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Carcinomas most often result from the stepwise acquisition of
genetic alterations within the epithelial compartment. The sur-
rounding stroma can also play an important role in cancer initiation
and progression. Given the rare frequencies of genetic events
identified in cancer-associated stroma, it is likely that epigenetic
changes in the tumor microenvironment could contribute to its
tumor-promoting activity.We use Hmga2 (High-mobility group AT-
hook 2) an epigenetic regulator, to modify prostate stromal cells,
and demonstrate that perturbation of the microenvironment by
stromal-specific overexpression of this chromatin remodeling pro-
tein alone is sufficient to induce dramatic hyperplasia and multifo-
cal prostatic intraepithelial neoplasia lesions from adjacent naïve
epithelial cells. Importantly, we find that this effect is predomi-
nantly mediated by increased Wnt/β-catenin signaling. Enhance-
ment of Hmga2-induced paracrine signaling by overexpression of
androgen receptor in the stroma drives frank murine prostate ad-
enocarcinoma in the adjacent epithelial tissues. Our findings pro-
vide compelling evidence for the critical contribution of epigenetic
changes in stromal cells to multifocal tumorigenesis.

Prostate cancer is the leading nondermatologic malignancy for
males in many developed countries (1). Primary prostate

cancer often presents as a multifocal malignant disorder, con-
sisting of multiple disparate tumor clones with distinct histological
features and heterogeneous biological behaviors (2). The inter-
focal heterogeneity is generally believed to be caused by genetic or
epigenetic alterations occurring synchronously ormetachronously
in the epithelia during cancer evolution. However, an aberrant
tumor microenvironment may provide “field effects” (3) to fa-
cilitate the development of multiclonal neoplastic lesions.
Increasing evidence demonstrates that genetic alterations in

individual constituents of the mesenchyme can disrupt epithelial
homeostasis, triggering tumor formation from neighboring epi-
thelial cells (4, 5). Targeted inactivation of TGF-beta receptor
type-2 in mouse fibroblasts led to prostatic intraepithelial neo-
plasia (PIN) and squamous cell carcinoma of the forestomach
(4). Previous work from our laboratory has shown that enhanced
mesenchymal expression of FGF10 induces the formation of PIN
or prostate adenocarcinoma (5). Van Dyke’s group showed that
cancer cells impose selective pressure on the surrounding
stroma, which stimulates the clonal expansion of cancer-associ-
ated fibroblasts (CAFs) and in turn promotes tumor progression
(6). Moreover, cancer cells can influence their microenvironment
by recruiting bone marrow-derived inflammatory cells and in-
ducing profound changes in the extracellular matrix (ECM),
which fuels tumor survival, growth, invasion, and metastasis (7).
Reciprocal communication between cancer cells and their

microenvironment is evident during tumor evolution; however,
the mechanisms for the phenotypic and molecular changes in

CAFs remain uncertain. Despite certain genetic alterations
found in stromal cells from various cancers (8), the absence of
detectable genetic changes has been described in CAFs from
breast and ovarian carcinomas, accompanied by dramatic changes
in expression of genes encoding secreted or cell surface proteins
(9, 10). Despite their tumor-promoting function, it has been
reported that CAFs generally lack cell-intrinsic oncogenic prop-
erties (11). These findings raise the possibility that epigenetic
changes including DNA methylation, histone modifications, and
chromatin remodeling may contribute to the tumor-promoting
trait of CAFs. Using methylation-specific digital karyotyping,
Hu et al. (12) showed that numerous genomic loci were differ-
entially methylated in the stroma from normal breast tissue and
breast carcinomas, suggesting that altered DNA methylation may
be one mechanism for phenotypic and molecular changes in CAFs.
However, little is known regarding how stromal epigenetic alter-
ations occur during tumor–mesenchymal interactions. More im-
portantly, the functional consequences of these epigenetic changes
in the mesenchyme on tumorigenesis remain unclear.
Given the biological similarities between embryonic develop-

ment and cancer progression, it is postulated that several path-
ways involved in the epithelial–mesenchymal interactions during
prostate development could be inappropriately reactivated during
tumorigenesis (13). Recent studies of gene expression profiles
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in embryonic stem cells (ESCs), adult stem cells, and various
human cancers reveal that the ESC-like gene signature is acti-
vated in diverse epithelial cancers including prostate cancer and
is associated with poor differentiation status and an unfavorable
outcome (14, 15). However, because most of these microarray
data were generated from bulk tumor tissues, it is unclear whether
the activated ESC-like program is expressed in cancer stem cells,
the entire malignant epithelia, or in the surrounding stroma. It
remains unknown how these embryonic regulatory networks
reawaken during cancer evolution. In light of the recent findings
about reprogramming of adult fibroblasts to pluripotency with
defined factors (16, 17) and the intriguing contribution of epi-
genetic remodeling to reprogramming efficiency (18), we hy-
pothesized that epigenetic modifications in the stromal cells that
reverse their chromatin status and growth-promoting potential
toward the embryonic state could be one of the mechanisms for
activation of the ESC-like program in cancers. In this study, we
chose Hmga2 (High-mobility group AT-hook 2), a downstream
target of Lin28 (19), to test this hypothesis.
Hmga2 is a member of the high mobility group family of

