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Although the differentiation of oncogenically transformed
basal progenitor cells is one of the key steps in prostate tumori-
genesis, the mechanisms mediating this cellular process are still
largely unknown. Here we demonstrate that an expanded p63™
and CK5™" basal/progenitor cell population, induced by the con-
comitant activation of oncogenic Kras(G12D) and androgen
receptor (AR) signaling, underwent cell differentiation in vivo.
The differentiation process led to suppression of p63-express-
ing cells with a decreased number of CK5* basal cells but an
increase of CK8* luminal tumorigenic cells and revealed a hier-
archal lineage pattern consisting of p63*/CK5* progenitor,
CK5%/CK8™ transitional progenitor, and CK8™" differentiated
luminal cells. Further analysis of the phenotype showed that
Kras-AR axis-induced tumorigenesis was mediated by Gli tran-
scription factors. Combined blocking of the activators of this
family of proteins (Glil and Gli2) inhibited the proliferation of
p63* and CK5* basal/progenitor cells and development of
tumors. Finally, we identified that Glil and Gli2 exhibited dif-
ferent functions in the regulation of p63 expression or prolifer-
ation of p63™* cells in Kras-AR driven tumors. Gli2, but not Glil,
transcriptionally regulated the expression levels of p63 and
prostate sphere formation. Our study provides evidence of a
novel mechanism mediating pathological dysregulation of
basal/progenitor cells through the differential activation of the
Gli transcription factors. Also, these findings define Gli proteins
as new downstream mediators of the Kras-AR axis in prostate
carcinogenesis and open a potential therapeutic avenue of tar-
geting prostate cancer progression by inhibiting Gli signaling.

Prostate cancer is the second most lethal cancer in men in
North America and other Western countries (1). Prostate can-
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cer progression has been characterized with multiple stages,
including benign, prostatic intraepithelial neoplasia (PIN),?
invasive adenocarcinoma, and metastatic cancer (2). Numerous
oncogenic driver genes, including loss of tumor suppressors,
overexpression, and/or activation of oncogenes, have been
identified based on genetic analysis of clinical prostate tumors.
Dysregulation of ras signaling has been detected in 40% of pros-
tate primary tumors and 90% of prostate metastatic disease (3).
Gene fusion, genetic mutation, and prostate carcinogens have
been reported in amplification or activation of Ras/Kras onco-
genic signaling in prostate cancer (4—10). We have shown pre-
viously that the interplay of oncogenic Kras(G12D) and over-
expression of AR signaling promotes prostate tumorigenesis
through expansion of basal/progenitor cells (11). However, the
molecular mechanisms underlying the transformation of these
cells and the differentiation plasticity remain elusive.

The adult normal prostate gland consists of three types of
epithelial cells: luminal, basal, and neuroendocrine cells. It has
been reported that both basal and luminal cells serve as the cells
of origin for the initiation of prostate cancer (12—-15). Transfor-
mation of basal cells is one of the key steps in the initiation of
prostate tumorigenesis. Experimental evidence has demon-
strated that isolated naive prostate basal cells are a target for
oncogenic insults (12) and that transformation of basal cells
induces differentiation to form luminal tumorigenic cells in
vivo (13, 14).

While prostate luminal cells express cytokeratins (CKs) 8/18
with secretory function and mainly face the lumen in a tubule,
basal cells usually express CK5/14-and p63, a member of the p53
protein family, and are aligned between the basal membranes of
luminal cells (2). p63, a marker of prostate basal/progenitor
cells, plays an essential role in the maintenance of prostate
homeostasis and regeneration (16-18). Loss of p63 leads to
severe developmental defects in mice, including lack of pros-

2The abbreviations used are: PIN, prostatic intraepithelial neoplasia; CK,
cytokeratin; AR, androgen receptor; CCSP, Clara cell secretory protein;
SCID, severe combined immunodeficiency; IHC, immunohistochemistry;
UGSM, urogenital sinus mesenchyme; PEB, prostate epithelial basal; Dox,
doxycycline; RFP, red fluorescent protein; SMO, smoothened.
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FIGURE 1. p63™ basal/progenitor cells possess differentiation potential to CK8" luminal cells in Kras(G12D)+AR tumors. A, the CCSP-rtTA;Tet-on-
Kras4b®'2P mouse strain carrying doxycycline (Dox)-inducible Kras(G12D) was generated by crossing CCSP-rtTA mice with Tet-on-Kras4b®'2° mice. B, prostate
epithelial cells were isolated from prostate tissue of CCSP-rtTA;Tet-on-Kras4b®"2P mice and transduced with AR along with GFP reporter by lentiviral infection.
The infected cells were mixed with UGSM cells and implanted under the kidney capsule of CB.17°“®*“'® mice. The host mice were given drinking water
containing Dox for 8 weeks to allow Kras(G12D) expression, followed by a Dox withdrawal period for an additional 4 weeks (a total of 12 weeks) to shut down
Kras(G12D) expression. C, phase and fluorescence images of Kras(G12D)+AR grafts derived from 8 weeks of Dox induction (+Dox) or 8 weeks (wks) of Dox
induction plus 4 weeks of Dox withdrawal (—Dox). Green fluorescence indicates that prostate cells were successfully infected by AR lentivirus. D, histological
analysis of the regenerated grafts by H&E (a and b) and IHC staining of p63 (cand d), AR (e and f), CK5 (red)/CK8 (green)/DAPI (blue) (g and h), and CK14 (red)/CK18
(green)/DAPI (blue) (i and j). Scale bars = 50 um. The white arrows indicate CK5*CK8™ cells. E and F, the number of p63*, CK5", and CK8™" and total number of
cellsin tubules of regenerated tissue were counted. The percentage of p63™ (E) and CK5* and CK8™ cells (F) per regenerated tubule was calculated. **, p < 0.01.

