown that gemcitabine monotherapy is ineffective in these animals.
Additionally, desmoplastic stroma, present in both human and KPC tumors is believed to
play an important role in chemoresistance.” We have previously shown that Minnelide is
able to retard tumor formation in these animals.* However, the efficacy of triptolide has not
been tested in tumor-bearing immunocompetent KPC animals. As a first step towards
assessing the efficacy of triptolide in KPC animals, we have derived non-immortalized cell
lines from the primary tumor and adjacent liver metastases of a KPC animal and compared
them to other known pancreatic cancer cell lines. Triptolide causes apoptotic cell death in
both cell lines tested and decreases levels of HSP70 and HSF1, as well as several anti-
apoptotic proteins associated with cell survival and known to be over-expressed in
pancreatic cancer.

Materials and Methods

Cell Lines

KRasC12D; Trp53R172H: pdx-1 Cre animals were sacrificed and single cell suspensions of
tumor were isolated by digestion with collagenase B and dispase I1. Cells were plated in
growth medium containing growth factors (EGF= 5ng/ml; Insulin = s5 ug/ml) and 2% serum
for 48h, after which medium was replaced with serum-free medium. Cells were maintained
for 2-3 weeks in the absence of serum until all fibroblasts were absent. Cells were then
grown in DMEM with 10% serum for all experiments. One animal with a primary tumor and
adjacent liver metastases was used to derive the KPC1 and Liver Metastasis (KPC1-LM)
cell lines, and another animal bearing only a primary tumor was used to derive the KPC023
cell line. Triptolide and Minnelide were dissolved in DMSO and saline, respectively.

Cell viability assay

Cells were treated with 0-200 nM triptolide and cell viability determined using a WST-8
based assay (Dojindo Labs) at times indicated. Briefly, 10uL of tetrazolium substrate was
added to each well and incubated for 1h at 37°C, after which absorbance at 450 nm
measured. All treatments were done in triplicate and the data presented includes results from
at least three independent replicates in each case.
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Caspase assay

Caspase-3/7activity was analyzed using the Caspase-Glo luminescent-based assays
(Promega) according to the manufacturer’s instructions. Briefly, cell were treated with
triptolide at the times and concentrations indicated and appropriate Caspase-Glo reagent
added to each well. Luminiscence was measured 45 mins after substrate addition. Caspase
activity detected was normalized to the number of live cells present detected using the
Dojindo cell viability kit.

Annexin V assay

Cells were seeded in a 6-well plate and treated with triptolide and Phosphatidylserine
externalization was analyzed using the Guava Nexin Kit by flow cytometry, according to the
manufacturer’s instructions.

Subcutaneous model

Cell lines were trypsinized, resuspended in PBS:Matrigel in a 1:1 ratio and injected into the
flanks of BalbC nu/nu animals (NCI). KPC1, KPC023 or KPC1-LM (5x 104), AsPC-1,
$2-013, S2-VP10 or MIA PaCa-2 (5x10°) cells were used to form tumors. Animals were
sacrificed on Day 21 post-injection and tumor weight and volume measured.

NF-xB activity assay

Activity of the p50 subunit of NF-kb was assessed using the Transcription Factor Assay kit
(ThermoScientific) according to manufacturer’s instructions. Briefly, protein lysates from
tumor samples were extracted in RIPA buffer. Protein concentration was measured using a
BCA kit (Pierce). Luminiscence values obtained were normalized to protein concentration to
obtain RLU/ug protein.

RNA analysis

Subcutaneous tumors were isolated from animals and RNA isolated using Trizol
(invitrogen) following manufacturers’ instructions and mRNA expression analyzed by gPCR
using the Applied Biosystems AB7300 real time PCR machine and SYBR (Qiagen). 18s
expression was used to normalize results obtained.

Protein Analysis

Proteins were extracted in a 1% triton X-100 lysis buffer containing protease and
phosphatase inhibitors. Anti-HSP70 (Abcam), Anti-HSF1 (Cell Signaling), Anti-Mcl-1,
Bcl-2, Bel-XL (Cell Signalling) were used to assess the effect of triptolide on protein levels.
Anti-Actin (1-9, Santa Cruz) was used as a loading control.

