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Abstract

Pancreatic ductal adenocarcinoma (PDAC) has a characteristically dense stroma comprised
predominantly of cancer associated fibroblasts (CAFs). CAFs promote tumor growth, metastasis
and treatment resistance. This study aimed to investigate the molecular changes and functional
consequences associated with chemotherapy treatment of PDAC CAFs. Chemoresistant
immortalized CAFs (R-CAFs) were generated by continuous incubation in gemcitabine. Gene
expression differences between treatment naive CAFs (N-CAFs) and R-CAFs were compared by
array analysis. Functionally, tumor cells (TCs) were exposed to N-CAF or R-CAF conditioned
media and assayed for migration, invasion and viability /77 vitro. Furthermore, a co-injection (TC
and CAF) model was used to compare tumor growth /n vivo. R-CAFs increased TC viability,
migration and invasion compared to N-CAFs. /n vivo, TCs co-injected with R-CAFs grew larger
than those accompanied by N-CAFs. Genomic analysis demonstrated that R-CAFs had increased
expression of various inflammatory mediators, similar to the previously described senescence-
associated secretory phenotype (SASP). In addition, SASP mediators were found to be
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upregulated in response to short duration treatment with gemcitabine in both immortalized and
primary CAFs. Inhibition of stress-associated MAPK signaling (P38 MAPK or JNK) attenuated
SASP induction as well as the tumor-supportive functions of chemotherapy-treated CAFs in vitro
and /n vivo. These results identify a negative consequence of chemotherapy on the PDAC
microenvironment that could be targeted to improve the efficacy of current therapeutic regimens.

Keywords
Pancreatic cancer; cancer-associated fibroblast; SASP; P38 MAPK; JNK

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer-related
deaths in the United States. As a result of both late diagnosis and frequent resistance to
chemotherapy, the overall 5-year survival rate of PDAC patients is 6% (1). Unfortunately,
this dismal prognosis has remained essentially unchanged for several decades (2).
Elucidating the molecular mechanisms that result in the characteristically poor response to
treatment in PDAC will be essential to improving therapeutic responses.

A defining feature of PDAC is its dense tumor-associated stroma. The characteristic
desmoplastic reaction is comprised of extracellular matrix along with several cell types
including fibroblasts, leukocytes and endothelial cells (3). Cancer-associated fibroblasts
(CAFs) are the predominant cell type in the tumor-associated stroma and function to support
tumor development, growth and dissemination in a variety of ways (3-5). CAFs enhance
tumor cell (TC) fitness by promoting proliferation (6,7), migration and invasion (6,8),
immune evasion (9-11), and resistance to chemotherapy (12,13) as well as radiation (14).
Because of their myriad tumor supportive functions, CAF-directed therapy is an emerging
treatment strategy in PDAC (15,16).

CAFs contribute to chemoresistance via multiple mechanisms. The dense extracellular
matrix synthesized by CAFs can act as a physical barrier to drug delivery (12,17,18).
Additionally, CAFs create a microenvironmental niche that supports TC proliferation, resists
apoptosis (6,19), and promotes cancer stem cell maintenance (20,21). Despite these well
described roles in promoting chemoresistance, to our knowledge, the molecular
consequences of chemotherapy treatment on PDAC CAFs have not been reported. There is
evidence in prostate (22) and breast cancer (23) to suggest that chemotherapy can induce
tumor-supportive molecular changes in CAFs. Understanding the consequences of
chemotherapy treatment on PDAC CAFs could provide new insight into the limitations of
current treatments and identify novel therapeutic targets.

In the present study we investigate the functional consequences as well as molecular changes
associated with chemotherapy treatment of PDAC CAFs. We show that exposure of PDAC
CAFs to cytotoxic chemotherapy results in increased tumor supportiveness mediated by the
upregulation of multiple inflammatory cytokines.
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Materials and Methods

Cell culture and treatments

Immortalized human PDAC CAFs were obtained from the lab of Dr. Rosa Wang (7). TC
lines (MiaPaCa-2 and PANC-1) and immortalized CAFs were grown in DMEM
supplemented with 10% FBS (Gemini) +1x penicillin-streptomycin (Invitrogen). Primary
human CAFs were isolated from surgical pancreatic cancer specimens by the outgrowth
method (24) and grown in DMEM/F12 + Glutamax (Invitrogen) supplemented with 10%
FBS + 1x penicillin-streptomycin. Primary CAF isolation was conducted under an
institutional review board approved protocol. Primary CAFs were characterized by wild type
KRAS status and a-smooth muscle actin positivity as previously described (25).