nonhistone chromatin remodeling proteins implicated in em-
bryonic development, tumorigenesis, and self-renewal of stem
cells (20, 21). By binding to AT-rich DNA and interacting with
histone-modifying enzymes and other proteins in enhanceo-
somes and chromatin, Hmga2 functions as a global epigenetic
regulator (22, 23). Using a dissociated prostate regeneration
approach (24), we examined the contribution of Hmga2-modi-
fied stroma to prostate cancer initiation and progression and
found that overexpression of stromal Hmga2 was extraordinarily
potent and led to the development of multifocal PIN in a para-
crine Wnt-dependent manner. Enhancement of Hmga2-induced
paracrine signaling by elevated expression of androgen receptor
(AR) in the stroma resulted in frank carcinoma in the adjacent
epithelial tissues, suggesting that changes in the microenviron-
ment are sufficient to drive epithelial cancer progression.

Results
Hmga2 Expression in Developing Urogenital Sinus and Adult Murine
Prostate. Hmga2 is highly expressed throughout the whole early
embryo, subsequently restricted to mesenchymal derivatives, and
becomes undetectable in most adult tissues (25). Using in situ
hybridization, Hmga2 expression was mainly observed in the
mesenchyme of the developing mouse lung (26). In murine
embryonic [embryonic day (E) 16] urogenital sinus (UGS) that
gives rise to the prostate, Hmga2 protein was expressed at higher
levels in the stroma relative to p63-positive epithelial cells (Fig.
1A). In the cultured UGS mesenchymal (UGSM) cells that were
originally derived from E16 mouse UGS mesenchyme, significant
levels ofHmga2 can be detected by quantitativeRT-PCR (Fig. 1B).
Immunoblotting analysis of UGSM cells with an antibody against
Hmga2 revealed two dominant bands, with the gradual diminution
of the upper band during in vitro passage of UGSM cells (Fig. 1C).
The shift in immunoblotting band patterns may reflect changes
in posttranslational modification of Hmga2, such as phosphoryla-
tion (27) during cell culture. The mesenchymal-specific expression
patterns of Hmga2 in the developing prostate and lung indicate
that Hmga2 may play pivotal roles in controlling chromatin status
in embryonic mesenchyme during organogenesis.
In addition to high expression in many embryonic tissues, low

levels of Hmga2 have been reported in testis, skeletal muscle,
and white adipose tissue of adult mice (28). Our previous study
showed that prostatic stromal cells can be enriched from adult
mouse prostate by flow cytometry using Lin-CD49f-Sca-1+

markers (29). We examined endogenous Hmga2 expression
in adult murine prostate and found that relative to prostate
epithelial cells, significant levels of Hmga2 could be detected
by real-time RT-PCR and immunohistochemistry (IHC) staining
in the adult stroma (Fig. S1 A and B), but the expression levels

are much lower compared with those in UGSM cells (Fig. 1B).
Surgical castration induced up-regulation of Hmga2 mRNA ex-
pression in Lin-CD49f-Sca-1+ prostatic stromal cells from adult
mice, which could be reversed by androgen resupplementation
(Fig. S1 C and D). These findings are consistent with previous
studies (30), suggesting that Hmga2 expression is retained in
certain mesenchymal cells in several adult tissues and can be
significantly induced by stress conditions.
Prostate development is a dynamic process, which is precisely

orchestrated by epithelial–mesenchymal interactions in concert
with systemic hormones. The mesenchymal-specific expression of
Hmga2 in the mouse prostate prompted us to test the biological
function of Hmga2 in prostate development and tumorigenesis.
We examined prostates from Hmga2 knockout mice (25) at 11–
14 wk of age and observed a remarkably smaller prostate phe-
notype compared with the age-matched wild-type controls (Fig.
1D), which is disproportionate to the 60% reduction in body size
and 40–50% reduction in most organ weights (21, 25). All of the
lobes of Hmga2 null prostates exhibited a blunted appearance,
with significantly diminished branching. There was more than
a sixfold decrease in cell number from Hmga2 null prostates,
relative to the age-matched wild-type controls (Fig. 1E). The
histological analysis of Hmga2 null prostates revealed an ap-
parent diminution in the number of tubules throughout all lobes,
associated with a significant loss of secretions, particularly in the
anterior lobes (Fig. 1F). There was no significant difference in
cell proliferative index between wild-type and Hmga2 null pros-
tates, assessed by proliferating cell nuclear antigen (PCNA)
staining. These findings suggest that Hmga2 may play an im-
portant role in ductal morphogenesis and regulation of epithelial
differentiation during prostate development.