Results

The Differentiation of p63 and/or CK5-expressing Cells to
CK8™ Luminal Cells in Tumors—XKras and androgen receptor
are two commonly dysregulated oncogenic signaling pathways
in prostate cancer (3, 25). Previous studies have shown that the
simultaneous activation of Kras and AR leads to an expansion of
basal/progenitor cells (11). To monitor whether pathologically
induced p63* and CK5™ basal/progenitor cells have the poten-
tial to differentiate into luminal tumorigenic cells, we used a
doxycycline-inducible Kras(G12D) model. CCSP-rtTA;Tet-
on-Kras4b%'*” mice were generated by mating CCSP-rtTA

tate, abnormal skin development, limb truncations, loss of hair
follicles, and other defects (16, 19-21).

Although the homeostasis of p63 expression dictates the dif-
ferentiation and renewal of prostate progenitor cells, dysregu-
lation of p63 expression promotes tumor progression (22).
However, the regulation of p63 expression and the role of p63-
expressing cells in prostate tumor progression remain unclear
under pathological conditions. Here we studied the differenti-
ation potential and genetic regulation of p63-expressing cells in
tumors mediated by oncogenic signaling of the Kras-AR axis.
Basal/progenitor cells showed differentiation plasticity to a
hierarchical pattern of multiple prostate lineages in vivo.

Additionally, we provide experimental evidence that Gli
transcription factors, effectors of multiple oncogenic path-
ways (23, 24), regulate the expression of p63 and an expan-
sion of p63-expressing basal/progenitor cells. Our study
helps to clarify the pathological role of p63 and provides a
therapeutic strategy by targeting Gli signaling to inhibit
prostate cancer progression.
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with Tet-on-Kras4bS?P transgenic mice (Fig. 14). Clara cell
secretory protein (CCSP), encoded by the SCGB1A1 gene, is
primarily expressed in lung tissue (26), but its expression has
also been shown in prostate or ovary tissue based on RNA
sequencing analysis (GeneCards Database). Additionally,
CCSP has been reported to be highly expressed in p63™ basal
cells in murine tissue (27). After the genotype of the CCSP-
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rtTA;Tet-on-Kras4b“'?" mice was confirmed by PCR analysis
(supplemental Fig. S1A) (26), adult prostate tissue derived from
CCSP-rtTA;Tet-on-Kras4bS'*” mice was dissociated into sin-
gle cells. Then, the prostate primary cells were transduced with/
without AR carrying GFP as a marker (28) by lentiviral infection
and combined with urogenital mesenchymal cells (Fig. 1B). The
grafts were implanted subrenally in host SCID mice. Expression
of Kras(G12D) in grafts was regulated by doxycycline supplied
in the drinking water for 8 weeks, followed by an additional 4
weeks without doxycycline (Fig. 1B). The green fluorescence of
the regenerated prostate grafts confirmed AR expression in
tumors (Fig. 1C). Grafts derived from doxycycline-induced
Kras(G12D) developed PIN lesions and exhibited epithelial prolif-
eration surrounded by fibrous stroma (supplemental Fig. S1B).
The proliferating cells had darkly stained nuclei, amphophilic
cytoplasm, and a moderate nucleus:cytoplasm ratio. The cells
largely formed a glandular structure with a well defined lumen.
The glands were crowded and focally back-to-back, forming
cribriform structures. In contrast, those from co-induction of
doxycycline-induced Kras(G12D) and AR led to expansion of
p63™ (Fig. 1D, ¢), CK5™ (Fig. 1D, g), or CK14™ cells (Fig. 1D, i)
in prostate adenocarcinoma. The tumors showed epithelial
proliferation in a haphazard pattern. In addition, the prolifer-
ating cells had darkly stained nuclei, amphophilic cytoplasm,
and a high nucleus:cytoplasm ratio. The tumorigenic cells
formed glandular structures, including well formed, moder-
ately formed, and poorly formed glands. Tumor tissues con-
tained 30%, 64%, and 37% of p63*, CK5", and CK8" cells,
respectively (Fig. 1, E and F). Additionally, a fraction of cells was
CK5"/CK8™ in Kras(G12D)+AR tumors (Fig. 1D, g).