Chemoresistant immortalized CAFs (R-CAFs) were generated by continuous incubation in
media supplemented with 100nM gemcitabine (Sagent) for 4 weeks. A dose of 100nM
gemcitabine was chosen because this is approximately the 1Cgq of these cells. Chemotherapy
naive immortalized CAFs (N-CAFs) were cultured alongside R-CAFs during their 4 week
incubation to avoid any differences that could result from passaging. After the 4 week
incubation, cells were passaged in media containing 100nM gemcitabine. R-CAFs were
subjected to no more than 8 passages in gemcitabine containing media, and N-CAFs were
treated the same in standard media. R-CAFs were compared to N-CAFs as described. R-
CAFs were confirmed to be resistant to various doses of gemcitabine by MTT assay
(Supplementary Fig. S1).

The following drugs were suspended in DMSO: SB203580, NVP-BEZ235, KU-55933 (LC
Laboratories); SP600125 (Tocris); VE-821 and AZD7762 (Selleckchem). Gemcitabine was
suspended in PBS. Drug stocks were kept at —20°C, and drug containing media at given
concentrations was made fresh for each experiment. DMSO as a vehicle control was used
where appropriate.

Conditioned Media (CM)

N-CAFs and R-CAFs were plated in 10cm plates and grown to confluence in standard
media. Once confluent, cells were washed with PBS three times and placed in 10ml serum
free DMEM. After 72h, conditioned media (CM) was harvested, centrifuged twice at 750g,
and frozen in aliquots at —80°C. For short-term treatment, N-CAFs were plated in 10cm
plates and treated with or without gemcitabine plus SB203580, SP600125 or DMSO control
for 48h in serum containing media. Media was then changed to serum free without drugs for
24h and harvested and processed as above. For all experiments utilizing CM, it was thawed
immediately prior to use and never re-frozen.

In vitro viability
Viability was measured by MTT assay. 4x10° cells were seeded into 96-well plates in 100l
CM supplemented with 1% FBS. At the desired time points, 10ul of 5Smg/ml MTT
(Molecular Probes) was added to each well and incubated for 4h at 37°C. Cells were then
lysed with 100ul 10% SDS, 0.01M HCI and incubated overnight at 37°C. Absorbance
readings were measured with a microplate reader at 560nm wavelength. All experiments
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were performed in biologic triplicate and repeated at least twice. Data shown is from one
representative experiment.

TC migration and invasion assays

TCs were incubated overnight in DMEM with 0.1% FBS followed by seeding 1x10° cells/
well in 24-well cell culture inserts with PET membranes and 8um pores (Corning). Cells
were seeded in CM with 0.1% FBS, and CM with 10% FBS was placed in the bottom well.
For migration assays, uncoated inserts were used, and TCs were allowed to migrate for 18h.
For invasion assays, Matrigel-coated inserts were used, and TCs were allowed to invade for
28h. After completion of migration or invasion, cells on the lower surface of the membrane
were fixed with 4% paraformaldehyde followed by 100% methanol for 10 min. each then
stained with hematoxylin. Cell number in 5, 20X fields was determined for each insert. All
experiments were performed in biologic triplicate and repeated at least twice. Data shown is
from one representative experiment.

Xenograft model

1x10° MiaPaCa-2 or PANC-1 cells were subcutaneously implanted in the bilateral flanks of
NOD/SCID/IL2y knockout (NSG) mice along with 3x10° CAFs (N-CAF or R-CAF). 3x10°
CAFs were injected intra-tumorally once a week thereafter. For experiments involving pre-
treatment of cells, N-CAFs were treated for 48h prior to implantation with or the indicated
drug concentrations. Tumors were measured weekly, and mice were sacrificed when tumor
diameter approached 1cm. Repeat CAF injections were performed because of the
observation that injected CAFs do not persist long-term in this tumor model (Supplementary
Fig. S2). The formula n/6*L*W*H was used to calculate tumor volume. For all /n vivo
experiments, 6 mice were used for each condition.

