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Co-targeting of CXCR4 and hedgehog pathways disrupts
tumor-stromal crosstalk and improves chemotherapeutic

efficacy in pancreatic cancer

Received for publication, November 1,2019, and in revised form, April 17,2020 Published, Papers in Press, May 1, 2020, DOI 10.1074/jbcRA119.011748

Mohammad Aslam Khan'~, Sanjeev Kumar Srivastava'?, Haseeb Zubair'?, Girijesh Kumar Patel’®,
Sumit Arora’, Moh’d Khushman’ ©, James Elliot Carter', Gregory Stephen Gorman”®, Seema Singh'*>,

and Ajay Pratap Singh'*°"

From the 1Department of Pathology, College of Medicine, University of South Alabama, Mobile, Alabama, 2Department of
Oncologic Sciences, Mitchell Cancer Institute, University of South Alabama, Mobile, Alabama, *Department of Medical Oncology,
Mitchell Cancer Institute, University of South Alabama, Mobile, Alabama, *Pharmaceutical Sciences Research Institute, Samford
University, Birmingham, Alabama, and >Department of Biochemistry and Molecular Biology, College of Medicine, University of

South Alabama, Mobile, Alabama
Edited by Eric R. Fearon

Pancreatic cancer (PC) remains a therapeutic challenge
because of its intrinsic and extrinsic chemoresistance mecha-
nisms. Here, we report that C-X-C motif chemokine receptor 4
(CXCR4) and hedgehog pathways cooperate in PC chemoresis-
tance via bidirectional tumor-stromal crosstalk. We show that
when PC cells are co-cultured with pancreatic stellate cells
(PSCs) they are significantly more resistant to gemcitabine tox-
icity than those grown in monoculture. We also demonstrate
that this co-culture—induced chemoresistance is abrogated by
inhibition of the CXCR4 and hedgehog pathways. Similarly, the
co-culture—induced altered expression of genes in PC cells asso-
ciated with gemcitabine metabolism, antioxidant defense, and
cancer stemness is also reversed upon CXCR4 and hedgehog
inhibition. We have confirmed the functional impact of these
genetic alterations by measuring gemcitabine metabolites, reac-
tive oxygen species production, and sphere formation in vehi-
cle- or gemcitabine-treated monocultures and co-cultured PC
cells. Treatment of orthotopic pancreatic tumor—bearing mice
with gemcitabine alone or in combination with a CXCR4 antag-
onist (AMD3100) or hedgehog inhibitor (GDC-0449) displays
reduced tumor growth. Notably, we show that the triple combi-
nation treatment is the most effective, resulting in nearly com-
plete suppression of tumor growth. Immunohistochemical anal-
ysis of Ki67 and cleaved caspase-3 confirm these findings from
in vivo imaging and tumor measurements. Our findings provide
preclinical and mechanistic evidence that a combination of
gemcitabine treatment with targeted inhibition of both the
CXCR4 and hedgehog pathways improves outcomes in a PC
mouse model.

Pancreatic cancer (PC) is the third leading cause of cancer-
related death in the United States, with an expected 57,600 new
cases and 47,050 deaths in 2020 (1). It has the lowest 5-year
survival rate among all cancers, which has stayed in single digit
for the past several decades (2). Asymptomatic progression
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leading to late diagnosis as well as the lack of effective therapies
are considered important factors for such a grim prognosis of
PC (3). Despite recent advancements in therapeutic regimens,
outcomes continue to be disappointing (4 —6). Therefore, con-
sidering the continuous increase in incidence and mortality of
PC, it is extremely important that we develop novel mecha-
nism-based therapies for effective management of this devas-
tating malignancy.

Chemoresistance in PC appears to be a highly complicated
phenomenon involving both intrinsic and extrinsic mecha-
nisms (7—-11). Intrinsic resistance is attributed to the highly
genetically advanced nature of pancreatic tumors that culmi-
nate into multiple overlapping and compensatory signaling
pathways promoting cell survival, stemness, and drug metabo-
lism (8, 12). On the other hand, extrinsic resistance is associated
with unique histopathological characteristics of pancreatic
tumors as well as paracrine signaling that is operative through
bidirectional tumor-stromal crosstalk (13—17). Studies suggest
that pancreatic tumor cell-derived SHH predominantly acts
on PSCs and induces desmoplasia (18), whereas CXCL12 is
mostly derived from activated fibroblasts and promotes
growth, aggressiveness, and chemoresistance of PC cells (19—
21). Pancreatic stroma is highly dense and fibrotic and consid-
ered to be an attractive therapeutic target (16, 22). However,
stromal targeting has resulted in mixed therapeutic responses
likely because of stromal heterogeneity and its dual impact on
pancreatic tumor pathobiology. Earlier it was shown that des-
moplastic tumor microenvironment acted as a barrier for drug
delivery and its targeting in preclinical model led to improved
therapeutic outcome (23). This approach, however, failed in
clinical setting (24). Subsequent studies suggested that dense
stroma keeps the tumor cells confined at the primary site and
its depletion promoted tumor cell dissemination and immu-
nosuppression (25, 26) thus necessitating deeper mechanis-
tic investigations.