Hmga2-Modified Stroma Induces Hormone-Sensitive Murine PIN
Lesions. To test the consequences of Hmga2 overexpression
in prostate stromal cells, a lentiviral vector containing the
mouse Hmga2 complete coding sequence and red fluorescent
protein (RFP) was used to stably overexpress Hmga2 in UGSM
cells (Fig. 2B). The modified UGSM cells were combined with
dissociated adult prostate cells from wild-type mice and sub-
sequently engrafted into the subrenal capsules of male host
mice (Fig. 2A). Strikingly, the grafts with Hmga2-modified
stroma weighed approximately 80 times as much as the control
grafts with RFP-expressing stroma at 10 wk after engraftment
(Fig. 2C).
Histological examination revealed the development of pre-

neoplastic lesions in Hmga2-UGSM grafts, with progressive ep-
ithelial proliferation and hyperplasia in a cribriform pattern
accompanied by nuclear atypia and remarkably dilated lumens
containing abundant secretions (Fig. 2D). Other than pro-
nounced tubular enlargement, the histology of Hmga2-UGSM
grafts was indistinguishable from high-grade PIN, which was
previously reported in mouse models with prostate epithelial-
specific oncogene expression or tumor suppressor inactivation
(31–33). IHC analysis with an anti-PCNA antibody showed sig-
nificant increase in the percentage of PCNA+ cells in PIN lesions
(Fig. S2). Both the RFP fluorescent signal and anti-Hmga2
staining were restricted to the thin fibromuscular layer sur-
rounding PIN lesions induced by Hmga2-modified stroma (Fig.
2E), and no significant outgrowth of stromal cells was observed
in tissue recombinants consisting of Hmga2-USGM cells. These
findings suggest that Hmga2 overexpression in UGSM cells did
not transform the mesenchymal cells but led to a precancerous
phenotype from adjacent naïve epithelial cells. In addition, the
epithelial identity in preneoplastic lesions was further confirmed
by utilization of adult prostate cells from GFP transgenic mice
(Fig. 3A) as well as staining with epithelial-specific p63 and
cytokeratin 5/8 antibodies (Fig. 3B).
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Androgen depletion achieved by surgical castration after 2 mo of
engraftment significantly lowered the tumor burden, evidenced by
the descending growth curve, smaller size, and decreased weight of
Hmga2-UGSM grafts from castrated recipients (Fig. S3 A–C).
Histological and IHCanalysis of grafts from castratedmice revealed
an apparent shrinkage of preneoplastic glandswith reduced lumens,
condensed cytoplasm, loss of AR nuclear staining, and an enrich-
ment for p63+ basal cells (Fig. S3D), indicating that Hmga2-
UGSM–induced PIN remains sensitive to androgen ablation.

Prostate Basal Stem Cells Preferentially Respond to the Growth-
Promoting Effects of Hmga2-UGSM Cells. Prostate epithelia are
mainly composed of three differentiated cell types: basal, lumi-
nal, and neuroendocrine cells. Our previous studies demon-
strated that murine prostate stem cells can be enriched using cell
surface markers, namely Lin-Sca-1+CD49f+ (LSC). This sub-
population of prostate epithelial cells exhibits the basal lineage
traits and is susceptible to malignant transformation induced by
multiple oncogenic events (29). To identify prostate epithelial

Fig. 1. Temporospatial expression of Hmga2 in murine developing UGS mesenchyme. (A) IHC analysis of E16 murine UGS with p63 and Hmga2 antibodies. E,
epithelia; M, mesenchyme. (Scale bars, 100 μm.) (B) Relative expression of Hmga2 mRNA in cultured UGSM cells with different passage determined by
quantitative PCR, with comparison with that in FACS-sorted adult prostate stromal (Lin-CD49f-Sca-1+) cells. Data are presented as mean ± SD after normali-
zation with Gapdh expression. (C) Immunoblotting of UGSM cells with anti-Hmga2 and Erk2 as a loading control. (D) Representative photograph of prostate
glands from 11-wk-old wild-type andHmga2 knockout (KO) mice. AP, anterior prostate; VP, ventral prostate; DLP, dorsolateral prostate. (E) Comparison of live
cells in dissociated prostate glands from wild-type and Hmga2 KO mice, determined by trypan blue exclusion and represented as mean ± SD. *P < 0.05. (F)
Histological analysis of different lobes of prostate from Hmga2 KO mice and the aged-matched normal control. H&E staining. (Scale bars, 100 μm.)
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cells that respond to the growth-promoting effects of Hmga2-
modified stroma, we isolated LSC cells and luminal (Lin-Sca-
1-CD49flow) epithelial cells from normal adult murine prostate
tissue and directly compared the responses of these two cell line-
ages to the effects of Hmga2-UGSM cells. After 8–12 wk of re-
generation, the grafts derived from LSC cells displayed a significant
premalignant phenotype, evidenced by increased graft size and
weight, extensive epithelial tufting, and gland enlargement (Fig. 3
C and D). In contrast, small tissue recombinants consisting of lu-
minal cells and Hmga2-UGSM cells were harvested from the re-
cipient mice. Very rare tubule formation with mild epithelial
stratification was observed in those grafts derived from luminal
cells. These data further support that the observed PIN lesions are
of adult prostate epithelial origin and indicate that an enriched
subpopulation of prostate stem-like basal cells preferentially re-
spond to the growth-promoting effects of Hmga2-modified stroma.

