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Tissue injury and hypoxia promote malignant
progression of prostate cancer by inducing CXCL13
expression in tumor myofibroblasts

Massimo Ammirante®®, Shabnam Shalapour®®, Youngjin Kang®®?, Christina A. M. Jamieson®, and Michael Karin

a,b,1

2Laboratory of Gene Regulation and Signal Transduction, Department of Pharmacology and Pathology, and PMoores Cancer Center, School of Medicine,

University of California, San Diego, La Jolla, CA, 92093

Contributed by Michael Karin, August 27, 2014 (sent for review June 30, 2014)

Prostate cancer (PC) is a slowly progressing malignancy that often
responds to androgen ablation or chemotherapy by becoming more
aggressive, acquiring a neuroendocrine phenotype, and undergoing
metastatic spread. We found that B lymphocytes recruited into
regressing androgen-deprived tumors by C-X-C motif chemokine
13 (CXCL13), a chemokine whose expression correlates with clini-
cal severity, play an important role in malignant progression and
metastatic dissemination of PC. We now describe how androgen
ablation induces CXCL13 expression. In both allografted and spon-
taneous mouse PC, CXCL13 is expressed by tumor-associated
myofibroblasts that are activated on androgen ablation through a
hypoxia-dependent mechanism. The same cells produce CXCL13 after
chemotherapy. Myofibroblast activation and CXCL13 expression also
occur in the normal prostate after androgen deprivation, and CXCL13
is expressed by myofibroblasts in human PC. Hypoxia activates hyp-
oxia-inducible factor 1 (HIF-1) and induces autocrine TGF-p signaling
that promotes myofibroblast activation and CXCL13 induction. In ad-
dition to TGF-§ receptor kinase inhibitors, myofibroblast activation
and CXCL13 induction are blocked by phosphodiesterase 5 (PDE5)
inhibitors. Both inhibitor types and myofibroblast immunodeple-
tion block the emergence of castration-resistant PC in the trans-
genic adenocarcinoma of the mouse prostate (TRAMP) model of
spontaneous metastatic PC with neuroendocrine differentiation.

tumor microenvironment | inflammation | cancer |
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Prostate cancer (PC) is the most common nonskin malignancy
among men and is a major cause of cancer-related death (1).
Androgens, which support prostate growth and survival, are key
factors in PC pathogenesis, and androgen ablation therapy is a
well-established treatment strategy for hormone-dependent PC.
However, in many cases, especially after androgen deprivation as
well as chemotherapy or radiotherapy, PC progresses to an
aggressive androgen-independent state known as castration-
resistant PC (CRPC) that commonly metastasizes to bone and
represents the major cause of PC mortality (1). CRPC develop-
ment could also be a result of the emergence of neuroendocrine
PC because of therapeutic intervention (2). Although neuroen-
docrine differentiation is rare in early PC, most drug-resistant
and aggressive forms of PC exhibit a neuroendocrine phenotype
(3-5). Treatment options for CRPC are limited, mostly because
of intrinsic chemoresistance and the increased metastatic potential
acquired by PC cells during disease progression (6). Identifying
new targets for the prevention or treatment of CRPC and drug-
resistant neuroendocrine PC is therefore of great importance.
The response to androgen withdrawal therapy is similar to any
other treatment that triggers cell death and hypoxia (eg, chemo-
therapy), and this makes the CRPC system a general model for
studying mechanisms underlying therapy-accelerated malignant
progression, including neuroendocrine differentiation (2). We found
that in addition to well-documented alterations in androgen receptor
expression and signaling (7), CRPC development, at least in mice, is
accelerated by inflammatory processes that are mediated by B
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lymphocytes that are recruited into androgen-deprived PC by the
chemoattractant C-X-C motif chemokine 13 (CXCL13) (8). We also
described the presence of B lymphocytes in human PC, especially in
more advanced disease (9). These PC-infiltrating lymphocytes
produce cytokines, including lymphotoxin (LT), which leads to the
activation of inhibitor of kB (IkB) kinase a (IKKa) within an-
drogen-deprived PC cells, and thereby promote the survival and
proliferation of CRPC-initiating cells (8). B lymphocytes pro-
ducing LT may also be involved in metastatic progression (10).
In addition to innate and adaptive immune cells, the tumor
microenvironment contains cancer-associated fibroblasts (CAFs),
a heterogeneous population that plays important enabling roles
in cancer development and progression (11-14). CAFs, which
include normal tissue fibroblasts adjacent to the tumor as well
as activated myofibroblasts, influence and modulate many prop-
erties of the evolving and progressing neoplasm through the
secretion of extracellular matrix, matrix-modifying enzymes,
growth factors, and cytokines. Via such mediators, as well as
cell-cell contacts, CAFs exert growth-augmenting and survival
effects on the malignant cell and thereby promote tumor an-
giogenesis and confer invasive and metastatic behaviors (12).
CAFs produce inflammatory mediators through which they re-
cruit immune cells into the tumor microenvironment and lead to
their activation (15, 16). The exact origin of CAFs is a matter of
active research, and they are thought to be derived either from
tumor-proximal tissue fibroblasts or from local or bone marrow-
derived mesenchymal stem cells (14, 17, 18). Among different
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CAF populations, myofibroblasts are characterized by the ex-
pression of a-smooth muscle actin (SMA) and fibroblast acti-
vation protein (FAP) and are normally derived from resident
tissue fibroblasts on tissue injury and inflammation (18). Tran-
sient fibroblast proliferation and conversion to myofibroblasts
are important for wound healing, but their persistent activation
can lead to fibrosis (19). The mechanisms responsible for myo-
fibroblast activation within the tumor microenvironment are not
entirely clear and can be cancer-specific and heterogeneous. It is
important to distinguish myofibroblasts, which are the descend-
ants of proliferative fibroblasts (20, 21), from senescent fibro-
blasts, which do not proliferate but can produce a number of
chemokines and cytokines, collectively known as the senescence
secretory response (22). A recent study has shown that genotoxic
cancer therapy induces CAF-mediated senescence secretory re-
sponse in prostate tumors, a response that promotes resistance
to chemotherapy (23).