We previously demonstrated an important role of CXCR4
signaling in PC chemoresistance (20). We also showed that the
gemcitabine treatment of PC cells induced CXCR4 up-regula-
tion, providing further support for its role as a counterdefense
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mechanism (10). CXCR4 is aberrantly expressed in PC cells (27,
28) and activated by stromal-derived chemokine, CXCL12,
which is abundantly present in pancreatic tumor microenvi-
ronment as well as at the sites of metastases (29). In additional
findings, we demonstrated that CXCL12/CXCR4 signaling
engaged in forming a bidirectional tumor-stromal signaling
loop by inducing the expression of sonic hedgehog (SHH), a
ligand for hedgehog signaling pathway (21). SHH is shown to
promote pancreatic tumor desmoplasia by inducing prolifera-
tion and differentiation of pancreatic stellate cells (PSCs) into
myofibroblasts and thus impacts therapeutic outcome indi-
rectly (23, 30).

Here we examined the therapeutic significance of co-target-
ing of CXCR4 and hedgehog pathways by hypothesizing their
cooperative roles in tumor-stromal interaction-driven PC
chemoresistance. Our findings in co-culture and orthotopic
pancreatic tumor mouse models demonstrate that co-targeting
of CXCR4 and hedgehog provide significant improvement in
therapeutic efficacy of gemcitabine. Mechanistically, we dem-
onstrate that the crosstalk of PC cells with PSCs leads to tumor-
supportive changes in gemcitabine metabolism, anti-oxidant
and stemness properties via altered gene expression, which
could be reversed by targeting of CXCR4 and/or hedgehog
pathways. Together, these findings provide strong preclinical
evidence in support of a novel combination therapy against PC.

Results

CXCR4 and hedgehog pathways mediate co-culture-induced
chemoresistance of pancreatic cancer cells

Studies from our lab and elsewhere have suggested impor-
tant roles for CXCR4 and hedgehog (Hh) signaling in PC patho-
biology and chemoresistance via different mechanisms (10, 20,
21,31). Here we explored their role in mediating the chemoresis-
tance of PC cells when co-cultured with PSCs. We treated the
monocultures and co-cultures with gemcitabine in the pres-
ence or absence of CXCR4 antagonist (AMD3100) and/or
hedgehog inhibitor (GDC-0449) and measured the viability of
PCCs. Inhibition of either CXCR4 or Hh sensitized the PCCs to
gemcitabine toxicity in co-culture (Fig. 14 and Fig. S1). Nota-
bly, combined inhibition of CXCR4 and Hh pathways led to a
nearly complete abolition of co-culture—induced chemoresis-
tance. Importantly, these effects of combination therapy were
synergistic in nature when compared with the single-drug
treatments (Table S1). No significant effect of CXCR4 and/or
Hh inhibition, however, was recorded on gemcitabine toxicity
of PCCs in monocultures. Moreover, treatment of AMD3100
and GDC-0449 alone or in combination had no significant
effect on the viability of Colo357 cells in monocultures or
co-cultures without gemcitabine treatment (Fig. 14). These
findings were further confirmed by performing live/dead cell
assay using ethidium homodimer-1 (EthD-1) and Calcein AM
staining and poly (ADP-ribose) polymerase (PARP) cleavage.
Reduced tumor cell death (lesser EthD-1 red fluorescence pos-
itivity) was observed in co-culture treated with gemcitabine
than those grown in monoculture, and as expected, co-treat-
ment with AMD3100 and/or GDC-0449 promoted cell killing
by gemcitabine in co-cultured PCCs (Fig. 1B). Similarly, an
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increased signal of cleaved PARP was also reported in PCCs
co-treated with gemcitabine and AMD3100 and/or GDC-0449,
compared with those treated with gemcitabine alone (Fig. 1C).
To further confirm the role of CXCR4 and Hh signaling in
chemoresistance, we silenced CXCR4 and SMO (important
mediator of hedgehog signaling) expression by RNAi in both
PCCs (MiaPaCa and Colo357) and PSCs (Fig. 1D). CXCR4-
and/or SMO-silenced PCCs, co-cultured with PSCs, were
treated with gemcitabine, and their cell viability was deter-
mined. We observed that the silencing of CXCR4 alone or in
combination with SMO significantly reduced their viability
when treated with gemcitabine compared with control scram-
bled siRNA-treated cells (Fig. 1E). To further support a coop-
erative role of PSCs in co-culture—induced chemoresistance,
we used an additional PSC line. The resulting data (Fig. S2) are
consistent with findings presented here. We next determined
the effect of PSC co-culture with PCCs on their activation sta-
tus by examining the expression of a-SMA, a myofibroblast
marker, and in the presence of lipid droplets. Our results in two
PSCs lines show that co-culture with PCCs activates PSCs as
evident by increased expression of a-SMA (Fig. 24) and
reduced accumulation of lipid droplets (Fig. 2B). We also mon-
itored the effect of CXCR4 and Hh inhibition on the viability of
PSCsin monoculture and co-culture with PCCs. Our data dem-
onstrate that the inhibition of Hh either by GDC-0449 or SMO
silencing significantly reduces PSCs viability in co-culture.
However, inhibition of CXCR4 had a marginal effect only on
PSCs viability (Fig. 2, C and D). To determine the contribution
of CXCR4 and Hh signaling inhibition in PSCs on the chemo-
resistance of PC cells, we co-cultured PCCs with CXCR4-
and/or SMO-silenced PSCs and treated them with gemcit-
abine. The data demonstrate that the silencing of SMO in
PSCs effectively abolished co-culture—induced chemoresis-
tance (Fig. 2E). CXCR4 silencing alone n PSCs, however, did
not have a significant effect.