Gene expression microarray

Total RNA was isolated from N-CAFs and R-CAFs using the miRNeasy mini kit (Qiagen).
Gene expression array was performed in duplicate at the UCLA Clinical Microarray Core
utilizing Affymetrix GeneChip Instrument Systems equipment (Affymetrix U133 Plus 2.0).
RMA normalization was performed using Partek Genomics Suite software. Fold changes of
>2 or <-2 were used to identify differentially expressed genes. Study data are deposited in
NCBI GEO under accession number GSE78982.

For pathway analysis, Fisher’s exact test was used to screen pathways and gene sets in the
Molecular Signatures Database v5.1 (http://www.broadinstitute.org/gsea/msigdb/index.jsp)
that were significantly differentially expressed between R- and N-CAFs. A Fisher criterion
of >2 was used to identify differently expressed genes. Fisher’s exact test p-values were
adjusted for multiple testing using the Benjamini and Hochberg approach. Gene set
enrichment analysis (GSEA) for SASP genes was then performed on the gene sets identified
to be significantly enriched (p<0.05) by the above described analysis. A previously
described set of SASP genes was used: Table 1, Freund et al (26). Of note analysis was
applied to those genes listed in Table 1 (26) encoding well-described inflammatory proteins,
indicated by a plus sign. Fold change in log, scale was used as a metric for ranking gene sets
in the analysis.

Mol Cancer Res. Author manuscript; available in PMC 2016 November 01.
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Total RNA was isolated from cells using the Quick-RNA MiniPrep kit (Zymo). Reverse
transcription was performed using the High Capacity cDNA Reverse Transcription kit
(Applied Biosystems). Quantitative PCR was performed using EvaGreen gPCR Master Mix
(Lamda Biotech). All PCR results were analyzed using the method reported by Livak et al
(27). RPL13A was used as a housekeeper. Primers used are reported in Supplementary Table
S1. All experiments were performed in technical triplicate and repeated at least twice. Data
shown is the composite of two experiments.

Antibody-based cytokine array and ELISA

Full strength CM from N-CAFs or R-CAFs was assayed using the Human Cytokine Array
Panel A (R&D Systems) according to manufacturer’s instructions. Membranes were
developed using standard chemiluminescent techniques. Pixel density was calculated using
ImageLab software (Bio-Rad). ELISA for IL-8 was performed using full strength CM and
the Human IL-8 ELISA Ready-Set-Go kit (eBioscience).

Western blots

Whole cell lysates were obtained using RIPA buffer. Proteins were separated on 10% SDS-
PAGE gels at 100V for 3h and blotted to PVDF membranes at 25V overnight in 10%
methanol containing transfer buffer. Primary antibodies were incubated overnight at 4°C and
secondary antibodies were incubated for 1h at room temperature. Primary antibodies used
were obtained from Cell Signaling: p-P38 1:1000 (#4511, Thr180/Tyr182), P38 1:1000
(#9212), p-JNK 1:1000 (#4668, Thr183/Tyr185), INK 1:1000 (#9258), p-HSP27 1:500
(#2401, Ser82), HSP27 1:1000 (#2402), p-cJUN 1:1000 (#2361, Ser63), cJUN 1:1000
(#9165), p-Chk1 1:1000 (#2348, Ser345), Chk1 1:1000 (#2360), p-Chk2 1:1000 (#2661,
Thr68), Chk2 1:1000 (#3440) and GeneTex: GAPDH 1:5000 (GTX627408).
Chemiluminescent imaging was performed by incubation with anti-mouse- 1:10,000 or anti-
rabbit- 1:5,000 HRP-conjugated secondary antibody (Jackson Labs) and SuperSignal West
Pico or Femto (Thermo Scientific). Image capture and analysis, including densitometry, was
performed with ImageLab software (Bio-Rad). Densitometry values were normalized to
GAPDH for each condition. All western blot experiments were performed twice, and
representative images are shown. Densitometry data is the composite of the two repeat
experiments.