Sustained Overexpression of Hmga2 in Stromal Cells Is Required for
Tumor Maintenance. Mounting evidence suggests that some can-
cers are dependent on essential genes for tumor maintenance;
however, certain tumors acquire oncogene independence due to
secondary mutations (34). To test whether continuous expression
of Hmga2 in the stroma is required for PIN maintenance,
a doxycycline (DOX)-inducible Hmga2 lentiviral vector (TRE-

Hmga2) was constructed, and UGSM cells expressing rtTA
protein were prepared from R26-M2rtTA transgenic mice. The
in vivo regeneration assay was performed using dissociated adult
prostate cells from wild-type mice, and systemic administration
of DOX was started on day 1 after engraftment (Fig. 4A). After
8 wk of regeneration and DOX induction, multifocal PIN lesions
were developed (Fig. 4B), whereas no abnormality was observed
in the control grafts from DOX-untreated recipients. Hmga2
expression was readily detected in the fibromuscular layer sur-
rounding PIN lesions in DOX-treated grafts but was undetectable
in uninduced grafts (Fig. 4D). The severity of the preneoplastic
phenotype was closely associated with Hmga2 levels regulated by
DOX dosage (Fig. 4 B and C), suggesting tight regulation in this
inducible system. Importantly, DOX withdrawal after the 8-wk
induction led to notable regression of PIN lesions, evidenced by
reduction of graft weight, loss of complex glandular architecture,
and decreased burden of precancerous cells replaced largely by
simple glands with abundant secretions (Fig. 4 E and F). These
results indicate that sustained overexpression of stromal Hmga2
is required for tumor maintenance.

Wnt Ligands Are the Major Paracrine Mediators for the Growth-
Promoting Effects of Hmga2-Modified Stroma. Epithelial and mi-
croenvironmental interactions can be accomplished by juxtacrine,

Fig. 2. Overexpression of Hmga2 in the stroma leads to the formation of multifocal high-grade PIN lesions. (A) Schematic design for the dissociated prostate
regeneration assay. Dissociated prostate cells from wild-type adult mice were combined with lentiviral-transduced UGSM cells that were originally derived
from E16 mouse UGS mesenchyme and engrafted into the subrenal capsules of male immunodeficient mice for in vivo regeneration. (B) Western blotting of
Hmga2-transduced UGSM cells. (C) Representative prostate grafts derived from wild-type adult murine prostate cells and Hmga2-UGSM cells, compared with
control grafts. Data are presented as mean ± SD. **P < 0.01. (D) Histological sections of prostate regenerated tissues harvested at the indicated time points
after engraftment. H&E staining. (Scale bars, 1 mm.) (E) Hmga2 staining with corresponding H&E and fluorescent (RFP) images of prostate regenerated tissue
sections. (Scale bars, 100 μm for main images, 50 μm for Inset.)
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paracrine, or endocrine mechanisms. Tissue recombinants con-
taining RFP-UGSM cells were implanted together with grafts
containing Hmga2-UGSM cells into the same kidney capsule
(Fig. S4A). The grafts derived from RFP-UGSM cells did not
exhibit any abnormality when they were grown in immediate
proximity to Hmga2 grafts (Fig. S4B), suggesting that Hmga2-
modified stromal cells induce PIN via localized mechanisms. To
explore the downstream mediators responsible for the growth-
promoting effects of Hmga2-UGSM cells, we performed micro-

array analysis to compare the global gene profiles that were dif-
ferentially expressed between Hmga2-UGSM cells and control
cells. Surprisingly, only a small number of genes were identified
to be up-regulated or down-regulated more than twofold after
Hmga2 overexpression for 4–6 d (Fig. 5A and Fig. S5 A and B).
Previous work showed that Hmga2 overexpression displaces his-
tone deacetylase (HDAC) from chromatin and causes increased
acetylation of histone H3 on target gene promoters (22, 35). We
performed immunoblotting and immunofluorescence assays to
characterize the epigenetic changes induced by Hmga2 over-
expression and found a notable increase in histone acetylation at
H3 lysine 9/14 in Hmga2-UGSM cells (Fig. S5 C and D).
Antibody staining was used to survey the pathways activated in