CXCR4 and hedgehog pathways mediate co-culture-induced
expression of chemoresistance-associated genes

To elucidate the underlying mechanisms of co-culture—
induced chemoresistance in PCCs, we carried out pathway-
focused gene expression analyses. We observed that in PCCs
co-cultured with PSCs, expression of a number of genes
associated with gemcitabine metabolism, antioxidant, and
stemness altered (Fig. 3A4). Specifically, MiaPaCa cells in co-
culture had an up-regulation of NT5CIA encoding for cyto-
solic 5—-nucleotidase I A, an enzyme which dephosphorylates
gemcitabine monophosphate into gemcitabine. On the other
hand, Colo357 cells in co-culture exhibited an increase in the
expression of CDA, which encodes for cytidine deaminase, an
enzyme that converts gemcitabine into 2',2’-difluorodeoxyuri-
dine. Moreover, expression of dCK, encoding deoxycytidine
kinase required for conversion of gemcitabine into active
metabolite, decreased in both the cell lines when co-cultured
with PSCs. Furthermore, significant up-regulation of genes
encoding for antioxidant enzymes such as GSH peroxidases
GPXs, and nuclear factor E2-related factor 2 (NRF-2) was
observed in both the cell lines. In addition, stemness-associated
genes, SOX2 and OCT4, were up-regulated in MiaPaCa cells
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Figure 1. Co-culture induces chemoresistance in pancreatic cancer through CXCR4 and hedgehog pathways. A, monoculture of PC cells (MiaPaCa or
Colo357) or co-culture with PSCs were treated with gemcitabine (5 um) alone and in combination with AMD3100 (5 nwg/ml) and GDC-0449 (5 um) for 96 h.

Thereafter, viable cells counted and presented as relative percentage viabili

ty. Bars represent the average of triplicates = S.D. *, p < 0.05. B, gemcitabine-

treated PC cell monoculture and PCC. PSC co-culture in the presence or absence of AMD3100 and/or GDC-0449 and cells were stained with Calcein-AM (green

fluorescence) and ethidium homodimer-1 (red fluorescence). Photographs we

re taken under fluorescence microscope. Arrows indicate ethidium homodimer-

1-positive dead cells. The number of dead cells was counted in 10 random fields and presented as mean = S.D.*, p value <0.05. Scale bar is 200 um. C, similarly
asin B, at the end of treatment, total protein was isolated from the harvested PC cells and expression of cleaved PARP determined by immunoblotting. B-actin
was used as an internal control. Fold change shows the level of cleaved PARP expression after normalizing with B-actin. D, pancreatic cancer cells were
transiently transfected with either scrambled (siScr) or CXCR4 (siCXCR4) or SMO (siSMO)-targeting siRNA and CXCR4 and SMO silencing was confirmed by

immunoblotting. E, CXCR4- and/or SMO-silenced PCCs were co-cultured with

PSCs and treated with gemcitabine (5 um) for 96 h. Viable cells were counted and

data presented as relative percentage viability. Bars represent the average of triplicates = S.D. *, p <0.05.

co-cultured with PSCs, whereas Colo357 cells exhibited altered
expression of SOX2 and KLF-4 as compared with those grown
in monoculture (Fig. 34). To examine the role of CXCR4 and
Hh pathways in mediating these gene expression changes, we
performed qRT-PCR on RNAs isolated from PCCs in co-cul-
tures following treatment with AMD3100 and GDC-0449,
alone or in combination. We observed that the inhibition of
CXCR4 and Hh pathways cooperatively led to the abrogation
of co-culture—induced up-regulation and down-regulation of
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NT5C1A and dCK, respectively, in MiaPaCa cells. On the other
hand, inhibition of either CXCR4 or Hh alone did not alter the
co-culture—induced down-regulation of dCK, but their com-
bined inhibition led to regained expression of dCK in Colo357
cells. Interestingly, inhibition of CXCR4 either alone or in com-
bination with Hh abrogated co-culture—induced CDA up-reg-
ulation in Colo357 cells, whereas co-culture—induced up-regu-
lation of NRF-2 and GPX-1 was significantly inhibited upon
blocking of CXCR4 and/or Hh pathways in MiaPaCa cells