We investigated the cell type responsible for expression of
the B-cell chemoattractant CXCL13, which mediates B-cell re-
cruitment into androgen-deprived PC (8). CXCL13 also enhan-
ces LT production by B cells (24), and its expression in human
PC correlates with clinical severity even better than prostate-
specific antigen, the conventional PC biomarker (25). CXCL13
can be produced by osteoblasts and bone marrow mesenchymal
cells, and this was proposed to mediate recruitment of PC cells
that express the CXCL13 receptor, C-X-C motif receptor 5, into
the bone microenvironment (26). We now show that myofi-
broblasts, which are activated by hypoxia and autocrine TGF-
p signaling on androgen ablation, are responsible for B-cell
recruitment into the tumor remnant, leading to accelerated
malignant progression and CRPC development. We describe
three different approaches to the targeting of myofibroblasts,
all of which delay or prevent CRPC development.

Results

Tumor Myofibroblasts Express CXCL13. Using Myc-CaP allografts of
androgen-dependent mouse PC (27), we examined how andro-
gen ablation causes induction of CXCL13, which is needed for
the recruitment of B cells into tumor remnants and accelerated
CRPC evolution (8). Myc-CaP cells were inoculated s.c. into
6-wk-old FVB/N males, and when tumors reached 1,000 mm? in
size, the mice were castrated to deprive the tumors of androgens.
After castration, we found many myofibroblasts positive for
SMA within the tumor remnants and highly elevated expression
of CXCL13 mRNA (Fig. 14). To identify which cells express
CXCL13, we isolated different cell types from androgen-deprived
tumors and subjected them to PCR analysis. The mRNAs for
CXCL13 and fibroblast activation protein (FAP), an enzyme that
is expressed in mesenchymal stem cells and stromal fibroblasts
(28) and that can serve as another myofibroblast marker (29),
were detected only in the fibroblast fraction, not in the epi-
thelial fraction prepared 1 wk after castration (Fig. 1B). The
tumoral CD11b* and CD11c* fractions were also negative for
CXCL13 and FAP mRNA (Fig. S14). Flow cytometry showed
that CD457, 38-kDa glycoprotein (GP38)-positive (another myo-
fibroblast marker), CXCL13*, and CXCL13*SMA™* cells were in-
creased within the tumor remnants 1 wk after castration (Fig. 1C).