premalignant lesions to identify the potential localized factors
responsible for the growth-promoting effects of Hmga2-modified
stroma. In contrast to negative or weak staining of phospho-Akt,
phospho-S6K, phospho-Erk, phospho-Jak2, phospho-Stat3, and
phospho-Stat5, significant β-catenin accumulation was detected
in preneoplastic epithelia in prostate grafts with stromal over-
expression of Hmga2 (Fig. 5B). Although strong nuclear β-catenin
staining was only observed in a fraction of epithelial cells, in-
creased levels of cytoplasmic and membrane-associated β-catenin
were evident. Consistently, c-Myc, a known target gene of β-cat-
enin (36), was up-regulated in Hmga2-UGSM grafts (Fig. 5C).
Adult prostate cells from β-catenin conditional knockout mice

were transduced with a Cre/GFP lentivirus, and the regeneration
assay was performed to determine whether epithelial β-catenin
is required for Hmga2-UGSM–induced PIN. We found that
in contrast to the adjacent preneoplastic glands derived from
nontransduced epithelial cells, Cre-mediated deletion of β-cat-
enin in prostate epithelia significantly inhibited the development
of PIN lesions induced by Hmga2-UGSM (Fig. 5D). This sug-
gests that epithelial β-catenin participates in tumorigenesis in-
duced by Hmga2-modified stroma. Given the central role of
β-catenin in the canonical Wnt pathway and the short-range cell–
cell signaling of Wnt ligands due to their tight association with
the ECM and the cell surface (37), we hypothesized that Wnt
ligands are the potential paracrine mediators for the growth-
promoting effects of Hmga2-UGSM cells. Quantitative PCR
analysis of 19 Wnt ligands revealed that the expression of Wnt2,
Wnt4, and Wnt9a were increased more than fivefold in Hmga2-
UGSM cells compared with those in RFP-UGSM cells (Fig. 5E).
Treatment of UGSM cells with an HDAC inhibitor, trichostatin
A, significantly up-regulated Wnt2 and Wnt4 mRNA expression
(Fig. S5E), which mimics the effects of Hmga2 overexpression in
UGSM cells. It indicates that the Hmga2-mediated increase in
H3K9/K14 acetylation may be associated with elevated Wnt ex-
pression in Hmga2-UGSM cells.

Overexpression of Wnt Antagonists in the Stroma Strongly Suppresses
Hmga2-UGSM–Induced PIN. To confirm that the growth-promoting
effects of Hmga2-UGSM cells are mediated by augmented
Wnt signaling, lentiviral vectors were constructed to overexpress
specific Wnt antagonists, Dickkopf-related protein 1 (Dkk1) or
secreted frizzled-related protein 2 (Sfrp2). These two secreted
proteins inhibit Wnt signaling via binding to the LRP5/6 cor-
eceptor or interacting with secreted Wnt ligands and Frizzled
receptors, respectively (Fig. 6A and Fig. S6A) (38). Coexpression
of either Dkk1 or Sfrp2 with Hmga2 in UGSM cells partially
inhibited the development of PIN, evidenced by a 1.8- to 2.5-fold
reduction of graft weight, attenuated epithelial stratification,
and smaller lumens (Fig. 6 B–E). When a combination of Dkk1
and Sfrp2 was overexpressed in Hmga2-UGSM cells, there was
a remarkable decrease in graft size and weight (approximately
eightfold) relative to Hmga2-UGSM grafts (Fig. 6F). In sharp
contrast to high-grade PIN in Hmga2-UGSM grafts, only a few
glands with modest epithelial tufting were observed in grafts
derived from UGSM cells coexpressing Hmga2, Dkk1, and Sfrp2