J. Biol. Chem. (2020) 295(25) 8413-8424 8415
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Figure 2. Activation status of PSCs in monoculture and co-culture system and effect of CXCR4 and Hh inhibition in co-culture on PSC survival and
chemoresistance of pancreatic cancer cells. A, two different types of PSCs (PSC#1 and PSC#2) were co-cultured with PCCs and activation of PSCs was
determined by checking a-SMA expression through immunoblotting. B-actin was used as loading control. B, lipid droplet staining in monoculture and
co-culture PSCs was performed using Oil Red O staining and images taken under bright field microscope. Arrows indicate presence of lipid droplets in PSCs.
Scale baris 100 um. C, monoculture (PSC) or co-culture (PSCs with PCCs) was established and treated with AMD3100 (5 wg/ml) and/or GDC-0449 (5 um) for 96 h
and viable cells were counted. Data are presented as relative percentage viability. Mean = S.D., n = 3; ¥, p < 0.05. D, CXCR4 or SMO expression was silenced by
RNAI (data not shown) in PSCs and then monoculture (PSCs) or co-culture (PSCs with PCCs) was established and cell viability determined. The data are
presented as relative percentage viability. Mean = S.D., n = 3; ¥, p < 0.05. E, CXCR4 and/or SMO silenced PSCs were co-cultured with PCCs and treated with
gemcitabine (5 um) for 96 h. Viable cells were counted and data presented as relative percentage viability. Bars represent the average of triplicates = S.D.; *,p <

0.05.

(Fig. 3B). Similarly, NRF-2 up-regulation was inhibited in the
presence of AMD3100 alone or in combination with GDC-0449
but no significant effect was observed upon GDC-0449 treat-
ment alone in Colo357 cells. Additionally, co-culture—induced
GPX-1 up-regulation was significantly inhibited in AMD3100-
and/or GDC-0449-treated Colo357 cells. Inhibition of CXCR4
and/or hedgehog pathways also inhibited SOX2 expression,
whereas OCT4 up-regulation was significantly blocked upon
combination treatment of AMD3100 and GDC-0449 in
MiaPaCa cells. Interestingly, inhibition of CXCR4 alone or in
combination with hedgehog pathway effectively suppressed
co-cultured—induced SOX2 and KLF-4 up-regulation in
Colo357 cells (Fig. 3B). To further confirm the involvement of
CXCR4 and SHH signaling pathways in these co-culture—
induced changes, PCCs were treated with recombinant
CXCL12 and/or SHH, and changes in gene expression ana-
lyzed. Data demonstrated that the treatment of CXCL12 caused
most of the changes in gene expression, suggesting an indirect
role of Hh pathway (Fig. 3C). To further confirm the involve-
ment of CXCR4 and Hh pathway in altered gene expression, we
examined gene expression changes in CXCR4- or SMO-si-
lenced PCCs treated with CXCL12 or SHH, respectively. The
data demonstrate that CXCL12-mediated down-regulation of
dCK and up-regulation of NT5CI1A, NRF-2, and SOX-2 is sig-
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nificantly abrogated in CXCR4-silenced cells (Fig. 3D). SMO-
silencing did not have a major effect on gene expression further
suggesting its indirect role in chemoresistance through activa-
tion of PSCs.

Inhibition of CXCR4 and hedgehog pathways alters
gemcitabine metabolism, ROS levels, and stemness

To confirm if altered gene expression translates into changes
in gemcitabine metabolism and ROS generation, we measured
their levels in PCCs by LC-tandem MS and H2DCFDA staining,
respectively. We observed an enhanced accumulation of
dFdCTP in monocultured PCCs as compared with those co-
cultured with PSCs. Remarkably, inhibition of CXCR4 and/or
hedgehog pathways significantly enhanced dFdCTP accumula-
tion in co-cultured PCCs (Fig. 4A). In contrast, accumulation of
gemcitabine was higher in co-cultured PCCs, compared with
those in monoculture, which was significantly reduced upon
blocking CXCR4 and/or hedgehog pathways (Fig. 4B). Next,
our flow cytometry data demonstrated reduction in basal as
well as gemcitabine-induced ROS generation in co-cultured
PCCs as compared with PC cells in monoculture (Fig. 4C). Fur-
thermore, we observed that the blocking CXCR4 and hedgehog
pathway alone or in combination abrogated the inhibitory
effect of co-culture on ROS generation. Next, we examined the

SASBMB
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Figure 3. Activation of CXCR4 and hedgehog pathways alters gene expression of associated with gemcitabine metabolism, anti-oxidant and stem-
ness in pancreatic tumor cells. A, monoculture or co-culture system was established. Total RNA was isolated from PC cells and subjected to qRT-PCR array
analysis to examine gene expression. Monoculture of PC cells was used as control. B, co-culture of PCCs and PSCs was established and treated with AMD3100
(5 ng/ml) and/or GDC-0449 (5 um) for 24 h. Afterward RNA was isolated, cDNA was prepared, and expression of gemcitabine metabolism (dCK, NT5C1A, and
CDA), anti-oxidant (NRF-2 and GPX-1), and stemness (SOX-2, OCT4, and KLF-4) associated genes was examined using gRT-PCR. Monoculture of PCCs (MiaPaCa
or Colo357) was taken as control and GAPDH served as an internal control for expression analysis. *, p < 0.05. C, monoculture of PCCs was treated with SHH (2.0
rg/ml) and/or CXCL12 (100 ng/ml) for 24 h. Afterward RNA was isolated; cDNA was prepared; and expression of gemcitabine metabolism, anti-oxidant, and
stemness-associated genes was checked using gRT-PCR. D, expression of dCK, NT5C1A, GPX-1, NRF-2, SOX-2 and KLF-4 was examined in CXCR4- and SMO-
silenced cells after treatment with SHH (2.0 wg/ml) or CXCL12 (100 ng/ml) for 24 h. Bars represent the average of triplicates = S.D.; *, p < 0.05.