To deplete FAP™ cells in the androgen-deprived tumor stroma,
we orally administered a DNA vaccine encoding FAP that is
delivered to secondary lymphoid tissues by a noninfectious, at-
tenuated, live Salmonella typhimurium vector (TOPO) (30). This
strategy induces a strong cytotoxic T-cell response that results in
specific killing of myofibroblasts within the tumor stroma of
mammary cancer (30). Ablation of FAP-expressing cells with this
vaccine also resulted in the disappearance of myofibroblasts that
express CXCL13 in the stroma of androgen-deprived Myc-CaP
tumors (Fig. 1D). Importantly, immunoablation of FAP* cells
was as effective as the genetic or antibody-mediated ablation of
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Fig. 1. Androgen ablation induces CXCL13 in myofibroblasts. (A) Six-week-
old FVB/N males (n = 10) were s.c. inoculated with Myc-CaP cells. When the
tumors reached 1,000 mm?, mice were castrated or sham operated. Tumors
were examined 1 wk later for SMA by immunohistochemistry (IHC) and
CXCL13 mRNA by in situ hybridization (ISH). (Magnification: 200x.) Areas
occupied by positive cells were determined by image analysis (n = 2). (B) FVB/
N mice (n = 10 per group) bearing Myc-CaP tumors were castrated or sham
operated and killed 1 wk later. Tumors were removed and digested, and the
fibroblast (Fib) and epithelial (Epi) cell fractions were isolated, total RNA was
extracted, and CXCL13 and FAP mRNAs were quantitated by quantitative
PCR (Q-PCR) and normalized to cyclophilin A mRNA. Results are averages +
SD. (C) FVB/N mice (n = 9) bearing Myc-CaP tumors were castrated or sham
operated, and tumors were collected 1 wk later. CD45, CXCL13, SMA, and
GP38 expression was analyzed by flow cytometry. (D) Six-week-old male
FVB/N mice (n = 10 per group) were vaccinated three times with 10% cfu of
TOPO or FAP vaccines every 5 d. Myc-CaP tumors were established as de-
scribed earlier. Three days before castration, the mice were vaccinated
again. One week after castration, tumors were collected, paraffin-em-
bedded, sectioned, counterstained with DAPI, and analyzed by immuno-
fluorescence (IF) for SMA and CXCL13 expression. (Magnification: 400x.)
(E) FVB/N males (n = 10 per group) were vaccinated and Myc-CaP tumors
were established as described earlier. Tumor volume was measured every
2-3 d after castration. Results are expressed as means + SEM.

B cells (8) in retarding the evolution of CRPC after castration of
mice bearing Myc-CaP tumors (Fig. 1E). Ablation of FAP-
expressing cells also led to a marked reduction in the infiltration
of T and B lymphocytes and dendritic cells into the tumor
remnants after castration but had little effect on the in-
filtration of F4/80*" macrophages (Figs. S1B and S2). FAP
vaccination reduced expression of several other chemokines in
addition to CXCL13, but expression of CCL19 and CCL20 in-
creased (Fig. S1C). Consistent with its ability to block B-cell
infiltration into androgen-deprived tumors, the FAP vaccine
prevented IKKa nuclear translocation in cancer cells (Fig. S1
D and E). These results suggest that CXCL13 is mainly
expressed by activated myofibroblasts in the tumor microen-
vironment after castration. Interestingly, most FAP* cells
coexpressed SMA, but some SMA™" cells were FAP-negative
(Fig. S3A4). This is in line with recent findings that describe
a heterogeneous population of stromal fibroblasts in which
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FAP™ cells share markers with mesenchymal stem cells and the
SMA™ subset resembles fibrocytes (28). Curiously, when andro-
gen-deprived Myc-CaP tumors grow back to 1,000 mm® in size,
SMA™* cells are still absent, ruling out the possibility that
repopulation with SMA™ cells (Fig. S3B) accounts for tumor
recurrence in this system.