Fig. 3. Hmga2-UGSM cells induced PIN lesions are of adult prostate epi-
thelial origin, and prostate basal stem cells preferentially respond to the
growth-promoting effects of Hmga2-modified stroma. (A) Representative
histological section and corresponding fluorescent photo of prostate grafts
derived from Hmga2-UGSM cells and adult prostate cells from GFP trans-
genic mice. (B) IHC analysis of Hmga2-UGSM grafts with the indicated
antibodies. (Scale bars, 100 μm.) (C) Representative photograph and weight
measurement of Hmga2-UGSM grafts derived from prostate stem cells-
enriched (LSC) basal cells or luminal epithelial cells. (D) H&E staining of
Hmga2-UGSM grafts and RFP-UGSM grafts derived from LSC (basal-enriched)
cells or luminal epithelial cells. (Scale bars, 100 μm.)
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Fig. 4. Devolvement and maintenance of PIN lesions are dependent on continuous expression of Hmga2 in the stroma. (A) Diagram of the approach used to
assess the requirement of stromal Hmga2 for the maintenance of PIN lesions. The rtTA-expressing UGSM cells were infected with DOX-inducible Hmga2
lentivirus (TRE-Hmga2). The in vivo regeneration assay was performed using dissociated adult normal prostate cells in the absence or presence of systemic
administration of DOX. TRE, tetracycline responsive element; rtTA, reverse tetracycline-controlled transactivator. (B) Histology of prostate grafts with in-
ducible expression of stromal Hmga2 from recipient mice treated for 8 wk with two concentrations of DOX (Low DOX: 0.4 mg/mL; High DOX: 2 mg/mL). H&E
staining. (Scale bars, 1 mm for main images, 100 μm for Insets.) (C) Photograph and weight measurement of representative subrenal grafts from recipient
mice treated with two concentrations of DOX. Data are presented as mean ± SD. *P < 0.05. (D) Hmga2 staining of prostate regenerated tissues from DOX-
uninduced mice or mice treated with 2 mg/mL DOX for 8 wk. (Scale bars, 100 μm.) (E and F) Gross appearance, graft weight, and H&E staining of prostate
regenerated tissues from recipients in various treatment conditions as indicated. Data are presented as mean ± SD. #P > 0.05. (Scale bars, 300 μm.)
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(Fig. 6G), indicating a significant synergistic effect of these Wnt
antagonists. Hmga2-positive cells were easily detected in the
stroma from grafts with cooverexpression of Hmga2 and Wnt
inhibitors (Fig. S6B), and no significant decrease in tubule for-
mation or morphological changes in prostate epithelia were ob-
served in grafts derived from Dkk1/Sfrp2-UGSM cells (Fig. S6E).
This indicates that the suppression of the precancerous pheno-
type is solely attributed to inhibition of Wnt pathway. These
results strongly suggest that Wnt/β-catenin signaling is activated
at the ligand/receptor level in grafts with Hmga2-modified
stroma, and their growth-promoting effects are predominantly
mediated by augmented paracrine Wnt/β-catenin signaling.

Cooverexpression of Hmga2 and AR in UGSM Cells Synergize to
Induce Poorly Differentiated Prostate Adenocarcinoma. We moni-
tored some recipient mice with Hmga2-UGSM grafts for ∼16 wk
after engraftment, and no significant clinical signs of local in-
vasion or distant metastasis were observed. These results are
consistent with previous findings about the development of
breast adenocarcinoma in Wnt-1 transgenic mice (39), suggest-
ing that increased Wnt signaling is sufficient to initiate tumori-
genesis but that other oncogenic events are necessary for full
malignant transformation.
Prostate organogenesis is dependent on AR signaling in

mesenchymal cells, which leads to the production of soluble
factors, ECM components, and cell adhesion molecules, collec-

tively referred to as “andromedins” (40). To test whether the
paracrine effects of Hmga2-modified stroma cooperate with the
andromedins, Hmga2-UGSM cells were transduced with an AR/
GFP lentivirus and implanted in the prostate regeneration assay.
This combination drove the progression of PIN lesions to poorly
differentiated prostate adenocarcinoma (Fig. 7A). Although AR
overexpression causes moderate increase in Wnt2, Wnt4 mRNA
expression, and modest down-regulation of Wnt5b, Wnt10b, and
Wnt16, assessed by quantitative PCR, overexpression of AR in
UGSM cells alone is not sufficient to induce any hyperplastic
abnormalities (Fig. 7A and Fig. S7). The cancer phenotype in
Hmga2/AR-UGSM grafts was characterized by multiple foci of
solid sheets of cytologically malignant cells, with loss of secre-
tions and penetration of tightly packed prostate glands into the
stroma (Fig. 7 A and B). Fluorescent imaging and IHC staining
confirmed that prostate cancer was derived from wild-type
prostate epithelial cells, which were adjacent to Hmga2/AR
double-positive stromal cells (Fig. 7C). IHC analysis of Hmga2/
AR-UGSM grafts with a pan β-catenin antibody revealed that
increased accumulation of cytoplasmic and membrane-associ-
ated β-catenin was only observed in neoplastic epithelial cells
in close proximity to Hmga2/AR-overexpressing stromal cells.
Using an anti-active-β-catenin antibody (41), strong nuclear
staining of β-catenin was scattered in the entire compartment
of neoplastic epithelia (Fig. 7C). These results demonstrate that
the growth-promoting effects of Hmga2-modifed stroma can

Fig. 5. Augmented Wnt/β-catenin signaling in murine PIN lesions induced by Hmga2-modified stromal cells. (A) Scatter plot for expression ratios of the
global gene profiles between Hmga2-UGSM cells and control cells. Each dot represents the average fold change for individual genes summarized from three
independent microarrays. (B and C) IHC analysis of prostate grafts with β-catenin and c-Myc antibodies. (Scale bars, 100 μm.) (D) Histological sections (H&E
staining) and corresponding merged fluorescent images of regenerated tissues derived from Cre-transduced prostate cells from β-cateninfl/fl mice. Arrows
indicate the Cre/GFP lentiviral transduced prostate tubules. (Scale bars, 100 μm.) (E) Quantitative PCR analyses of Wnt ligands differentially expressed be-
tween Hmga2-UGSM cells and RFP-UGSM control samples. Data are presented as mean ± SD after normalization with β-actin.
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strongly synergize with stromal AR-regulated paracrine signaling
to promote prostate cancer progression.