role of CXCR4 and hedgehog pathways in co-culture—induced
stemness of PCCs by monitoring the sphere-forming ability on
ultra-low attachment surface plates. Monoculture and co-cul-
ture (with PSCs) of PCCs were established and treated with
AMD3100 and/or GDC-0449 in the presence and absence of
gemcitabine. Thereafter, PCCs were plated on ultra-low attach-
ment surface wells and inserts containing PCCs or PSCs were
placed over. Sphere formation was visualized under micro-
scope after 7 days, which showed greater sphere-forming
capacity of PCCs in co-culture as compared with that in mon-
oculture. Interestingly, gemcitabine-treated PCCs exhibited
enhanced stemness in both monocultures and co-cultures.
Dual inhibition of CXCR4 and hedgehog pathways resulted in
reduced formation of spheres, whereas inhibition of either
CXCR4 or hedgehog pathway alone did not have any significant
effect (Fig. 4D).

Co-targeting of CXCR4 and hedgehog pathways enhances
chemotherapeutic response in vivo

To obtain the direct evidence in vivo, we evaluated the ther-
apeutic efficacy of gemcitabine alone and in combination with
AMD3100 and/or GDC-0449 in nude mice. Luciferase-tagged
MiaPaCa cells mixed with PSCs were injected into the tail of the
pancreas of nude mice and tumor formation monitored each alter-
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nate day by palpation. After 1 week, when tumors became palpa-
ble, mice were randomly divided into eight treatment groups
(vehicle, gemcitabine, AMD3100, GDC-0449, AMD3100 +
GDC-0449, gemcitabine + AMD3100, gemcitabine + GDC-
0449, gemcitabine + AMD3100 + GDC-0449). Treatments
continued for 2 weeks and all mice were sacrificed after a week
interval (Fig. 5A). At day O (treatment initiation) and each sub-
sequent week, tumor growth was monitored by noninvasive in
vivo imaging (Fig. 5, B and C). As expected, the treatment of
mice with gemcitabine resulted in reduction of tumor growth,
compared with those treated with vehicle only. Mice treated
with AMD3100 alone or in combination with GDC-0449 (with-
out gemcitabine) showed slower tumor development as com-
pared with those treated with GDC-0449 only. Furthermore,
treatment of mice with gemcitabine in combination with either
AMD3100 or GDC-0449 had improved therapeutic efficacy,
compared with gemcitabine alone. Combination of gemcit-
abine with AMD3100 had superior effect than that with GDC-
0449, which was also confirmed by end-point tumor measure-
ment analysis (Fig. 5, D and E). Remarkably, triple combination
of gemcitabine, AMD3100 and GDC-0449 had a tremendous
effect on the tumor growth compared with any other treatment
group as recorded in noninvasive imaging and end-point anal-
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ysis of resected tumor xenografts (Fig. 5, B—E). A comparison of
the efficacy of different treatments suggested that the combi-
nation therapy provided synergistic outcomes (Table S2). Next,
we performed hematoxylin and eosin (H&E) staining and
immunohistochemical analyses (Ki67 and cleaved caspase-3)
on tumor sections from different treatment group mice (Fig. 6,
A-C). Our H&E data suggested extensive desmoplasia in
vehicle-treated mice and degree of desmoplasia reduces
upon AMD3100 and/or GDC-0449 treatment and is com-
pletely abolished in mice treated with gemcitabine along
with AMD3100 and GDC-0449. Ki67 staining (a measure of
cell proliferation) was reduced in tumor sections from gem-
citabine-treated mice, compared with those treated with
vehicle only. In addition, mice treated with AMD3100 and/or
GDC-0449 also showed reduction in number of proliferative
tumor cells. Combination of gemcitabine with AMD3100
and/or GDC-0449 showed greater reduction in Ki67-positive
cells compared with mice treated with gemcitabine with most
remarkable reduction observed in triple combination—treated
mice (Fig. 6B). Tumor sections from gemcitabine-treated mice
also showed increased cleaved caspase-3 staining, compared
with those from vehicle-treated mice, and the most robust
increase in caspase-3 activation was recorded in tumor sections
from combined-treatment group (AMD3100, GDC-0449, and
gemcitabine) mice (Fig. 6C).
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Discussion

Pancreatic cancer has remained a therapeutic challenge
despite our improved understanding of genetics and molecular
pathways involved in its etiology and aggressive progression (3,
32). Here we demonstrated that CXCR4/CXCL12 and hedge-
hog signaling pathways play an important role in mediating the
chemoresistance of PC cells upon co-culturing with PSCs. We
identified altered gemcitabine metabolism, ROS production,
and induction of cancer stemness as important underlying
mechanisms. Combined targeting of CXCR4 and hedgehog
pathways with chemotherapy almost entirely stalled pancreatic
tumor growth in an orthotopic mouse model of PC providing a
direct evidence for their therapeutic significance.