The regenerated prostate tissues derived from the
Kras(G12D) group exhibited normal tubules after withdrawal
of doxycycline (supplemental Fig. S1B), demonstrating a
regression of Kras(G12D)-induced PIN lesions with the loss
of Kras(G12D) activity. Interestingly, although the size of
Kras(G12D)+AR tumors remained the same after withdrawal
of doxycycline, the tumorigenic cells were mainly comprised of
cells expressing CK8™ (Fig. 1D, &) or CK18™ (Fig. 1D, j) luminal
markers but not p63*, CK5", or CK14™ cells (Fig. 1D, d, h, and
). The data indicate that the increased number of CK8™* tumor-
igenic cells is associated with a decrease in p63™ and CK5™"
cells, suggesting the differentiation of p63™ and/or CK5™ basal/
progenitor cells to CK8* luminal tumorigenic cells.

Withdrawal of Exogenous Androgen Reveals the Differentia-
tion of p63 and/or CK5-expressing Cells to CK8" Luminal
Tumorigenic Cells—We have demonstrated previously that
tumorigenic cells in tumors derived from constitutively active
Kras(G12D) and AR maintain a similar pathological pattern in
secondary recipients (11). To evaluate the importance of andro-
gen levels in the oncogenic transformation of basal/progenitors
cells, previously isolated Kras(G12D)+AR tumorigenic cells
were implanted subcutaneously in a secondary recipient with
or without an external testosterone pellet. Tumors grown with
external testosterone were about 5-fold larger than those under
physiological androgen levels (supplemental Fig. S2A). The sec-
ondary tumors showed predominantly CK5" basal tumori-
genic cells in both recipients (supplemental Fig. S2B). Addi-
tionally, Kras(G12D)+AR tumorigenic cells from our previous
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study developed tumors in host mice similar to those described
previously; however, cells grown in castrated recipients did not
develop tumors (supplemental Fig. S3B), suggesting that andro-
gen levels in the host were required for the Kras(G12D)+ AR
engraftment.

To further examine whether p63™ or CK5" basal/progenitor
cells had the potential to differentiate into luminal tumorigenic
cells, the androgen levels of the secondary recipient were regu-
lated by removal of the implanted testosterone pellet (Fig. 24).
As expected, tumor tissue in the group with a testosterone pel-
let showed an expansion of p63™ and/or CK5™ or CK14™" basal/
progenitor cells in comparison with normal prostate tissues
(Fig. 2, B-D, and supplemental Fig. S4C). CK5™ cells (Fig. 2, B,
h,and D) or CK14™ (supplemental Fig. S4C) were predominant,
and p63 " cells accounted for more than 50% within a tubule in
the tumors (Fig. 2, B, e, and C). However, the percentage of
p63™, CK57, or CK14™ basal/progenitor cells significantly
decreased with an increase in CK8™ or CK18™ luminal cells in
tumors in the testosterone pellet removal group (Fig. 2, B-D,
and supplemental Fig. S4C). After androgen pellet removal,
p63™ cells regressed to become one to two layers in the basal
layer (Fig. 2B, f, and supplemental Fig. S4A4). CK5"% cells
regressed and polarized at the basal layer, whereas multiple layers
of CK8™ cells were polarized at the luminal region (Fig. 2B, i, and
supplemental Fig. S4B). A layer of CK5" /CK8™ cells was localized
between CK5" and CK8* layers (supplemental Fig. S4B). The
hierarchal distribution pattern suggests that regression of
pathologically expanded p63™ cells was associated with an
decrease of CK5" cells, leading to the occurrence of CK5™/
CK8™ cells and an increase in CK8 " luminal tumorigenic cells
in Kras(G12D)+ AR tumors after removal of external androgen.

The Expansion of Basal Cells Requires a Fully Functional
AR—To examine whether the pathological expansion of p63™*
and CK5™ cells required all AR functional domains, primary
prostate cells derived from CCSP-rtTA;Tet-on-Kras4bS'?P
mice were transduced by lentiviral infection with wild-type AR
or AR mutants (Fig. 34). These mutants included AR(APro),
AR(V581F), AR(ANLS), and AR(N705S), which ablate the AR
transactivation, DNA binding, nuclear localization, and androgen
binding domains, respectively (29). Expression of the constructs
was verified by Western blotting analysis (supplemental Fig. S64).
Prostate tissue regeneration was set up as described in Fig. 1, in
which Kras(G12D) expression was regulated by the induction
of doxycycline (Fig. 3A). As expected, overexpression of
AR(WT) in combination with doxycycline-induced Kras(G12D)
promoted tumorigenesis with an expansion of p63™ or CK5™"
basal/progenitor cells (Fig. 3B, k and p). In contrast, regener-
ated tissues from Kras(G12D)+ AR mutants exhibited normal
tubule structure with a single layer of luminal and basal cells
(Fig. 3B, g—j). Collectively, the data indicate that a fully func-
tional AR is required for Kras signaling to pathologically regu-
late the transformation of basal/progenitor cells.