Statistical analyses

Data are presented as the mean + standard deviation unless otherwise stated. Statistical
significance was calculated via the Student’s t-test or ANOVA as appropriate. Values of
<0.05 were considered statistically significant. Analyses were performed using SPSS version
21 (IBM) and Prism 6 (GraphPad).
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Chemoresistant PDAC CAFs are more tumor-supportive than naive CAFs

In order to begin to study the effect of cytotoxic chemotherapy on PDAC CAFs, gemcitabine
resistant R-CAFs were generated from treatment naive N-CAFs via 30 day incubation in
100nM gemcitabine. N-CAFs and R-CAFs were then compared for their ability to support
tumor cell viability as well as migration and invasion. PDAC TCs demonstrated increased
migration in R-CAF compared to N-CAF CM (MiaPaCa-2 p<0.0001, PANC-1 p<0.01) (Fig.
1A). Invasion was also increased for PANC-1 cells (p<0.0001) in R-CAF CM, however, this
was not the case for MiaPaCa-2 cells (Fig. 1B). In addition to increased migration and
invasion, TCs grown in R-CAF compared to N-CAF CM were more viable (Fig. 1C).
Having demonstrated that R-CAFs support both TC growth and migration/invasion in vitro,
we next assessed their effect /n vivo. As seen in Fig. 1D, MiaPaCa-2 cells co-implanted with
R-CAFs grew larger tumors than those co-implanted with N-CAFs.

R-CAFs upregulate multiple pro-inflammatory (SASP) cytokines

In order to elucidate the molecular mechanisms of the tumor-supportive phenotypes
observed after gemcitabine treatment of CAFs, we performed a gene expression array
analysis comparing R-CAFs and N-CAFs. There were a large number of molecular
differences between the two cell types, with 994 transcripts comprising 738 genes
demonstrating at least a 2-fold change in expression (Fig. 2A). Of note, multiple
inflammatory cytokines were upregulated in R-CAFs (Fig. 2B). The gene expression
changes in the array analysis in addition to the upregulation of several additional
inflammatory mediators were validated by qRT-PCR (Fig. 2C). Cytokine array and IL-8
ELISA of R-CAF CM confirmed that the gene expression results correlate with secreted
protein levels (Fig. 2D and E). Of note, this pattern of inflammatory cytokine expression has
been observed after various senescence inducing stimuli and has been termed the
senescence-associated secretory phenotype (SASP) (28). Importantly, while the SASP was
originally described in the setting of senescence-inducing stimuli, its induction is
independent of replicative arrest (28,29). To further investigate the contribution of a SASP-
like response in R-CAFs, GSEA was applied to our data set. There was enrichment of 175
canonical pathways and biologic processes in R-CAFs, with several of the most enriched
pathways involving cytokine signaling (Fig. 2F). GSEA was then applied to the identified
pathways to assess for enrichment of a set of SASP genes previously described by Freund et
al (26). SASP genes were significantly enriched (familywise enrichment ratio= 0.04) in R-
CAFs compared to N-CAFs (Fig. 2F).

SASP induction occurs after short-duration treatment and is not gemcitabine specific

After observing SASP induction in R-CAFs, we sought to define the time-course of
inflammatory cytokine upregulation. Upon treatment with gemcitabine, N-CAFs upregulated
various SASP mediators beginning at 24h, with upregulation of the majority of SASP
mediators seen in R-CAFs achieved by 48h (Fig. 3A). These kinetics indicate that the gene
expression profile of R-CAFs is likely not the result of selection of a subpopulation of cells
but rather a direct effect of gemcitabine on gene expression.

Mol Cancer Res. Author manuscript; available in PMC 2016 November 01.
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In addition to N-CAFs, a primary PDAC CAF line (CAF1) was treated with gemcitabine at
various time points. Again, induction of multiple SASPs mediators was observed, although
at later timepoints than in N-CAFs (Fig. 3B). To investigate whether the SASP response is
gemcitabine specific or a more generalizable response to cytotoxic chemotherapeutic agents,
N-CAFs were incubated with 5-FU for 48h. Treatment with 5-FU resulted in a pattern of
SASP induction similar to that seen with gemcitabine (Fig. 3C).