We first focused on investigating the direct roles of CXCR4
and hedgehog pathways, alone and in concert, in mediating the
tumor-stromal interaction-driven chemoresistance of PC. For
this, we utilized co-culture model to establish bidirectional
crosstalk between PC cells and PSCs. We found that the treat-
ment of CXCR4 antagonist, AMD3100 and/or hedgehog inhib-
itor, GDC-0449, efficiently reduced co-culture—induced gem-
citabine resistance in PCCs. We also observed that the targeting
of CXCR4 was more effective than hedgehog inhibition in caus-
ing the chemosensitization of PC cells and their co-targeting
nearly abolished co-culture—induced chemoresistance. This is
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Figure 5. Administration of CXCR4 antagonist and hedgehog inhibitor potentiated anti-tumor efficacy of gemcitabine in orthotropic xenograft
tumor model. A, schematic diagram of treatment strategy in orthotopic xenograft model. B and C, tumor growth in different treatment groups of mice was
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dimensions.

in line with our prior observation where treatment with exog-
enous CXCL12 conferred chemoresistance to PC cells via acti-
vation of survival signaling (20). In addition, CXCR4 up-regu-
lation occurred upon gemcitabine treatment of PC cells in a
counterdefense against chemotherapy (10). Interestingly, our
data also supported that PSCs play a significant and direct role
in promoting PC chemoresistance besides indirectly impacting
therapeutic outcome via promotion of tumor desmoplasia lead-
ing to restricted drug delivery (16, 23). These observations were
further validated in animal studies where we established ortho-
topic pancreatic tumor xenografts via co-injection of PCCs and
PSCs and treated with gemcitabine alone or in combination
with AMD3100 and/or GDC-0449. These inhibitors are shown
to be effective in mice in previous studies (33, 34). Furthermore,
orthotopic implantation of SHH-expressing primary human
pancreatic epithelial and cancer cells induce desmoplasia in
mice (18). Thus, our current findings provide support for a
cooperative role of CXCR4 and hedgehog pathways in estab-
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lishing a bidirectional tumor-stromal crosstalk that has patho-
biological significance in growth and chemoresistance of PC
cells.

From the mechanistic standpoint, our data demonstrated
that the co-culture of PCCs with PSCs altered the expression of
several genes associated with gemcitabine metabolism, ROS
generation, and cancer stemness. Several of these genes were
indeed found to be regulated through the cooperative action of
CXCR4 and hedgehog signaling pathways. Importantly, the
rate-limiting enzyme of gemcitabine activation (35), dCK found
to be reduced in PC cells co-cultured with PSCs. dCK expres-
sion is positively co-related with overall survival and disease-
free survival in PC patients (36). A recent study has also sug-
gested that the forced expression of dCK in PC cells inhibits
tumor cell proliferation and aggressiveness (37). Other two
enzymes that were altered in cell-specific manner were
NT5CIA and CDA. The dephosphorylating enzyme NT5C1A
converts gemcitabine monophosphate into gemcitabine and is
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reported to be overexpressed in PC (38, 39). On the other hand,
CDA is a gemcitabine catabolizing enzyme that converts gem-
citabine into 2,2’ -difluoro-deoxyuridine leading to its reduced
cellular toxicity (40). In a preclinical study, nab-paclitaxel was
shown to degrade CDA as a synergistic therapeutic mechanism
with gemcitabine (41). In another study, tumor-associated
macrophages were shown to up-regulate CDA level to induce
gemcitabine resistance in PC cells (42). Functional impact of
the gene expression changes was confirmed by demonstration
of reduced intracellular accumulation of gemcitabine triphos-
phate in co-cultured PC cells, which was reversed by the inhi-
bition of CXCR4 and/or hedgehog pathways. In contrast, we
observed enhanced gemcitabine accrual in co-cultured PC
cells, which significantly reduced upon CXCR4 and/or hedge-
hog inhibition. These findings establish a novel aspect of coop-
erative function of CXCR4 and hedgehog pathways in PC
chemoresistance.
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Our study also demonstrated that co-culture with PSCs led
to reduced intracellular ROS levels in PC cells, which were
restored upon targeted inhibition of CXCR4 and hedgehog
pathways. Increased accumulation of ROS following drug treat-
ment is an important mechanism of drug toxicity (43). Cancer
cells, in general, have heightened levels of ROS because of
increased metabolic demand of proliferating cells for quick
energy and cellular building blocks (44). Increased ROS likely
contributes to cancer pathogenesis via promotion of genetic
instability and it also remodels ECM components by activating
proteolytic enzymes in cancer cells, which help in tumor cell
migration and dissemination (45, 46). However, to check the
ROS levels beyond a threshold, tumor cells overexpress
enzymes of the anti-oxidant system (46). Our findings provide
evidence that tumor-stromal crosstalk mediated through
CXCR4 and hedgehog pathways controls the expression of
antioxidant genes (NRF-2 and GPX-1). Earlier data suggest that
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NREF-2 is highly expressed in pancreatic tumors and patients
with low levels of NRF-2 are more sensitive to chemotherapy
(47, 48). Furthermore, down-regulation of NRF-2 increases
gemcitabine sensitivity of PC cells (47). GPX1, which counter-
acts oxidative stress, has oncogenic role in several malignan-
cies. However, low GPX-1 expression has been correlated with
poor survival rate of PC patients treated with gemcitabine (49).
Recent finding suggested GPX-1 as an important regulator of
glucose metabolism in PC cells (50). This clearly suggests com-
plex and context dependent role of GPX-1 in cancer which
needs to be addressed in great detail.