Blockade of Gli Transcription Factors Inhibits Kras(GI12D)+
AR-induced Tumors—Knowing that Kras-induced transforma-
tion requires active Gli signaling (30, 31), we examined whether
the expression levels of Glil and Gli2, the two transcription
factors known to cooperate with Kras induce transformation.
Glil and Gli2 mRNAs (supplemental Fig. S54) and protein

JOURNAL OF BIOLOGICAL CHEMISTRY 25751



Role of Gli Proteins in Prostate Transformation

*
A) . C)
Adding Pellet withdrawn 75 | Fxx
androgen pellet or remained |
o | | -
0 4 8 (wk) ~ 50+
8
B) Kras(G12D)+AR Tumor &
©
Androgen Pellet Androgen Pellet a 25
Normal Prostate Remained Withdrawn
N "85, 28 0
Androgen Androgen
H&E Pellet Pellet
Normal Remained withdrawn
Prostate . .5(G12D)+AR
Tumor
D) *kk
Ii *
p63 100 7 kK L
I CK5
X = CKS8
= 751
[
o
+
CK5/ 504
CK8/ (&)
DAPI 9
S 25
0
Androgen Androgen
AR Pellet Pellet
Normal Remained withdrawn
Prostat
rostal®  Kras(G12D)+AR Tumor

FIGURE 2. p63* and/or CK5™" basal/progenitor cells differentiate to CK8* luminal cells after withdrawal of external androgen in Kras(G12D)+AR
tumors. A, schematic of in vivo Kras(G12D)+AR tumor xenografts responding to withdrawal of external androgen in the host. Kras(G12D)+AR tumor xeno-
grafts were implanted subcutaneously into the flanks of SCID mice. Additionally, an androgen pellet was implanted subcutaneously on the back of host mice.
After 4 weeks (wk), the androgen pellet was withdrawn from one group of host SCID mice, whereas it remained in the other group. Xenografts were harvested
for pathology and IHC analysis. B, H&E (a-c) and IHC staining of p63 (d-f), CK5/CK8/DAPI (g-i), and AR (j-/) in Kras(G12D)+AR tumors carried by the host with
an androgen pellet or withdrawal of the androgen pellet. Scale bars = 100 um. C and D, the number of p63™* (C) and CK5* and CK8™" (D) and total number of
cells in tubules from Kras(G12D)+AR tumors or adult normal prostate tissue (control) was counted. The percentage of each type of the cells per tubule was

calculated. *, p < 0.05; *** p < 0.001.

(supplemental Fig. S5B) were significantly elevated in Kras+AR
tumors in comparison with normal regenerated tissue.

The reciprocal interaction of p63 and Gli transcription fac-
tors is essential for the maintenance of homeostasis of epithelial
cells (32, 33). Thus, we further examined whether Gli signaling
is essential for the expansion of p63 basal/progenitor cells in
vivo. To this end, we used the N-terminal fragment of Gli3
(Gli3T) (supplemental Fig. S6B), a dominant negative repressor
for Gli signaling (supplemental Fig. S6, C and D) (30). Primary
prostate cells isolated from CCSP-rtTA;Tet-on-Kras4b<'?P
mice were co-transduced with or without AR together with
control vector or Gli3T by lentiviral co-infection (Fig. 44). The
induction of Kras(G12D) expression was regulated by doxycy-
cline in the drinking water (Fig. 44). The regeneration tissue
derived from the group without doxycycline in the drinking
water led to normal tubules (supplemental Fig. S8). Overex-
pression of Gli3T showed a reduction in the size of the regen-
erated tissues in the Kras (supplemental Fig. S9) or normal

25752 JOURNAL OF BIOLOGICAL CHEMISTRY

regeneration group (supplemental Fig. S8), suggesting that
blockage of Gli signaling with a dominant negative Gli3T lead
to suppression of the regeneration process. However, regener-
ated prostate tubules (RFP*) in Gli3T groups expressed AR,
p63, or CK5/CK8 (supplemental Figs. S8 and S9), suggesting
that the regenerated prostate tubule structure was not affected
by overexpression of Gli3T.

For Kras+AR mediated tumors, RFP/GFP signals in the
regenerated prostate tissue suggests successful transduction of
control vector or Gli3T and AR in the regenerated tissue (Fig.
4B). Grafts derived from those transduced with Gli3T weighed
less in comparison with the control (Fig. 4C). Elevated AR
expression was confirmed by immunohistochemistry of the
regenerated tissues (Fig. 4D, ¢ and /). Regenerated tissue in the
Kras(G12D)+AR+vector group exhibited prostatic adenocar-
cinoma with an expansion of p63™ (Fig. 4D, d) and CK5™" (Fig.
4D, e) basal/progenitor cells, including CK5"/CK8™ cells. In
contrast, tissues derived from the Kras(G12D)+AR+Gli3T
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FIGURE 3. The expansion of p63* basal/progenitor cells requires a fully functional AR in Kras(G12D)+AR tumors. A, schematic of the in vivo prostate