Role of TGF-B Signaling in CXCL13 Induction. Androgen ablation
increased expression of TGF-p1, TGF-p2, and TGF-$3 in tumor
remnants, reaching a peak 4 d after castration (Fig. 24). Because
TGF-p is known to be involved in fibroblast activation (21),
we blocked TGF-p signaling with a specific inhibitor of TGF-f type
1 receptor (TGF-pR1)/activin receptor-like kinases (ALK4, ALKS,
or ALK7), SB-431542 (31). Inhibition of TGF-pR1 signaling pre-
vented activation of myofibroblasts (Fig. S44), as well as nuclear
translocation of small mothers against decapentaplegic (SMAD)2/
3, infiltration of B cells, induction of CXCL13-expressing myofi-
broblasts, and nuclear translocation of IKKa (Fig. 2 B-E). SB-
431542 treatment also delayed CRPC regrowth (Fig. 2F), reduced
expression of several chemokine mRNAs other than CXCLI13
within the tumors, and inhibited recruitment of B and T lympho-
cytes, as well as natural killer cells, dendritic cells, and macrophages
and expression of TGF-f signaling targets such as forkhead box P3
(32) and SMAD7 (33) (Figs. S4 B-D and S5). After castration, FAP
expression peaked at day 4, whereas CXCL13 induction and B-cell
recruitment started peaking at day 6; all of these events were
inhibited by SB-431542, which also inhibited castration-induced
myofibroblast activation in the normal prostate (Fig. S4 D and E).

The main source of TGF-f in androgen-deprived Myc-CaP
tumors is also the fibroblast fraction, rather than the epithelial or
the myeloid CD11b* or CD11c* populations (Fig. S6 A and B).
After castration, there is also an increase in the abundance of
mRNAs coding for GP38 (34), connective tissue growth factor
(CTGF), and insulin-like growth factor 1 (IGF1), particularly at
4 d after castration for GP38 and CTGF mRNAs (Fig. S74).
Ablation of FAP" cells with the FAP vaccine significantly re-
duced the castration-elicited induction of IGF1, CTGF, and
TGF-p family members (Fig. S6C), confirming that these growth
factors are expressed by FAP" myofibroblasts. Previous studies
have shown that CTGF can potentiate TGF-f signaling (21).
Stimulation of inactive fibroblasts isolated from Myc-CaP tumors
of sham-operated mice with CTGF plus TGF-f1 induced FAP,
SMA, and CXCL13 mRNAs, but treatment of these cells with
either TGF-B1 or CTGF alone was ineffective (Fig. 34). Fibro-
blasts isolated from Myc-CaP tumors 1 wk after castration
showed the expected elevated expression of FAP and SMA, but
CXCL13 expression was not retained after cell isolation (Fig.
3A4). Nonetheless, in these cells, TGF-p1 alone was sufficient for
CXCL13 mRNA induction. FAP and SMA, but not CXCL13,
mRNAs were also induced in fibroblasts from sham-operated
mice on treatment with either IGF1 alone or IGF1 plus CTGF,
but not by CTGF alone (Fig. S7B). In fibroblasts from androgen-
deprived tumors, which already expressed FAP and SMA
mRNAs, CXCL13 mRNA expression was induced by IGF1 (Fig.
S7B). However, IGF1 is unlikely to have a critical role in CXCL13
induction in androgen-deprived tumors because its expression is
increased only at 7 d after castration (Fig. S74), whereas myofi-
broblasts are already activated after 4 d and CXCL13 is expressed
at maximal levels at 6 d postcastration (Fig. S4E).