Cancer stemness is another important characteristic associ-
ated with the poor response of chemotherapy (51). Stemness
potential of the cancer cells is controlled by certain transcrip-
tion factors that regulate expression of genes associated with
tumor maintenance, aggressiveness, and chemoresistance (52,
53). We observed increased expression of two important stem
cell-associated transcription factors, SOX2 and OCT4, in PC
cells co-cultured with PSCs, and targeting of CXCR4 and/or
hedgehog pathways led to their reduced expression. SOX2
expression is shown to increase levels of pancreatic CSC mark-
ers and increase cell proliferation and stemness (54). Similarly,
up-regulation of OCT4 maintains undifferentiated state of
induced pluripotent stem cell state, whereas the loss of OCT4
induces differentiation of stem cells (55). Study suggested that
inhibition of OCT4 and Nanog abolished stemness of pancre-
atic cancer cells (56). In some reports, a role of canonical hedge-
hog signaling in pancreatic CSCs and gemcitabine resistance
has also been demonstrated (57, 58). In agreement, we also
observed an up-regulation of SOX2 in PC cells treated with
SHH, although treatment with CXCL12 imparted a greater
effect.

In summary, our findings provide a novel mechanistic basis
for PC chemoresistance where tumor-stromal crosstalk medi-
ated through CXCR4 and hedgehog pathways plays an impor-
tant role and co-targeting of these signaling nodes in a combi-
nation therapy will lead to superior synergistic clinical outcome
in PC patients.

Experimental procedures
Cell lines and culture conditions

Pancreatic cancer cell lines MiaPaCa and Colo357 and PSCs
were procured and maintained in culture as described previ-
ously (59, 60). Human pancreatic stellate cells were pur-
chased from ScienCell Research Laboratories (Carlsbad, CA)
and cultured according to their instructions. All the cells
were routinely tested for mycoplasma contamination and
authenticated intermittently using established markers
either in house and/or by using a commercial service pro-
vider (Genetica DNA Laboratories, Burlington, NC and
short-tandem repeats genotyping).

Reagents and antibodies

The following reagents were used in this study: Dulbecco’s
Modified Eagle Medium (DMEM); Roswell Park Memorial
Institute medium (RPMI 1640); fetal bovine serum (FBS)
(Atlanta Biologicals, Lawrenceville, GA); penicillin and strep-
tomycin (Invitrogen); High-Capacity RNA-to-cDNA™ Kit
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and SYBR Green Master Mix (Applied Biosystems, Carlsbad,
CA); Western blotting SuperSignal West Femto Maximum
sensitivity substrate kit (Thermo Scientific); EZ-Dewax (Bio-
Genex, Fremont, CA); background sniper, polymer, and probe
(Biocare Medical, Concord, CA); Plerixafor (AMD3100) and
gemcitabine (Selleck Chemicals, Houston, TX); Vismodegib
(GDC-0449) (LC Laboratories, Woburn, MA); LIVE/DEAD™
Viability/Cytotoxicity Kit (Thermo Fisher Scientific). The fol-
lowing antibodies were used: a-cleaved PARP (rabbit poly-
clonal, Abcam, Cambridge, MA) and rabbit polyclonal cleaved
caspas-3 (Cell Signaling Technology, Denver, MA), mouse
monoclonal Ki67 (BD Biosciences), mouse monoclonal bioti-
nylated anti—B-actin (Sigma-Aldrich), rabbit polyclonal
a-SMA (Epitomics, Burlingame, CA), rabbit polyclonal CXCR4
(Novus Biologicals, Centennial, CO), mouse monoclonal SMO
(Millipore Sigma), and horseradish peroxidase (HRP)-labeled
secondary antibodies (Santa Cruz Biotechnology).

Cell co-culturing, treatments, and transfections

PCCs (1.0 X 10°cells/well) were seeded in the 6-well plates,
whereas PSCs (1.0 X 10°cells/well) were seeded in 1-um pore
size insert chambers that were placed over PCCs. For monocul-
ture controls, we seeded PCCs (1.0 X 10° cells) in the insert
chamber as well. Cells were kept in incubator for 48 hat 37 °C to
establish co-culture, and thereafter, media were replaced and
cells allowed to grow for additional 24 h and treated with
AMD3100 (5 ug/ml) and GD-049 (5 um) alone or together in
presence and absence of gemcitabine (5 um) for 24 to 96 h. For
studies intended to estimate gemcitabine metabolites, gem-
citabine treatment was given 4 h prior to cell harvesting. For
knockdown of CXCR4 and SMO in pancreatic cancer and
stellate cells, cells were cultured in 6-well plates and trans-
fected with 100 nmol/liter of nontarget or ON-TARGETplus
SMARTpool CXCR4 and SMO targeting siRNAs (Dharmacon,
Lafayette, CO) using DharmaFECT (Dharmacon, Lafayette,
CO) according to the manufacturer’s instruction.