regeneration assay, including lentiviral infection and schedule for Dox induction. Prostate epithelial cells derived from CCSP-rtTA;Tet-on-Kras4b®'2P transgenic
mice were transduced with wild-type AR or AR mutants, mixed with UGSM, and implanted under the renal capsule. Host SCID mice were fed Dox in the drinking
water for 8 weeks. A schematic of the AR functional domains is also shown. AR(APro), AR(V518F), AR(ANLS) (a deletion mutant of AR nuclear localization signal),
and AR(N705S) represent mutants that lost the functional domains of transcription activator, DNA binding, nuclear localization signal, and androgen binding,
respectively. B, phase image of regenerated tissues (a-e) from the synergy of Kras(G12D) with AR (WT) or AR mutants (scale bars = 1 mm), H&E (f-j), and IHC
staining of p63 (k-0), CK5 (red)/CK8 (green)/DAPI(blue) (p-t), and AR (u-y) of the generated grafts. AR expression is shown in the cytosol in x. Scale bars = 50 um.

group showed regenerated tubules that were histologically nor-
mal (Fig. 4D, i and j). These data strongly suggest that Gli sig-
naling facilitates the pathological expansion of p63* and CK5™"
basal/progenitor cells and, thereby, Kras(G12D)+ AR-induced
tumorigenesis.

Glil and Gli2 Differentially Regulate Proliferation of p63-
expressing Cells and Kras(G12D)+AR-induced Tumorigenesis
in Vivo—Based on the above findings, we further examined the
role of Glil and Gli2 in normal prostate regenerated tissues,
Kras and Kras+AR transformed tissues. Primary prostate
cells isolated from prostate tissue of CCSP-rtTA;Tet-on-
Kras4b®'?P mice were co-transduced with AR and shRNA-
control, shRNA-Glil, or shRNA-GIli2 by lentiviral co-infec-
tion, and then prostate regeneration grafts were established
(Fig. 5A).

The knockdown of Glil or Gli2 by shRNA was confirmed
at the mRNA (supplemental Fig. S7) and protein levels (Fig.
6A). The histology of ShARNA-Glil or shRNA-Gli2 treatment
SASBMB
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was similar to the vector control in the normal regenerated
prostate tissue (supplemental Fig. S8). AR, p63, or CK5/CK8 were
expressed in regenerated prostate tubules (supplemental Fig. S8),
suggesting that knockdown of Glil and Gli2 had no effect in the
normal prostate regeneration process. However, PIN lesions
induced by Kras were inhibited in the shRNA-GIil group and,
to a lesser extent, in the SARNA-Gli2 group in comparison with
the vector control (supplemental Fig. S9).

Next, we examined the role of Glil and Gli2 in Kras
(G12D)+AR-induced tumors in vivo. The RFP signal in the
regenerated prostate tissues indicated transduction of shRNA-
control or shRNA-Glil/2 (Fig. 5B, a-c), and AR overexpression
was confirmed by IHC (Fig. 5B, m—o0). As expected, co-overex-
pression of Kras(G12D) and AR induced high-grade adenocar-
cinoma (Fig. 5B, d) with an expansion of p63™ and CK5™ basal/
progenitor cells (Fig. 5, B, g and j, and C). In contrast, grafts
derived from the Kras(G12D)+AR+shRNA-Glil group
contained low-grade PIN lesions (Fig. 5B, e), inhibition of p63™
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FIGURE 4. Gli signaling regulates the expansion of p63™* basal/progenitor cells and thus Kras(G12D)+AR tumors. A, schematic of the in vivo prostate
regeneration assay, including lentiviral infection and the schedule for Dox induction. Prostate epithelial cells derived from CCSP-rtTA;Tet-on-Kras4b®'2P
transgenic mice were transduced with AR and control vector or Gli3T by lentiviral co-infection. The transduced cells were mixed with UGSM and implanted
under the renal capsule. Host SCID mice were fed Dox in the drinking water for 8 weeks. B, phase and fluorescent images of regenerated prostate tissues of
Kras(G12D)+AR+Vector and Kras(G12D)+Gli3T. Scale bars = 2 mm. C, the weight of the regenerated tissues was measured. D, RFP fluorescence (a and f), H&E
(band g), and IHC staining of AR (cand h), p63 (d and i), and CK5 (red)/CK8 (green)/DAPI (blue) (e and j) on regenerated tissues. Scale bars = 50 um. E, the number
of p63™ and total number cells in tubules from regenerated tissues was counted. The percentage of p63 ™ cells per regenerated tubule in the regenerated tissue

was calculated. **, p < 0.01.

proliferation (Fig. 5, B, &, and C) and ratio of CK5:CK8 cells
(Fig. 5, B, k, and D). However, grafts derived from the
Kras(G12D)+AR+shRNA-Gli2 group displayed adenocarci-
noma with high-grade lesions (Fig. 5B, f). Although tumori-
genic tissue contained significant lower numbers of p63*-ex-
pressing basal/progenitor cells (Fig. 5, B, I, and C), it maintained
an expansion of CK5™ cells with no significant difference in the
ratio of CK5:CK8 cells in comparison with those in the
Kras(G12D)+AR+vector group (Fig. 5, B, /, and D). The data
suggest differential functional roles of Glil and Gli2 in the
mediation of Kras(G12D)+AR tumors. Glil was essential for
the proliferation of tumorigenic cells and tumor progression,
and Gli2 largely regulated the expression of p63™-expressing
cells.