SASP-induction is accompanied by activation of stress-associated MAPK signaling

pathways

The major known upstream regulators of SASP induction are the DNA damage response
(DDR) and P38 MAPK pathways (26). Therefore, we profiled N-CAFs, R-CAFs and N-
CAFs treated with short-course gemcitabine for activation of DDR as well as P38 MAPK
and JNK, a closely related stress-associated MAPK. After 48h of treatment with
gemcitabine, N-CAFs showed some DDR activation as evidenced by increased
phosphorylation of the DDR effector kinase Chk1. R-CAFs demonstrated a more modest
increase in expression of p-Chk1 that did not reach statistical significance. Phosphorylation
of Chk2, on the other hand, was not significantly different after chemotherapy treatment
(Fig. 3D). Robust stress-associated MAPK signaling was seen in N-CAFs after gemcitabine
treatment for 48h, with increased phosphorylation of P38 MAPK as well as JNK. Again, the
response in R-CAFs was not as robust, but stress-associated MAPK activation was observed
in these cells as well (Fig 3D).

Inhibition of stress-associated MAPK signaling in PDAC CAFs attenuates SASP induction

Having shown that both stress-associated MAPK and, to a lesser degree, DDR signaling are
activated by gemcitabine treatment in CAFs, we screened a panel of inhibitors of various
components of these signaling pathways for their ability to inhibit SASP induction.
Inhibitors of stress-associated MAPK signaling were more effective than DDR inhibitors.
The P38 inhibitor SB203580 and the JNK inhibitor SP600125 both inhibited cytokine
production in N-CAFs induced by short-course GEM treatment. IL-6 and 1L-8 expression
were significantly decreased by both inhibitors. CXCL-1 expression was reduced after
treatment with both inhibitors as well; however, this did not reach statistical significance.
The PI3K related kinase (PI3K, ATM, ATR and DNA-PK) inhibitor NVP-BEZ235 and the
ATM inhibitor KU55933 caused modest inhibition, while the ATR (VE-821) and Chk1/2
(AZD7762) inhibitors tested were not effective (Fig. 4A). Western blots confirmed target
inhibition by SB203580 as evidenced by inhibition of HSP27 phosphorylation, a
downstream target of P38 MAPK. Surprisingly, the effect of SP600125 on phosphorylation
of c-JUN, a downstream JNK target, was minimal. Interestingly, SP600125 did inhibit p-
HSP27, indicating that this inhibitor is likely not specific for INK and also acts on P38
MAPK (Fig. 4B). In addition to N-CAFs, 3 primary CAF lines (CAF1-3) were treated with
gemcitabine and the above listed inhibitors (Supplementary Fig. S3-4). While responses
between different CAF lines were not completely consistent, inhibition of P38 MAPK or
JNK tended to attenuate the gemcitabine-induced SASP. The DDR inhibitors NVP-BEZ235
and AZD7762 were more effective in primary CAFs than N-CAFs.
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SASP inhibition attenuates the tumor-supportive phenotype of gemcitabine-treated CAFs

We next sought to investigate the phenotypic consequences of SASP inhibition in
chemotherapy-treated CAFs. Based on the results of the drug screen, the P38 MAPK
inhibitor SB203580 and the JNK inhibitor SP600125 were used to inhibit SASP induction.
CM was generated from N-CAFs treated with or without gemcitabine and SB203580,
SP600125, or DMSO control. As detailed in the methods, CM was generated after, not
during, inhibitor treatment to avoid confounding results. TCs were assayed for migration,
invasion and viability in the presence of CM. As expected, TCs (MiaPaCa-2 and PANC-1)
exhibited increased migration and invasion in CM from gemcitabine-treated compared to
untreated CAFs (p<0.0001). P38 MAPK or JNK inhibition during gemcitabine exposure
significantly attenuated this response in both cell types, with the only exception being
migration in MiaPaCa-2 cells. There was a dramatic impact on invasion in MiaPaCa-2 and
PANC-1 cells, with P38 MAPK and JNK inhibition both resulting in near abrogation of the
pro-invasive effect of gemcitabine treatment (p<0.0001, Fig. 5A). Consistent with previous
results, TCs were more viable when grown in gemcitabine-treated CAF CM than untreated
CM (MiaPaCa-2 and PANC-1 p<0.01). JNK inhibition attenuated the viability advantage
produced by gemcitabine-treated CAF CM in MiaPaCa-2 (p<0.01) and PANC-1 (p<0.0001)
cells (Fig. 5C). P38 MAPK inhibition had a significant effect on PANC-1 (p<0.01) but not
MiaPaCa-2 viability (Fig. 5C). Overall, prevention of SASP induction by stress-associated
MAPK inhibition significantly attenuated the tumor-supportive functions of gemcitabine-
treated CAFs in vitro.