Cell viability and sphere-formation assay

Pancreatic tumor cell growth was monitored by counting
of number of viable cells on hemocytometer following stain-
ing with trypan blue. For sphere-formation assay, treated or
untreated tumor cells were harvested, counted, and plated
(1000 cells/well) in wells having ultra-low attachment surface.
Culture inserts containing PCCs or PSCs were placed over
plated cells. Spheres were visualized under microscope after 7
days and photographed.

Measurement of reactive oxygen species

Intracellular reactive oxygen species (ROS) levels were deter-
mined as described earlier (11, 43). Briefly, cells from monocul-
ture or co-culture were incubated with DCFDA dye in regular
growth medium for 30 min at 37 °C and subsequently washed
with PBS and resuspended in 400 wl PBS. Fluorescence inten-
sity in cells was examined as a measure of ROS by flow cytom-
etry on a FACSCanto Ili (BD Biosciences).

RNA isolation and quantitative real time-PCR (qRT-PCR)

Total RNA was isolated by using TRIzol reagent, and 2 ug of
RNA was taken for cDNA synthesis using the high-capacity
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complementary DNA Reverse Transcription Kit following
manufacturer’s instructions. Subsequently, q-PCR was per-
formed in 96-well plates using SYBR Green Master Mix, cDNA
as a template, and specific primer pair sets (Table S3) on an
iCycler system (Bio-Rad). The thermal conditions for real-
time PCR assays were as follows: cycle 1: 95 °C for 10 min, cycle
2 (X 40): 95 °C for 10 s and 58 — 60 °C for 45 s.

Preparation of cell lysates and immunoblotting

Total protein was isolated, estimated and processed for
immunoblotting as described earlier (10, 61). Briefly, cell lysates
were prepared in Nonidet P-40 lysis buffer and protein esti-
mated using DC protein assay kit. Subsequently, 30 ug of pro-
tein was resolved on 10-12% polyacrylamide gels and trans-
ferred onto PVDF membranes. Blots were washed, blocked in
5% milk, and probed with primary antibody (1:1000) followed
by incubation with secondary HRP antibody (1:2000). B-actin
(1:20,000) was used as an internal control. The signal was
detected by using Super Signal West Femto maximum sensitiv-
ity substrate kit on the ChemiDoc Imaging System (Bio-Rad).

Oil Red O staining

Pancreatic stellate cells were stained with Oil Red O to deter-
mine their activation by visualizing lipid droplets using Lipid
(Oil Red O) Staining Kit (BioVision, Milpitas, CA). The assay
was performed according to the manufacturer’s instruction,
and images were taken under light microscope.

Immunohistochemical and histological analyses

5-um sections were cut from orthotopic tumor xenograft
tissues and processed for H&E staining and immunohisto-
chemistry as described previously (60). All the antibodies were
used at 1:100 dilutions. Tumor tissue sections were visualized
under microscope and photographed.

Measurement of gemcitabine metabolites

Treated cells in monoculture or co-culture were homoge-
nized 1:10 using a pellet pestle with buffer containing 50:50
acetonitrile: 10 mm PO4 buffer, pH 9.5, containing 25 ug/ml
THU and 2 mg/ml EDTA. Samples were spiked with internal
standard (10 ul of a spiking solution containing 50 ng/ml 5-CL-
deoxyuridne and 5 pg/ml cytidine N15 triphosphate in DI
water) and mixed well. After centrifugation for 5 min at
21,000 X g, the supernatant was transferred to autosampler
vials and analyzed by LC-tandem MS (LC-MS/MS).

Orthotopic xenograft study in mice

All animal experiments were performed under a protocol
approved by the University of South Alabama Institutional Ani-
mal Care and Use Committee (IACUC). Immunocompromised
nude mice (4— 6 weeks old; Harlan Laboratories, Prattville, AL)
were anesthetized with intraperitoneal (i.p.) injection of ket-
amine (100 mg/kg) and xylazine (15 mg/kg). A mixture (1:5) of
luciferase-tagged pancreatic cancer cells (1 X 10°) and PSCs,
human PSCs (5 X 10°) suspended in 100 wl normal saline was
injected into the tail region of the pancreas as described previ-
ously (62). Once tumor became palpable (7th day post injec-
tion), mice were randomly divided into eight treatment groups

8422 | Biol. Chem. (2020) 295(25) 8413-8424

(6 mice/group) and treatment initiated as listed (Table S4).
Tumor growth was monitored biweekly by bioluminescence
imaging using Xenogen-IVIS-cooled CCD optical system (IVIS
Spectrum) following i.p. injection of D-Luciferin (150 mg/kg).
At the end point, final imaging was performed, and animals
sacrificed. Thereafter, tumors were resected and weighed, and
their volumes measured using by the following formula: (A X
B2)/2, where A is the larger and B is the smaller of the two
dimensions.

Statistical analysis

All the experiments were performed at least three times in
biological replicates and data expressed as mean = S.D. Wher-
ever appropriate, the data were also subjected to unpaired two-
tailed Student’s ¢ test and two-way ANOVA. *, p < 0.05 was
considered as significant.

Data availability

The data presented in this manuscript are stored with us and are
available from Ajay Pratap Singh, asingh@health.southalabama.edu,
for sharing upon a reasonable request.
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