Glil and Gli2 Differentially Regulate the Expression Levels of
p63 and Sphere Formation—Next we examined whether Glil
and Gli2 exhibited differential regulatory functions in p63
expression. Overexpression of Gli3T or knocking down Gli2,
but not Glil, suppressed the expression levels of p63 (Fig. 6, A
and B). Additionally, Gli2, but not Glil, showed direct binding
to the p63 promoter (Fig. 6C).

p63 dictates the renewal potential of prostate progenitor and
prostate sphere formation (34). We further examined whether
Glil and Gli2 differentially regulated prostate sphere forma-
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tion. Overexpression of Gli3T significantly suppressed prostate
primary and secondary sphere formation (Fig. 6, D-F).
Although knocking down Glil had no effect on sphere forma-
tion, knocking down Gli2 had no effect on primary sphere for-
mation but significantly inhibited secondary sphere formation
(Fig. 6, D—F). Collectively, the data suggest that Gli2 transcrip-
tionally regulates the expression of p63 and, subsequently, the
renewal potential of progenitor cells.

Discussion

p63 serves as a marker of progenitor/basal cells in prostate
tissue (18, 35). Our studies reveal a novel pathway regulating
p63 expression and the proliferation of p63-expressing cells
through synergy of doxycycline-inducible Kras and AR, two
commonly activated oncogenes in prostate cancer (11). The
expanded p63*CK5" progenitor cells located at the basal
membrane exhibited differentiation potential and correlated
with the number of p63~CK5™ cells. By alteration of androgen
levels or Kras activity in Kras(G12D)+ AR tumors, the hierar-
chical lineage distribution pattern implies that p63 " CK5™ cells
located at the basal membrane differentiate to p63~CK5™" cells,
further to CK5"/CK8™ transitional progenitor cells, and finally
to CK5~/CK8™ luminal tumorigenic cells (Fig. 7). Our results
illustrate a pathological differentiation process of p63™ or
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regenerated tissues was counted. The percentage of each type of cells was calculated. The ratio of CK5 to CK8 cell number was significantly reduced in
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p < 0.001; N.S., not significant.

CK5™ progenitor/basal cells into CK8" luminal tumorigenic
cells. The data support the notion that basal cells serve as an
oncogenic target for the cell of origin in prostate cancer (12, 15)
and that oncogenic transformation of basal cells has the poten-
tial to differentiate into luminal cells and lead to proliferation of
luminal tumorigenic cells during prostate cancer progression
(13).

Given the fact that Kras and AR signaling are commonly
dysregulated in prostate cancer (35, 10, 25), a subset of tumor-
igenic cells could be maintained by the synergy of these onco-
genic events. Currently, multiple drugs have been developed
for androgen deprivation treatment (36). The suppression of
androgen-AR signaling might promote the differentiation of
tumorigenic basal cells in these tumors. As a result, the patho-
logical lesion could be potentially maintained as a drug-resis-
tant mechanism.

Our study demonstrates that Gli signaling facilitates Kras
(G12D)+AR-mediated tumorigenesis. Gli signaling is usually
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activated by the hedgehog-dependent pathway; however,
numerous oncogenic stimuli can bypass hedgehog-dependent
signaling to induce Gli signaling (23, 37). For example,
Kras(G12D)-mediated oncogenesis promotes the transcrip-
tional activity of Gli family members in pancreatic ductal ade-
nocarcinoma (30, 38). Loss of Glil interferes with the cross-talk
between fibroblast and cancer cells and suppresses Kras-in-
duced preneoplastic lesions (31).

Kras-induced Gli signaling might participate in the synergy
with AR to promote p63 expression in Kras+ AR tumors. This is
further supported by evidence showing that Glil or Gli2 is asso-
ciated with AR through direct protein-protein interactions and
can regulate AR-controlled gene expression in prostate cancer
(39, 40). Additionally, co-activation of AR with the C-terminal
domain of Gli2 regulates androgen-responsive genes in pros-
tate cancer cells (41). Given the fact that p63-expressing basal
cells are essential for prostate sphere formation and prostate
development (21, 35), future studies of whether and how p63
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Gli1, 2, and 3 binding to the p63 promoter in PEB cells was examined by chromatin immunoprecipitation as described under “Experimental Procedures.” D-F,
he primary prostate cells were transduced with control vector (Fu-CRW), Gli3T, shRNA-GIi1, or shRNA-GIli2 by lentiviral infection. After 5 days of growing in
Matrigel, RFP was expressed in the transduced cells. RFP™ cells were sorted and remixed with Matrigel and subjected to the sphere formation assay. The
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0.0017; N.S., no significance (two-tailed Student t test).

expression is transcriptionally regulated by the AR-Gli interac-
tion will be helpful for an intervention of prostate cancer pro-
gression and relapse.