TGF-p Expression Is Induced by Hypoxia. Because castration results
in injury to androgen-dependent tissues, and after injury the
ensuing hypoxia is thought to be one of the main factors that
triggers wound healing (35), a process that entails myofibroblast
activation, we decided to study the role of hypoxia in fibroblast
activation and CXCL13 induction. Culturing of inactive fibro-
blasts isolated from Myc-CaP tumors of noncastrated mice under
hypoxic conditions converted the cells into myofibroblasts, as
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Fig. 2. Castration-induced myofibroblast activation depends on TGF-B sig-
naling. (A) Myc-CaP tumors (n = 10) were established as in Fig. 1A and were
collected after sham operation (7 d) or at the indicated days after castration
(C2, C4, C6, C7 refer to 2, 4, 6, and 7 d postcastration). (B—E) FVB/N mice
bearing Myc-CaP tumors were castrated. Starting 1 d before castration,
mice (n = 10 per group) were injected daily with vehicle or SB-431542
(0.2 mg/mouse; 10 mg/kg), a TGF-BR1 inhibitor. Tumors were collected 1 wk
after castration and analyzed by IHC for SMA and nuclear SMAD2/3, SMA
and CXCL13, and IKKa or subjected to RNA extraction and Q-PCR analysis of
the indicated mRNAs normalized to the amount of cyclophilin A mRNA (C
results are averages + SD). (Magnification: B, 400x; D, 200x; E, 200x.) The area
occupied by nuclear IKKa-expressing cells was determined as defined earlier.
(F) Tumors were established and mice were treated with SB-431542 or vehicle,
as described earlier. Tumor volume was measured every 2-3 d. Results are
expressed as means + SEM. P values >0.05 were considered nonsignificant,
0.01-0.05 was considered significant (*), 0.001-0.01 was considered very sig-
nificant (**), and <0.001 was considered highly significant (***).

judged by FAP and SMA expression, and led to the induction of
CXCL13, CTGF, IGF1, and TGF-p mRNAs (Fig. 3B). Hypoxia
also led to the induction of CTGF, IGF1, TGF-f, and CXCL13
mRNAs in fibroblasts of Myc-CaP tumors removed from cas-
trated mice, although these fibroblasts were already activated, as
indicated by FAP and SMA expression (Fig. 3B).

Importantly, 2 d after surgical castration, hypoxic areas revealed
by staining with Hypoxyprobe (Hypoxyprobe, Inc) appeared within
the tumors, along with nuclear translocation of hypoxia-inducible
factor 1o (HIF-1a) in both cancer cells and stromal cells (Fig. 3C
and Figs. S8 and S9). The hypoxic response may be caused by
disruption of tumoral blood vessels, which is seen at 2 d after
castration, based on staining with a CD34 antibody (Fig. S104).
Curiously, CD34™ cells reappear 8 d after castration, a point that
precedes tumor regrowth and follows infiltration of androgen-
deprived tumors with immune and inflammatory cells (8). No-
tably, the CD34" cells that reappear at 8 d after castration are
not as tightly organized as the CD34" cells that reside within the
tumors before castration (Fig. S104). Deletion of HIF-la in
fibroblasts isolated from Hif-Ia™'F mice using ectopic Cre recom-
binase (36) prevented their hypoxia-induced conversion into
myofibroblasts (Fig. S10B). Induction of CTGF, IGF1, and TGF-p
mRNAs under hypoxic conditions was also dependent on HIF-1a
(Fig. S10C). CTGF, TGF-p1, TGF-2, and TGF-p3 expression
were previously described as being controlled by HIF-1a (37-40).

Phosphodiesterase 5 Inhibition Delays CRPC by Preventing Myofibroblast
Activation. Phosphodiesterase 5 (PDES) belongs to the phospho-
diesterase superfamily of enzymes that catalyze hydrolysis of
the cyclic nucleotides cAMP and cGMP to their 5'-nucleoside
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Fig.3. Hypoxia caused by androgen ablation induces TGF-B, CTGF, and IGF1
expression. (A) Fibroblasts were purified from Myc-CaP tumors 1 wk after
sham operation or castration (C) (n = 10 per group), plated, and stimulated
for 24 h with TGF-$1 (10 ng/mL), CTGF (50 ng/mL), or TGF-B1 plus CTGF. RNA
was isolated, and expression of the indicated genes was analyzed as de-
scribed earlier. Results are averages + SD. (B) Fibroblasts were isolated from
Myc-CaP tumors 1 wk after castration (C) or sham operation and incubated
either in a standard incubator or a hypoxic chamber (1% O,) for 24 h. Total
RNA was isolated, and the indicated mRNAs were quantitated. Results are
averages + SD (C) FVB/N mice bearing Myc-CaP tumors were castrated,
and tumors were collected at indicated times after castration. For hypoxia
analysis, mice were i.p. injected 90 min before sacrifice with 60 mg/kg of
pimonidazole hydrochloride (Hypoxyprobe-1). Tumors were removed, fixed,
paraffin-embedded, sectioned, and subjected to IHC with Hypoxyprobe or
HIF-1a antibodies. (Magnification: 200x.) The areas occupied by positive cells
were determined as described earlier. Arrows indicate hypoxic areas and
cells with nuclear HIF-1a.