Terminal Deoxynucleotidyl transferase-Mediated dUTP Nick End Labeling (TUNEL) Assays

KPC animals were treated with saline or Minnelide (0.42mg/kg) for seven days and tumors
harvested. Tumors were fixed in formalin and embedded in paraffin. Sections from tissues
were, treated with 3% H,0, in PBS, and then permeabilized with 0.1% Triton X-100 in PBS
for 2 min on ice. The TUNEL assay (Roche Molecular Biochemicals) was carried out
following the manufacturer’s instruction.
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Statistical Analysis

Results

All in vitro experiments were performed a minimum of three times, and all in vivo
experiments were performed on a minimum of n=3 animals for each group. Statistical
significance was calculated using the Students t-test, and results were considered significant
if p<0.05.

KPC tumor-derived cell lines are more aggressive than human pancreatic cancer cell lines

The KRas®12D mutation is sufficient to cause pancreatic tumors in animals. In the presence
of a Trp53R172H mutation, tumors progress rapidly, as a result of which 80% of these
animals develop micrometastasis.® Cell lines were derived from KPC animals bearing either
a primary tumor alone (KPC023) or a primary tumor with visible liver metastases (KPC1,
KPC1-LM) (Fig. 1A). In order to test the ability of these cell lines to form tumors, 5 x 10%
cells were injected into the flanks of C57BL/6 animals. All animals injected formed tumors
within two weeks, suggesting that the cells derived from the animals maintain their
tumorogenic potential. The experiment was terminated on day 28 due to the accelerated rate
of growth of tumors (Fig 1B). Since tumor formation with the KPC1 and KPC1-LM lines
was very rapid, we compared the aggressiveness of these cell lines with other known human
cell lines routinely used to assess efficacy of novel chemotherapies. Ten-fold more of
immortalized human pancreatic cancer cells (5 x 10%) were injected into BalbC nu/nu
animals to compare aggressiveness of these cells to KPC-derived cells (5% 10%). The
experiment was terminated 21 days after implanting the cells into the animals since KPC-
derived tumors reached the permissible parameters (Fig. 2A). Intriguingly, whether the
human cell lines were derived from a primary tumor (MIA PaCa-2), from a liver metastases
(S2-VP10 and S2-013), or from ascites (AsPC-1), average tumor weight of the KPC cell
lines was 569.2 +/- 228.65 mg to 661.93 +/- 362.27 mg compared to 117.16+/- 27.0 and 0
mg for the human cell lines (Fig. 2B). Correspondingly, tumor volume of the KPC lines was
between 783.87+/- 490.5 mm3 to 522.65 +/- 225.61 mm3 whereas that from the human cell
lines was 1.14 +/- 1.14 to 85.78 +/— 30.46 mm3 (Fig. 2C). If the ten-fold lower cell number
for the KPC1 and KPC1-LM lines is taken into account, average tumor volume with these
cell lines is 7838.7 to 5226.5 mm3. Our data therefore clearly show that KPC cell lines
posses the ability to form tumors at a more rapid rate than other immortalized human cell
lines.

NFkB is constitutively activated in KPC tumor-derived and other pancreatic cancer cell

lines

NFKB is the transcription factor for a diverse array of genes involved in normal stress
response of a cell. NfkB regulated proteins include cytokines, chemokines and their
associated receptors, as well as genes regulating cell survival, proliferation, and
microenvironment.8 The pro-survival role of NfkB in cancer is attributed to its ability to
regulate the expression of genes associated with anti-apoptotic, cyclins, cell adhesion and
angiogenesis.?~11 Previous studies have shown that the NFxB pro-survival pathway is up-
regulated in 70% of pancreatic tumors.12 Importantly, inhibition of NFkB activity by a
mutant lBa inhibited pancreatic tumor progression.13 Recently, using a KRas G12D;

Pancreas. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sangwan et al.

Page 5

Ink4a/Arff/f; 1Ikk2/b F/F; Pdx-1 Cre pancreatic tumor mouse model. Ling et al. have shown
that progression of pancreatic tumors requires IKK2 activity.14 To measure the effect NFxB
activity in cell line derived tumors, we therefore used the ability of the active p50 NFxB
subunit present in the tumor lysate to bind to the NFxB biotinylated-consensus sequence.
The p50 activity varied from 104 RLU/ug protein in KPC1 derived tumors to 9.6 RLU/ug
protein in AsPC-1 derived tumors. These data show that, in agreement with previously
published work, NFxB was active in tumor lysates from all pancreatic cancer cell lines
tested (Fig. 3).