Glisignaling regulates prostate progenitor cell renewal, likely
through modulation of p63 expression. Our study demon-
strates that blocking Gli signaling (by overexpression of the
dominant negative regulator Gli3T) inhibits p63 expression
and pathological proliferation of p63-expressing cells in
Kras+AR tumors. Our results support the reciprocal regula-
tion of Gli signaling and p63 expression for maintenance of the
epidermal homeostasis of multiple organs, including normal
prostate development (32). Interference with the p63 and Gli
signaling interaction network leads to dysregulation of differ-
entiation and promotes initiation of carcinogenesis (22, 32, 33).

Our data illustrate different functional roles of Glil and Gli2
in mediation of the oncogenic synergy of Kras and AR.
Although a decrease in Glil expression inhibits Kras
(G12D)+AR-induced tumorigenesis, down-regulation of Gli2
suppresses the proliferation of p63™ basal/progenitor cells but
not the Kras(G12D) + AR-induced prostatic lesion. This differ-
ent functional role of Glil and Gli2 may be explained by the
dissimilarity of the protein structures (37). Both Glil and 2 pro-
teins contain the activator domain; however, Gli2, but not Glil,
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has the inhibitory domain in the N terminus. This is in line with
evidence showing that aberrant expression of Glil is involved in
the formation of basal cell carcinoma (42, 43). In contrast,
expression of Gli2 is regulated by p63, and p63-Gli2 cross-talk
facilitates osteosarcoma progression (44). Additionally, mouse
genetics show that Gli2 is essential in embryonic development,
whereas Glil is dispensable (31). The redundant and distinctive
functions among Gli family members should be further inves-
tigated in the pathological context. It remains to be determined
whether Gli2, particularly the transcriptional repressor
domain, could directly or indirectly regulate p63 expression in
collaboration with AR signaling during tumor progression.
Dysregulation of hedgehog/Gli signaling is associated with
numerous types of cancer, including prostate cancer (45). A
variety of inhibitors have been developed to target different
levels of hedgehog/Gli signaling, including suppression of
SMO, interference with the hedgehog/patched interaction, and
direct inhibition of Gli signaling. These compounds include
SMO inhibitors such as vismodegib and sonidegib, two Food
and Drug Administration-approved inhibitors, and others,
such as BMS-833923, IPI-926, PF-04449913, and LY2940680,
which are currently in clinical trials (46, 47). However, a variety
of oncogenic pathways, including Kras, TGF-B, PI3K-AKT,
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PKC-e, and Kras+AR (this study), induce Gli signaling inde-
pendent of hedgehog activation (23, 24). Inhibitors targeting
SMO or hedgehog-dependent Gli signaling likely exhibit no
efficacy in inhibition of non-canonical Gli signaling. Given that
only very few Gli inhibitors have been developed, identifying
inhibitors directly suppressing Gli signaling will provide an
effective therapeutic approach in targeting tumor progression.

Experimental Procedures

Plasmid and Lentiviral Production—A lentiviral vector over-
expressing Gli3T, designated FUCRW-GIi3T, was created for
in vivo or in vitro experiments. The fragment corresponding to
1-743 amino acids of human Gli3 was PCR-amplified from
template DNA, GLI-3 bs-2 (Addgene, catalog no. 16420), using
hGli3-F and hGli3—743R primers (supplemental Table S1). The
PCR product was inserted into the Xbal site of the FUCRW
lentiviral vector. Additionally, multiple lentiviral vectors carry-
ing shRNA were created to target Glil and Gli2 expression.
Three pairs of shGlil oligonucleotides and two pairs of shGli2
oligonucleotides were used that contain a target sequence of
mouse Glil and Gli2, followed by the loop sequence (TTCAA-
GAGA) and the reverse complement of the targeting sequence
(sequence shown in supplemental Table S1). One microgram of
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both forward and reverse oligonucleotides was annealed in
buffer containing 10 mm Tris-HCI, 50 mm KCI, and 1.5 mm
MgCl,. The product was purified and ligated into the BbsI site
of the psiRNA H1.4 shuttle vector, which is immediately down-
stream of the H1 promoter and upstream of the heximer A
termination sequence. The fragment of H1-shRNA was then
digested from the shuttle vector by Pacl and subcloned into the
Pacl site of the FUCRW vector. Because all lentiviral vectors
were derived from the FUCRW parental vector, they carry an
RFP marker under the CMV promoter. Lentivirus production
and infection were performed as described previously (11). All
procedures followed the safety guidelines and regulations of the
University of Georgia.