Discussion
Increasing evidence implicates both genetic changes and epige-
netic abnormalities as contributing to carcinogenesis. The potent
growth-promoting effects of Hmga2-modified stroma resulted in
rapid formation of multifocal high-grade PIN, indicating that car-
cinoma can be solely initiated by epigenetic alterations in the
stroma, preceding any mutations in adjacent epithelial cells. In-
terestingly, it has been recently shown thatHDAC inhibitor-induced
chromatin remodeling in fibroblasts can promote tumor growth in
a paracrine fashion (42). All these findings underscore the impor-
tance of epigenetic changes in the establishment of an aberrant
tumor microenvironment for cancer initiation and progression.
High levels of HMGA2 were observed in several mesenchymal

tumors and various human carcinomas (20). Although ectopic
HMGA2 expression is mainly detected in the epithelia in most
cancers, HMGA2-associated chromosomal rearrangements were
found predominantly in the stromal component of mass-forming
endometriosis (43), endometrial polyps, and pulmonary chon-
droid hamartoma that consist of both hyperplastic stromal and
epithelial cells (44). We observed the stromal-specific HMGA2
overexpression by IHC analysis in several human biphasic tumors
of the prostate, including phyllodes tumors of the prostate and
stromal tumors of uncertain malignant potential (Fig. S8). Al-
though these types of prostate tumor are rare in clinical practice,
a large percentage of these tumors display hyperplastic changes
in the epithelial compartment, which may result from aberrant
mesenchymal–epithelial interactions (45, 46).

Previous studies of transgenic mice with adipocyte-specific
HMGA2 expression showed that HMGA2 overexpression in the
mesenchyme not only leads to the overgrowth of stromal cells
but also causes epithelial hyperplasia and tumor formation in
breast, uterus, salivary glands, and preputial glands (47). It
seems that most tissues predisposed to the growth-promoting
effects of Hmga2-modified stroma are sex hormone-regulated
peripheral tissues. Although these effects could be due to tissue-
specific expression of Hmga2, the mostly likely explanation is
that sex hormones synergize with the paracrine effects of
Hmga2-expressing stroma to drive transformation of epithelial
cells. This hypothesis is supported by our findings of strong
synergistic effects of combined Hmga2 and AR overexpression
in UGSM cells.
Hmga2 overexpression in UGSM cells led to increased histone

acetylation and enhanced production of several Wnt ligands,
including Wnt4, indicating that Hmga2-mediated chromatin
modification may serve as an epigenetic mechanism to regulate
the Wnt signaling pathway in the stroma. It has been recently
reported that Wt1-mediated chromatin remodeling regulates
Wnt4 expression dichotomously in kidney mesenchyme and the
epicardium (48). In addition, previous studies have shown that
Wnt4 expression is controlled by histone acetylation levels in the
Wnt4 promoter (49, 50). Although we cannot rule out the pos-
sibility that Hmga2 might regulate Wnt expression in a manner
other than functioning as an epigenetic regulator, it seems very
likely that the Hmga2-mediated increase in H3K9/K14 acetyla-
tion contributes, at least partially, to up-regulation of Wnt ligands
in Hmga2-modified stroma.

Fig. 6. Forced expression of twoWnt inhibitors in the stroma significantly suppresses Hmga2-UGSM induced PIN lesions. (A) Schematic representation of Wnt
signaling pathway in the absence or presence of Dkk1 and Sfrp2. (B and C) Gross appearance, weight, and H&E staining of prostate grafts with stromal
overexpression of Dkk1 and Hmga2. Data are presented as mean ± SD. #P > 0.05. (D and E) Representative photograph and histological sections of
regenerated tissues derived from Hmga2 or Hmga2+Sfrp2-UGSM cells. Data are presented as mean ± SD. *P < 0.05. (F and G) Macroscopic overview, weight,
and H&E staining of prostate grafts with stromal co-overexpression of Dkk1, Sfrp2, and Hmga2. Data are expressed as mean ± SD. **P < 0.01. (Scale bars,
1 mm for main images, 200 μm for Insets.)
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Our data show that pronounced β-catenin accumulation is
associated with Hmga2-UGSM–induced PIN, which can be
strongly suppressed by co-overexpression of Dkk1 and Sfrp2.
Wnt ligands are the likely paracrine mediators for the growth-
promoting effects of Hmga2-modified stroma. The Wnt pathway
has been implicated in tumorigenesis of various tissue origins
(38). Abnormal expression patterns of β-catenin have been ob-
served in 20–71% of prostate cancer samples (51–53), and high
levels of β-catenin are concomitantly associated with increasing
Gleason score and castration resistance (53, 54). Although recent
studies showed that mutations in allophycocyanin and β-catenin
can be detected in approximately 10% and 12% of castration-
resistant prostate cancer, respectively (55–57), it seems that Wnt/
β-catenin signaling could play a more common role in prostate
cancer than would be predicted by the point mutation rates of
these downstream effectors (53, 58, 59). Alterations in Wnt
ligands and their modulators that are secreted from prostate
epithelia and the surrounding stroma may serve as the alternative
mechanism for activation of Wnt signaling in a subset of human
prostate cancer. Small-molecule inhibitors or specific antibodies
that suppress the Wnt signaling pathway (38) may represent
a novel strategy for targeted therapies in prostate cancer, espe-
cially with the successful development of the orally bioavailable
porcupine inhibitors that block porcupine-dependent lipidation
of Wnt proteins (60). Given the highly activated Wnt/β-catenin
signaling in murine PIN lesions induced by Hmga2-modifed
stroma, our model provides a useful preclinical system to screen