monophosphates (41). Two specific PDES5 inhibitors, tadalafil
and vardenafil, attenuate TGF-p1-induced myofibroblast acti-
vation in the prostate (42, 43). We found that treatment of
mice with another PDES inhibitor, sildenafil, significantly delayed
CRPC emergence in castrated Myc-CaP tumor-bearing mice (Fig.
4A4). IHC analysis 1 wk postcastration revealed that the number
of SMA* activated myofibroblasts in the tumor remnants was sig-
nificantly reduced in mice treated with sildenafil versus controls
(Fig. 4B). Exposure of fibroblasts isolated from sham-operated
tumors to hypoxia for 24 h in presence of a generic PDE inhibitor,
pentoxifylline (44), or sildenafil blocked myofibroblast activa-
tion, as judged by SMA mRNA expression, and also reduced
CXCL13 and TGF-p mRNA abundance (Fig. 4C).

Myofibroblast Activation in Transgenic Adenocarcinoma of the
Mouse Prostate Tumors and Normal Prostate. Castration also
led to induction of inflammatory cytokines, including LTa, LT,
IL-6, receptor activator of nuclear factor kappa-B ligand, and IL-17b,
as well as CXCL13, TGF-p, immune infiltration, and myofibroblast
activation in the normal prostate, an androgen-dependent organ
(Fig. 5 4 and B). Similar findings were obtained in the spontaneous
PC transgenic adenocarcinoma of the mouse prostate (TRAMP)
model (45), which develops metastatic tumors with neuroendo-
crine differentiation (46). In particular, we observed induction
of CXCL13, LTa, LTB, and TGF-p mRNAs; myofibroblast
activation; HIF-1a nuclear translocation; and B-cell infiltration
at 7 wk after the castration of TRAMP mice (Fig. 5 C and D and
Fig. S11 A and B). Interestingly, the induction of CXCL13, LTa,
LT, and TGF-p mRNAs is transient, and the levels go back
to normal at 12 wk. The nature of the transient induction was
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previously explained (8). Androgen ablation induces injury in
the tumor remnants, which causes a transient increase of in-
flammatory cytokines and cells. This inflammatory response
ceases once the tumor begins to grow back exponentially. Similar
to the Myc-CaP model, most SMA™* cells were also FAP-positive
(Fig. S11C). The effect of myofibroblast ablation with the FAP
vaccine on TRAMP mice was even more striking than in the
Myc-CaP model; almost no tumor tissue remained at 7 wk after
castration in TRAMP mice that were vaccinated with the FAP
vector (Fig. SE). In addition to almost complete myofibroblast
ablation (Fig. S11 D and E), FAP-vaccinated TRAMP mice
exhibited more apoptotic cell death within prostate tumors after
castration relative to castrated mice that received the control TOPO
vaccine (Fig. S11F).

Myofibroblast Activation and CXCL13 Expression in Human PC. We
also examined whether the human PC microenvironment con-
tains fibroblasts that express CXCL13 and myofibroblast mark-
ers. Using specimens of normal and cancerous prostate tissue, we
found substantially higher expression of CXCL13 and nuclear
HIF-1a in malignant prostate tissue compared with normal tissue
or benign prostatic hyperplasia, although the latter specimens
did contain SMA* and FAP" myofibroblasts (Fig. 64 and Fig.
S12 A and B). We also found that CXCL13 and SMA were
colocalized in malignant prostate tissue (Fig. 6B) and that B cells
in malignant tissues were located next to CXCL13-expressing
cells (Fig. 6C).