Triptolide causes apoptotic cell death in KPC tumor derived cell lines

After establishing the ability of KPC cell lines to form tumors, and exhibit NFxB
upregulation, we tested the effect of triptolide on these cell lines. Triptolide induced loss of
cell viability in both KPC and KPC1-LM cell lines in a time and concentration-dependent
manner, with 50 nM triptolide treatment leading to > 75% loss in cell viability 72 hours
post-treatment (Fig. 4). We further investigated the mechanism of cell death induced by
triptolide treatment. Increase in caspase-3 activation of nearly 1000% and 1100% seen 48
hours post treatment in KPC and KPC1-LM cells, respectively, suggesting that cell death
occurs through the apoptotic pathway (Fig. 5A, B). We further investigated apoptotic cell
death using Annexin V positivity as a marker for apoptosis. Annexin V positivity increased
from 18.2% with 100 nM triptolide at 24 hours to 57.8% at 48 hours post-treatment of KPC
cells. Similarly, KPC1-LM cells responded to triptolide by showing an increase from
16.28% 24 hours post triptolide treatment (100 nM) to 51.7% at 48 hours (Fig. 5C-D). In
order to further assess the mechanism of cell death, TUNEL staining was performed tumors
on tumors from KPC animals treated with either saline or Minnelide for 7 days. Minnelide
treatment resulted in an increase in TUNEL positive cells compared to tumors from saline
treated animals (Fig. 5E). These data, taken together, show that triptolide mediated cell
death occurs via apoptosis.

Triptolide treatment decreases anti-apoptotic and pro survival protein levels in KPC tumor-
derived cell lines

Escape from apoptosis is a hallmark of cancer cells that is caused by deregulation of several
cell death checkpoints found in normal cells. Therefore, therapies that shift the balance
between the pro- and anti-apoptotic pathways can cause cancer cell.1®> The Bcl-2 family of
proteins which includes anti-apoptotic proteins such as Mcl-1, Bcl-XL and Bcl-2 have been
shown to be up-regulated in pancreatic cancer. In addition, pancreatic tumors have been
associated with higher levels of the chaperone, HSP70, and its transcription factor, HSF1,
when compared to adjacent normal tissue.16:17 We have previously shown that triptolide
targets HSP70, HSF1 and Mcl-1 in pancreatic cancer cells.16-18 We therefore evaluated the
effect of triptolide on these and other anti-apoptotic proteins in KPC primary and liver
metastasis-derived cells (KPC 1 and KPC1-LM). Treatment of KPC1 cells with 100 nM of
triptolide for 24 hours reduced HSP70 and HSF1 RNA levels to 44% and 40% of untreated
controls respectively. KPC1-LM cells responded to triptolide by decreasing HSP70 and
HSF1 RNA levels to 51% and 28% respectively (Fig. 6A). This decrease in RNA levels
correlated with a decrease in protein levels of both HSP70 and HSF1 in both the KPC and
KPC1-LM cell lines. Triptolide treatment also led to a decrease in expression of the
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members of the Bcl-2 family of anti-apoptotic proteins, namely, Bcl-2, Bel-XL and Mcl-1,
in both KPC1 and KPC1-LM cells (Fig. 6C). These data suggest that triptolide causes cell
death by down modulation of several cell survival pathways.