We next utilized our co-injection xenograft model to study the effect of stress-associated
MAPK inhibition /n vivo. N-CAFs were pre-treated for 48h with either DMSO control or
gemcitabine with DMSO, SB203580, or SP600125 then co-implanted with TCs (MiaPaCa-2
or PANC-1). As expected, TCs implanted with gemcitabine pre-treated N-CAFs grew larger
tumors than those implanted with untreated N-CAFs (p<0.0001, Fig. 6). The pro-
tumorigenic effect of gemcitabine treatment was abrogated by P38 MAPK or JNK inhibition
in MiaPaCa-2 tumors (p<0.0001, Fig. 6A) and attenuated by P38 MAPK inhibition in
PANC-1 tumors (p<0.001, Fig. 6B).

Discussion

In this study, we demonstrate that chemotherapy-treated PDAC CAFs are more tumor-
supportive than their naive counterparts. Our results indicate that cytotoxic chemotherapy
induces the upregulation of multiple inflammatory, SASP, mediators. Stress-associated
MAPK signaling is identified as an important mediator of SASP induction in this setting.
Blockade of SASP induction via inhibition of stress-associated MAPK signaling attenuates
the tumor-supportive functions of chemotherapy treated CAFs.

The role of CAFs in promoting PDAC tumorigenesis as well as progression is well
established (3-5). Among their many functions, PDAC CAFs are important contributors to a
pro-inflammatory tumor microenvironment via their expression of multiple inflammatory
mediators including IL-6, IL-8, and CXCL-1 at higher levels than normal fibroblasts
(30-32). Inflammation is essential for the development of PDAC (4,33,34) as evidenced by
the well-established link between chronic pancreatitis and cancer development (35,36).
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Chronic inflammatory signaling has been implicated in the progression from low to high
grade pancreatic intraepithelial neoplasia (PanIN), and eventually cancer (37,38).
Furthermore, adult pancreatic cells are refractory to KRAS induced tumorigenesis in the
absence of pancreatic inflammation (39). In addition to its role in PDAC development,
inflammatory signaling is involved in the pathogenesis of PDAC growth and dissemination.
Inflammatory cytokines such as IL-6 and IL-8 promote TC migration and invasion (40,41)
as well as angiogenesis (41-43). Additionally, CAF-derived IL-6 contributes to evasion of
immune surveillance by promoting myeloid-derived suppressor cell differentiation (9).

The induction of a pro-inflammatory SASP by various stimuli such as oncogene
overexpression, radiation and cytotoxic chemotherapy has been implicated in cancer
development and progression (26,44,45). The inflammatory factors that comprise the SASP
are quite similar to those that are upregulated in CAFs compared to normal fibroblasts (30).
It is interesting that we observe SASP induction following exposure to chemotherapy in
PDAC CAFs given their known higher baseline expression of inflammatory mediators
compared to normal fibroblasts. In prior studies, the major upstream pathways leading to
SASP induction that have been indentified include DDR (29,46) and P38 MAPK (47,48)
signaling. Our findings support the role of P38 MAPK as a SASP mediator in PDAC CAFs.
Additionally, we provide new evidence that JNK, another stress-associated MAPK, can also
contribute to SASP induction. Based on our chemical screen, DDR signaling appears to be a
more important SASP mediator in primary as opposed to immortalized CAFs. This
observation may be related to altered DDR signaling in p53 deficient immortalized cells.
There was also heterogeneity observed in SASP expression and regulation between different
primary CAFs, which may indicate differential responses to cytotoxic chemotherapy in
CAFs from different patients.