Discussion

CAFs exert many important functions during tumor develop-
ment and progression (12), including organization and shaping
of the tumor microenvironment (47). Here we show that acti-
vated CAFs that express myofibroblast markers are a critical
source of CXCL13, the major B-cell chemoattractant (48), in
androgen-deprived mouse prostate tumors and human PC. Im-
portantly, CXCL13 induction and myofibroblast activation are
not unique to androgen-deprived s.c. transplanted PC allografts
but were also observed on castration in the spontaneous PC
TRAMP model and even in the normal prostate, which also
contains cells that die on androgen deprivation, thereby leading
to tissue injury and hypoxia. By uncovering myofibroblasts as
the critical source of CXCL13 in androgen-deprived PC, we
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Fig. 4. PDES5 inhibition attenuates CRPC by interfering with myofibroblast
activation. (A and B) Tumors were established in 6-wk-old FVB/N males (n =
10), as described earlier. Sildenafil was either added or not to the drinking
water (0.7 g/L). (A) Tumor volume was measured every 2-3 d. Results are
averages + SEM. (B) Tumors were collected 1 wk after castration and ana-
lyzed for SMA by IHC. The areas occupied by SMA* cells were determined as
described earlier (n = 2). (C) Tumor-associated fibroblasts were purified from
mice bearing Myc-CaP tumors and incubated in either a standard incubator
or an hypoxic chamber (1% O,) for 24 h in the absence or presence of in-
dicated inhibitors. CT, control; H, hypoxia; PTX, pentoxyfidine; SILD, silde-
nafil. Expression of the indicated mRNAs was analyzed by Q-PCR as described
earlier (n = 5). Results are averages + SD.
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Fig. 5. Myofibroblasts are required for CXCL13 expression and control
TRAMP tumor malignant progression. (A and B) Six-week-old FVB/N males
(n = 10 per group) were castrated or sham operated, and their prostates
were collected 1 wk after surgery. The indicated inflammatory cytokines and
chemokines and cell marker mRNAs were quantitated by Q-PCR, as described
earlier. Results are averages + SD. (C and D) Twelve-week-old TRAMP males
(n = 10) were castrated or sham operated, and their tumors were collected
at the indicated times after castration. Expression of indicated mRNAs was
quantified by Q-PCR, as described earlier. Results are averages + SD (C).
Tumors were fixed, paraffin embedded, sectioned, counterstained with
DAPI, and analyzed for SMA and CXCL13 by IF (D). (Magnification: 200x.) (E)
Six-week-old TRAMP males (n = 10 per group) were vaccinated three times
with 108 cfu of TOPO or FAP vaccines every 5 d, followed by a booster shot
every 30 d. Mice were castrated when 12 wk old, and tumor weight was
measured after 7 wk. Results are averages + SD.

identified an important function of these cells that has not
been previously described: their ability to undergo rapid ac-
tivation in response to tumor hypoxia and produce a number of
chemokines. Although hypoxia is a normal feature of tumor
development that is usually seen in the core of rapidly growing
tumors (49), we show that androgen ablation leads to a strong
and rapid increase in tumor hypoxia, presumably because of
blood vessel collapse/destruction within androgen-dependent
tumors and tissues. Importantly, myofibroblasts derived from
proliferating fibroblasts (20, 21) are distinct from senescent
CAFs (50), which are induced to produce proinflammatory
cytokines, chemokines, and growth factors in prostate tumors
subjected to genotoxic stress (23). Production of cytokines and
growth factors by CAFs that have undergone senescence on
genotoxic stress is mediated through the DNA damage response,
which leads to activation of NF-xB (23). In our system, however,
the critical source of CXCL13 is myofibroblasts, rather than
senescent fibroblasts. Consistent with the different mechanisms
that lead to cytokine and chemokine secretion by CAFs after
genotoxic therapy or androgen ablation, it is not unexpected
that each condition elaborates a distinct cytokine/chemokine
profile, with CXCL13 induction being stronger after androgen
ablation than after genotoxic stress. Nonetheless, the destruction
of tumor blood vessels by radiation and chemotherapy (51)
raises the possibility that both mechanisms may contribute
to PC recurrence after therapy, especially when chemotherapy
or radiotherapy are used in combination with androgen re-
ceptor antagonists.