the candidate therapeutic compounds and test the in vivo effi-
cacies of these targeted therapies against Wnt/β-catenin signaling.
In addition, our laboratory recently demonstrates that β-cat-

enin binds to the intracellular domain of Trop-2 and that nuclear
β-catenin colocalizes with the intracellular domain of Trop-2 in
human prostate cancer. Overexpression of Trop2 leads to up-
regulation of the β-catenin downstream target genes cyclin D1
and c-myc, and loss of β-catenin abolishes Trop2-driven self-re-
newal and transformation activity (61). These findings suggest
that β-catenin signaling can be activated by multiple upstream
events and play an important role in prostate cancer.

Materials and Methods
Construction of Lentiviral Vectors. Details of lentiviral constructs subcloning
are described in SI Materials and Methods. Lentiviral stocks were prepared
using the calcium phosphate precipitation technique (24).

Cell Culture and Immunoblotting. Murine UGSM cells were prepared as de-
scribed previously (24) and transduced with lentiviruses in the presence of
8 μg/mL polybrene. Whole-cell protein lysates (10–15 μg) were separated by
SDS/PAGE followed by immunoblotting analysis using anti-Hmga2 (Abcam)
and anti-ERK2 (Santa Cruz Biotechnology) antibodies.

Mice. R26-M2rtTA mice (62) and transgenic mice with chicken β-actin pro-
moter-driven eGFP expression (63) were originally obtained from Jackson
Laboratories, back-crossed to achieve the C57BL/6 background, and raised in
our animal research center. Homozygous mice with floxed alleles of β-cat-
enin (64) were purchased from Jackson Laboratories. All procedures con-
ducted in this study were approved by the Division of Laboratory Animal
Medicine of the University of California, Los Angeles.

Dissociated Prostate Regeneration Assay and DOX Treatment of Animals. In
vivo prostate regeneration assays were performed as described previously
(24). Prostate recombinants were implanted into the subrenal capsules of
male SCID mice or s.c. as indicated, in the presence of supplemental an-
drogen (s.c. testosterone pellets, 12.5 mg per pellet, one pellet per mouse).
The grafts were dissected from the host mice 6–16 wk after engraftment,
fixed, and sectioned for H&E staining and immunohistological analysis. The
s.c. grafts were measured by external caliper twice per week to determine
the greatest longitudinal diameter (length) and the greatest transverse di-
ameter (width). Tumor size was calculated by the ellipsoidal volume equa-
tion (1/2 × L ×W2). For DOX induction, DOX (Sigma) was added into drinking
water at the indicated concentration together with 5% (wt/vol) sucrose and
refreshed every 3–4 d.

IHC and Immunofluorescence Analysis. IHC and immunofluorescence analyses
of tissue sections were performed according to the previous protocols (24,
29). The following primary antibodies were used: anti-Hmga2 (BioCheck),
anti-β-catenin (BD Transduction Laboratories), anti-active-β-catenin and
PCNA (Millipore), c-Myc and α-smooth muscle actin (Abcam), anti-p63 and
AR (Santa Cruz Biotechnology), and anti-CK5 and CK8 (Covance).

Microarray and Real-Time RT-PCR. RNA was extracted using TRIzol (Invi-
trogen), purified with the RNeasy micro kit (QIAGEN), and hybridized on an
Affymetrix Mouse Genome 430 2.0 chip. The first-strand cDNAs were syn-
thesized by SuperScript III reverse transcriptase (Invitrogen). Real-time PCR
was carried out on the StepOne system (Applied Biosystems) using Taqman
universal master mix (Applied Biosystems) or MESA FAST SYBR MasterMix
(Eurogentec). Mouse Hmga2 and Gapdh probes and primers were from
Applied Biosystems. Wnt mRNA expression was compared with the com-
parative Ct method using mouse β-actin as the endogenous control. Primer
sequences are listed in Table S1.

Statistical Analyses. The statistical differences between experimental groups
were compared by two-tailed unpaired Student t test. A P value of 0.05 was
chosen as the limit of statistical significance.
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