Discussion

In the present study, we have evaluated the aggressive potential of two cell lines derived
from a primary pancreatic tumor and its adjacent liver metastases in a KPC animal. Tumor
progression in KPC animals is associated with the formation of PanINs, and 80% of these
animals exhibit metastases.® Since this model mimics human disease, it is relevant to test
novel therapies against pancreatic cancer in this context. KPC animals do not exhibit a
significant response to gemcitabine, but various other combinations of compounds are being
tested for their ability to decrease tumor volume in these animals.”19:20 We have previously
shown that Minnelide, a water soluble pro-drug of triptolide, is able to act as a
chemoprotective agent in KPC animals.# However, there is no study to date that has
evaluated the efficacy of triptolide in this model. As a first step toward an evaluation of the
ability of triptolide to cause tumor regression in the KPC model, we assayed the effect of
triptolide on KPC tumor derived cell lines. Since 85% of patients diagnosed with pancreatic
cancer are ineligible for surgical resection due to metastatic spread of the disease, we also
evaluated a cell line derived from a liver metastasis in the KPC animal. Our results
presented here show that, compared to immortalized human tumor-derived cell lines, KPC1
and KPC1-LM cell lines are more aggressive in their ability to form tumors in athymic nude
mice. Tumors derived from these lines show constitutive activation of the NFKB pathway.
Triptolide treatment results in apoptotic cell death and decreased levels of the inducible heat
shock protein HSP70 and its transcription factor, HSF1, both at the mRNA and protein
levels, as well as decrease in levels of the Bcl-2 family of anti-apoptotic proteins Bcl-2, Bcl-
XL and Mcl-1. This is the first report evaluating the aggressiveness of KPC pancreatic
tumor-derived cell lines against other known cell lines, and the effect of triptolide on these
cells.

Several pancreatic cancer cell lines derived from primary (MIA PaCa-2) or metastatic (S2-
VP10, S2-013, AsPC-1) human pancreatic tumors are commonly used to evaluate the
efficacy of novel therapies against this disease.#21.22 The rate at which tumor formation
occurs varies greatly between cell lines used, and correlates with the aggressiveness of the
cell line used.* Our results are in agreement with other studies showing MIA PaCa-2 to be
the least aggressive cell line tested.#:522 Although human cell lines derived from metastatic
tumors were more aggressive than those derived from primary tumors, those derived from
KPC cell lines (KPC1, KPC023, KPC1-LM) were at least ten-fold more aggressive than the
human cell line derived tumors (Fig. 2).

Pancreatic cancer is a disease of inherited and acquired mutations in the oncogenes such as
KRAS, tumor suppressor genes such as TP53 and genome maintenance genes such as
BRAC2.23 KRAS is activated in more than 90% of all pancreatic cancer patients24, with a
vast majority of activating point mutations occurring at codon 12.23 Previous studies have
shown that NFkB signaling plays a key role in Ras-driven cancers, and loss of NFkB
activity results in delay in tumor formation.1424 NF«B is a pro survival transcription factor
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that is constitutively activated in pancreatic cancer. We evaluated the activity of p50, one of
the subunits of NFkB, in tumor lysates from tumors derived from various cell lines. In
agreement with previously published data, NFkB is activated in all tumors tested.
Intriguingly, NFKB activity did not show a direct correlation with aggressiveness of cell
lines, suggesting that NFKB is not the only factor responsible for the rapid tumor progression
observed in KPC induced tumors.

Triptolide is a diterpene triepoxide which causes cell death in pancreatic, colon and breast
cancers as well as cholangiocarcinoma and neuroblastoma cells, among others.25-27 Since
all cell lines tested are of human origin, the ability of triptolide to reduce tumor burden in
vivo was analyzed in immune depleted animals. We therefore tested triptolide as a therapy
against KPC cells derived from KPC tumors, which are derived from immune-competent
animals. Since pancreatic cancer patients present in the clinic at an advanced stage of the
disease, metastases has occurred in a majority of the patients. We therefore also assessed the
ability of triptolide to cause cell death in cells derived from liver metastases in a KPC
animal. Our data show that triptolide caused apoptotic cell death in both cell lines tested. We
have previously shown that triptolide mediated cell death takes place via apoptosis in cells
derived from primary tumors and autophagy in two cell lines derived from metastases.?® It is
therefore interesting to note that both cell lines derived from KPC tumors undergo apoptosis
in the presence of triptolide, suggesting that triptolide mediated cell death does not correlate
with metastasis.

We and others have previously shown that HSP70 and its transcription factor, HSF1 are
over-expressed in pancreatic cancer, and their down-regulation, either through chemical or
siRNA mediated methods results in cell death.>16:17.29-34 Other pro-survival proteins
known to be upregulated in pancreatic cancer included those of the Bcl-2 family including
Bcl-2, Bely and Mcl-1. An investigation of the effect of triptolide on these proteins in KPC
cells show that HSP70 and its transcription factor, HSF1, as well as Bcl-1, Bcly, and Mcl-1
are down-regulated in the presence of triptolide. This effect on a multitude of proteins
known to be involved in cell survival suggests that triptolide effects multiple pathways,
making it more difficult for cancer cells to develop resistance to triptolide.