Using cultured CAFs from prostate tumors, we show that one
of the most effective ways to convert these cells into myofibro-
blasts and induce CXCL13 expression is to subject them to

14780 | www.pnas.org/cgi/doi/10.1073/pnas.1416498111

hypoxia. This results in the activation of HIF-1, the HIF-1a
subunit of which is stabilized under hypoxic conditions and
modulates transcription by interacting with coactivators such as
p300/CBP (52). Notably, hypoxia leads to autocrine production
of TGF-B family members and CTGF, growth factors that, if
applied together to cultured CAFs, can also lead to myofibro-
blast activation and CXCL13 induction. Thus, hypoxia can create
a self-amplifying, TGF-fR1-dependent, autoregulatory loop that
results in potent CXCL13 induction. Importantly, HIF-1a acti-
vation, TGF-f, and CTGF induction and SMAD2/3 activation
have all been observed in vivo in response to androgen ablation.
Furthermore, the TGF-p1, TGF-p2, TGF-p3, and CTGF genes
were described as HIF-1a target genes (37-40). We postulate
that the sequence of events that leads to myofibroblast activation
in androgen-deprived prostates and PC includes hypoxia, HIF-1
activation, induction of TGF-p and CTGF, and activation of
autocrine SMAD signaling. Using the TGF-pR1/ALKS in-
hibitor SB-431542, we show that inhibition of SMAD activa-
tion prevents myofibroblast activation, CXCL13 induction, and
B-cell recruitment and slows down CRPC development. At this
point, however, it is not clear whether CXCL13 is a direct
SMAD target or whether it is regulated through other tran-
scription factors that are activated when fibroblasts become
myofibroblasts.

PDES5 inhibitors attenuate TGF-pl-induced fibroblast-to-
myofibroblast trans-differentiation in the prostate and are used
in the treatment of benign prostatic hyperplasia (42, 43). We
took advantage of this interesting finding and tested the ability of
the PDES inhibitor sildenafil to inhibit castration-induced myo-
fibroblast activation and CXCL13 induction. PDES5 inhibition
was as effective as TGF-pR1 inhibition or immune-mediated
depletion of myofibroblasts in blocking CXCL13 induction and
B-cell recruitment and in delaying CRPC emergence. Alto-
gether, these results raise the prospect of myofibroblast targeting
in PC therapy. Because senescent fibroblasts and myofibroblasts
affect PC progression and resistance to therapy through different
mechanisms, we suggest that both CAF populations need to be
targeted to improve the effectiveness of existing PC therapy.
However, as far as myofibroblast targeting is concerned, it is
probably advantageous to target these cells through inhibition of
PDES activity or TGF-pR1 signaling, rather than eliminate these
cells through FSP vaccination. Importantly, myofibroblasts play
an essential role in wound healing, being responsible for collagen
production, ECM deposition, and formation of scar tissue (53).
In addition, FAP ablation experiments have demonstrated that
FAP™ cells have an important tissue-protective function because
they either suppress the production of TNF and IFN-y or attenuate
cellular responses to these cytokines (28). FAP* myofibroblasts
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Fig. 6. SMA, CXCL13, and HIF-1a are highly expressed in malignant human
PC tissue. (A-C) Paraffin-embedded human prostate tissues [normal (n = 5),
benign hyperplasia (n = 4), and malignant (n = 10)] were sectioned and
analyzed for SMA, CXCL13, and HIF-1a by IHC. Shown are typical examples of
each case. (A) The areas occupied by positive cells were calculated as de-
scribed earlier. (Magnification: 400x.) The human prostate samples were also
stained for SMA and CXCL13 (B) or CD20 and CXCL13 (C) and analyzed by IF.
(Magnification: 400x.)
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are also closely related to lymphoid tissue stromal cells, which
are needed for proper immune functions (54). An even better
approach to CAF targeting would be to target CAF-produced
factors, such as CXCL13 (8) and WNT16B (23), which mediate
some of the CAF-generated effects on tumor recurrence and
resistance to therapy.

It is notable that a PDES inhibitor, tadalafil, is already approved
for benign prostatic hyperplasia treatment (55). Therefore, its
repurposing in PC treatment to prevent malignant progression in
tumors subjected to androgen ablation or chemotherapy should be
relatively straightforward. Indeed, the adverse effects of PDES
inhibitors are almost negligible compared with more aggressive
approaches, such as chemotherapy and radiotherapy.
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Materials and Methods

Detailed methods are available in S/ Materials and Methods. Briefly, mice
were handled according to Institutional and National Institutes of Health
guidelines. Human material was obtained from the Cooperative Human
Tissue Network, along with pathology reports. Histology and gene expres-
sion were analyzed as described (8).
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