Our finding of SASP induction in CAFs identifies a previously unknown detrimental effect
of chemotherapy treatment on the tumor microenvironment in PDAC. The increased TC
viability, migration and invasion that result from SASP induction oppose the positive effects
of chemotherapy treatment. In our study, inhibition of the chemotherapy-induced SASP in
PDAC CAFs attenuated their tumor-supportive phenotype. This raises the possibility that the
SASP response in CAFs could be targeted to improve the efficacy of chemotherapy.
Interestingly, despite their well-described protumorigenic functions, indiscriminate depletion
of CAFs has been shown to accelerate PDAC progression (49,50), highlighting the need for
targeted stromal therapies. The pro-inflammatory response to chemotherapy that our study
identifies may represent a specific detrimental function of CAFs that could be targeted to
improve therapy. We found stress-associated MAPK signaling pathways to be important
drivers of the chemotherapy-induced SASP. Further studies will be necessary to assess the
applicability of our results to actual human pancreatic cancer, including assessment of the
impact of the pro-inflammatory response that we have observed on immune cells. We will
also need to evaluate how stress-associated MAPK signaling can be targeted to achieve
optimal synergy with cytotoxic chemotherapy. Additionally, refinement of our understanding
of SASP regulation could lead to additional novel therapeutic targets.

In conclusion, we have identified a paradoxical effect of chemotherapy on the tumor
microenvironment in PDAC. Chemotherapy-treated PDAC CAFs upregulate multiple pro-
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inflammatory SASP mediators, leading to enhanced TC viability as well as migration and
invasion. Inhibition of SASP induction can attenuate these tumor supportive functions.
Signaling pathways controlling SASP induction after chemotherapy, including stress-
associated MAPK, represent potential therapeutic targets that could improve the efficacy of
current chemotherapeutic regimens.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications: Chemotherapy treatment of pancreatic cancer-associated fibroblasts results
in a pro-inflammatory response driven by stress-associated MAPK signaling that
enhances tumor cell growth and invasiveness.
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Figure 1.
Chemoresistant PDAC CAFs are more tumor-supportive than naive CAFs. A, MiaPaCa-2

and PANC-1 cells were placed in uncoated transwell inserts with N-CAF or R-CAF CM for
18h and number of cells migrated per 20X field were quantified. B, MiaPaCa-2 and PANC-1
cells were placed in matrigel-coated transwell inserts under the same conditions as A for 28h
then quantified in the same fashion. C, Cell viability for MiaPaCa-2 and PANC-1 cells
grown in N-CAF or R-CAF CM supplemented with 1% FBS was quantified by MTT assay.
D, MiaPaCa-2 cells (1x10°) were subcutaneously injected with either N-CAF or R-CAF
cells (3x10°) in NSG mice (n=6 per group). Weekly CAF injections and tumor dimension
measurements were performed for the duration of the experiment. Data displayed are mean
volume +/- SEM. *p<0.05, **p<0.01, ****p<0.0001. For A-C, each experiment included
three biologic replicates.
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Figure2.
CAFs upregulate multiple inflammatory (SASP) cytokines in response to gemcitabine. A,

heatmap demonstrating the multiple gene expression differences between N-CAFs and R-
CAFs. 994 transcripts comprising 738 genes demonstrated at least a 2-fold difference in
expression. B, summary of the inflammatory mediators upregulated in R-CAFs on gene
expression array. C, gRT-PCR confirming the upregulation of various inflammatory
mediators in R-CAFs. D, IL-8 ELISA comparing N-CAF and R-CAF CM. E, CM from N-
CAFs and R-CAFs were subjected to antibody based cytokine array. A summary of the
differential expression of the factors identified on the cytokine array is displayed below the
blots. F, GSEA of the array data demonstrating enrichment of various pathways involving
cytokine signaling in R-CAFs. The identified pathways were enriched for SASP genes
(familywise enrichment ratio= 0.04). ***p<0.001. For C-E, data represent the composite of
two separately performed experiments.
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Figure 3.
SASP induction is seen with short duration treatment, is not gemcitabine specific and is