The ability of triptolide to cause cell death in non-immortalized cells derived from KPC
tumors and liver metastases is another step towards assessing the tumor reducing ability of
triptolide in KPC animals, and support the use of the water soluble prodrug of triptolide,
Minnelide, in humans.
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Figure 1. Cell lines derived from both primary and liver metastasis form tumors in syngenic
animals

A. Pictorial representation of animal used to obtain tissue from which both the KPC1 and
KPC1-LM cell lines were derived. B. KPC1 (top panel) and KPC1-LM (bottom panel) cells
are able to form tumors in syngenic immune-competent animals. 5 x 10* cells were injected
into the flank of C57 BLK®6 animals and animals sacrificed 28 days post-injection.

Pancreas. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Sangwan et al. Page 11

A B
1300 -
)
£
E
£
KPC1 5 a5

>
<]

» S
2

KPC1-LM m KPC1 KPC023 KPC1-LM AsPC-1 MIAPaCa-2 S2-013 S2-VP10
(o}
=)
£
= 550
S
<]
£
2
» »
»
»

0 KPC1 KPC023 KPC1-LM AsPC-1 MIAPaCa-2 S2-013 S2-VP10

Figure 2. Tumors derived from KPC1 and KPC1-LM cells show greater tumorigenicity
compared to other pancreatic cancer cell lines

A. Cells were injected into flanks of athymic nude animals and their ability to form tumors
assessed. Animals were sacrificed 21 days after cell injection. B. Tumor volume, and C.
Tumor weight of tumors derived from pancreatic cancer cells (KPC1, KPC1-LM, KPC023,
MIA PaCa-2, AsPC-1, S2-013 and S2-VP10). Errors bars represent SEM. *=p < 0.05 vs.
KPC1
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Figure 3. NF-xB is constitutively active in pancreatic cancer cell-derived tumors
Protein lysates from tumors of animals injected with pancreatic cancer cell lines indicated

were assessed for the activity of the p50 subunit of NFKB and normalized to protein
concentration. *=p < 0.05 vs. KPC1
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Figure 4. Triptolide causes cell death in KPC tumor-derived cells
Cells were treated with triptolide (0-200 nM) and viability assessed at 6, 12, 24, 48 and 72h.

Both KPC1 and KPC1-LM cells show decreased cell viability in response to triptolide. *=p

< 0.05 vs. untreated controls.
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Figure 5. KPC tumor derived cell lines undergo apoptotic cell death in response to triptolide
A-D. Cells were treated with triptolide (0—200 nM) and caspase 3/7 activity and number of

Annexin positive cells assessed at times indicated. A. and B. Activation of caspase 3/7 was
assessed using Caspase-Glo and normalized to viability. C and D. Annexin positivity was
assessed using flow cytometry. Data is represented as percent untreated cells. Both KPC1
and KPC1-LM cells show an increase in caspase activiation and Annexin positivity. Errors
bars represent SEM. E. KPC animals were injected with either saline or Minnelide, the water
soluble prodrug of triptolide for 7 days and tumors harvested. TUNEL staining on formalin
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fixed sections of the tumors show greater positivity in response to Minnelide treatment. *=p
<0.05 vs. untreated control.
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Figure 6. Anti-apoptotic proteins are down regulated in response to triptolide in KPC and

KPC1-LM cells
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A. Cells were treated for 24 hours with 100 nM triptolide and gene expression evaluated

using real time PCR. 18s was used to normalize expression and data represented as fold
change compared to control untreated cells. Errors bars represent SEM. *=p < 0.05 vs.
untreated cells. B. Protein lysates from cells treated with triptolide as described in A. were
immuno-blotted for HSP70 or HSF1. C. Protein lysates from cells treated with triptolide as
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described in A. were immuno-blotted for Bcl-2, Bel-xl and Mcl-1. Actin was used as a
loading control for all western blots.
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