accompanied by stress-associated MAPK activation. A, N-CAFs were incubated with
100nM GEM for the indicated times and gRT-PCR was used to quantify several SASP
factors. B, The primary line CAF1 was incubated with 1uM GEM for the indicated times
and gRT-PCR was used to quantify several SASP factors. C, N-CAFs were incubated with 5-
FU (5uM or 10uM) for 48h, and SASP expression was quantified by qRT-PCR. D, N-CAFs
treated with or without 100nM GEM for 48h and R-CAFs were assayed for activation of
DDR and stress-associated MAPK signaling. Densitometry values are displayed below the
blots. All values were normalized to GAPDH, and expression is displayed as the ratio of
phospho- to total protein. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (ANOVA). For all
experiments, data represent the composite of two separately performed experiments. The
blots displayed in D are from one representative experiment.

Mol Cancer Res. Author manuscript; available in PMC 2016 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Toste et al.

Page 17

- L5
€3 18
22 cxcL-

pHsP2zz TR
HSP27 e - - -
GAPDH ‘" o i aup i
30 6 6 D
LE Vo R ¥
c,o“ o“‘q,q’ 'bq’ @ GJQ
—100nM GEM—

= Control
[=Ja)
B SB25
63 SB 10
@ SPs

o sP20

Figure 4.
Inhibition of stress-associated MAPK signaling attenuates SASP expression in CAFs. A, N-

CAFs were treated with 200nM GEM plus DMSO or the above listed small molecule
inhibitors for 48h and SASP mediator expression was compared to untreated cells. Drug
concentrations and targets: SB203580 10uM- P38 MAPK, SP600125 20uM- JNK, BEZ235
1uM- ATM/ATR/DNA-PK/PI3K/MTOR, AZD77622 200nM- Chk1/Chk2 VE821 2uM-
ATR, KU55933 20uM- ATM. B, cell lysates from N-CAFs treated with 100nM GEM and
DMSO, SB203580 or SP600125 at the indicated concentrations (uM) were blotted for P38
MAPK and JNK activation as well as their downstream targets, HSP27 and cJUN,
respectively. Lysates from untreated N-CAFs were used as a control. Densitometry values
are displayed below the blots. All values were normalized to GAPDH, and expression is
displayed as the ratio of phospho- to total protein. For all experiments, data represent the
composite of two separately performed experiments. The blots displayed in B are from one
representative experiment.
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Figure5.
SASP inhibition attenuates the tumor-supportive phenotype of gemcitabine-treated CAFs /in

vitro. A, MiaPaCa-2 and PANC-1 cells were assayed for migration by plating 1x10° cells in
uncoated transwell inserts for 18h. Cells were placed in CM from N-CAFs treated with or
without 100nM GEM in the presence of DMSO, 10uM SB203580 or 10uM SP600125. B,
MiaPaCa-2 and PANC-1 cells were assayed for invasion by plating 1x10° cells in matrigel-
coated transwell inserts for 28h. Cells were plated under the same conditions as in the
migration assay. C, cell viability of MiaPaCa-2 and PANC-1 cells grown in CM from N-
CAFs treated with or without 200nM GEM in the presence of DMSO, 10uM SB203580 or
10uM SP600125 was measured by MTT assay. CM for all of the above experiments was
generated after, not during, inhibitor treatment to avoid the presence of inhibitor within the
CM. **p<0.01, ****p<0.0001 (ANOVA). All experiments were performed with three
biologic replicates.
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Figure 6.
SASP inhibition attenuates the tumor-supportive phenotype of gemcitabine-treated CAFs /n

vivo. A, MiaPaCa-2 cells (1x10°) were subcutaneously injected with N-CAF cells (3%10°)
in NSG mice (n=6 per group). N-CAF cells were incubated for 48h prior to implantation
with DMSO, gemcitabine+DMSO, gemcitabine+10uM SB203580, or gemcitabine+10uM
SP600125. B, PANC-1 cells (1x10°) were subcutaneously injected with N-CAF cells
(3x10%) in NSG mice (n=6 per group). N-CAF cells were pre-treated using the same
conditions described above. Weekly CAF injections and tumor dimension measurements
were performed for the duration of the experiment. Data displayed are mean volume +/-
SEM. ***p<0.001, ****p<0.0001 (ANOVA).
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