Mouse Mating and Genotyping—CCSP-rtTA;Tet-on-Kras4b'>"
mice were generated by mating CCSP-rtTA mice (from the
laboratory of D. Spyropoulos) with Tet-on-Kras4b%'*” mice
(from the Varmus laboratory). The genotype of the CCSP-
rtTA;Tet-on-Kras4b'*" mice was genotyped by PCR analysis as
described previously (supplemental Fig. S14) (26). The genotyping
primers can be found in supplemental Table 1. Expression of
CCSP has been reported in lung, prostate, and ovary tissues based
on RNA sequencing analysis (GeneCards Database).
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Prostate Regeneration Assay and Secondary Implantation—
For the prostate regeneration assay, primary prostate cells
were isolated from 8- to 12-week-old CCSP-rtTA;Tet-on-
Kras4b%'?P male mice and infected with a lentivirus accord-
ing to the experimental outline described in Figs. 1B, 34, 44,
and 5A. Infected cells (2-3 X 10° cells/graft) were combined
with urogenital sinus mesenchyme (UGSM) (2-3 X 10°
cells/graft) together with 25 ul of collagen type I (adjusted to
pH 7.0). After overnight incubation, grafts were implanted
under the kidney capsule in CB.175“'P?/5¢'® (SCID) mice by
survival surgery.

In the experiment described in Fig. 2, Kras(G12D)+AR
tumors were minced into small pieces, and 20 —30 mg of tumor
was implanted subcutaneously into the flanks of a SCID mouse.
Additionally, an androgen pellet (testosterone) was also
implanted under the back of SCID mice (in the experiment
shown in supplemental Fig. S2 and Fig. 2), or no pellet was
implanted (physiological level) (in the experiment shown in
supplemental Fig. S2). After 4 weeks, testosterone was either
removed in one group of mice or retained in the other group (in
the experiment shown in Fig. 2). Alternatively, as described in
the experiments shown in supplemental Fig. S3, Kras(G12D)+
AR tumors were dissociated into single cells. 5 X 10° cells were
injected subcutaneously into intact or 1-month-castrated SCID
mice. All animals were maintained and used according to the
surgical and experimental procedures of the protocol A2013
03-008, which was approved by the Institutional Animal Care
and Use Committee of the University of Georgia.

Sphere Formation Assay for Primary Prostate Cells—Dissoci-
ated primary prostate cells from Bl6 mice as described above
were counted and seeded at 5 X 10° cells/well in a 12-well plate.
A lentivirus carrying the control vector or overexpression of
Gli3T, shRNA-GIi1, or shRNA-GIi2 was added to dissociated
primary prostate cells with a multiplicity of infection of 10 -20,
respectively. After 2 h of spin infection (at 1500 rpm), lentivirus
was removed from each well. The transduced cells were resus-
pended from the well, washed twice, and finally resuspended in
50 wl of prostate epithelial cell growth medium (Lonza, catalog
no. CC-3166). Fifty microliters of cell suspension was mixed
with 50 ul of Matrigel and plated around the rims of the wells in
a 12-well plate. After the cell-Matrigel mixture solidified at
37 °C for 20 min, 1 ml of PrEGM was added. Cells were cultured
for 5 days to allow viral integration and RFP expression. After
RFP expression was confirmed, dispase was added to digest the
Matrigel matrix. Cell clusters were collected and treated
sequentially with collagenase and trypsin as described above.
Digested cells were passed through a 22-gauge syringe three
times and filtered by a 40-um cell strainer. Cells were then
resuspended in 400 ul of PrEGM medium and sorted for RFP-
positive cells by flow cytometry. Fifty microliters of 8 X 10°
RFP™ cells in PrEGM were mixed with 50 ul of Matrigel and
reseeded in one well of a 12-well plate. The number of
spheres was counted after 10 days incubation. For the sec-
ondary spheres, primary spheres were dissociated by consec-
utive treatment of dispase, collagenase, and trypsin as
described above, and 12,000 cells/well were seeded. The
sphere growth procedures were the same as for the primary
sphere assay (34).
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Cell Culture, RNA Extraction, Real-time PCR, and Antibodies
for Western Blotting Analysis and Immunohistochemistry—
UGSM cells or mouse prostate epithelial basal (PEB) cells (a gift
from the laboratory of Dr. E. Lynette Wilson) (48) were seeded
into a 6-well plate and infected with the virus as indicated in
supplemental Figs. S6D and S7B for UGSM cells and Fig. 6, A
and B, for PEB cells. Three days after the cells were transduced
with control vector or Gli3T, shRNA-Gli, or shRNA-Gli2 by
lentiviral infection, the culture medium was removed, and cells
were washed with PBS for RNA or protein extraction.

Total RNA was isolated by TRIzol reagent (Life Technolo-
gies), following the protocol of the manufacturer. In brief, cells
were lysed in the plate by adding 1 ml of TRIzol reagent per well.
The cell lysate was resuspended several times and transferred to
a 1.5-ml tube. 0.2 ml of chloroform was added to each tube and
vortexed for 10 s. After centrifugation at 12,000 rpm for 1 min,
the supernatant was transferred into a new 1.5-ml tube, and 600
wl of chloroform was added and vortexed for 10 s. The mixture
was centrifuged at 12,000 rpm for 1 min, and the upper aqueous
phase was collected. After repeating the chloroform cleaning
step, RNA from the aqueous phase was precipitated by adding
600 ul of isopropanol and incubation at —20 °C for 30 min. The
mixture was further centrifuged at 12,000 rpm for 15 min. The
supernatant was removed, and the RNA pellet was washed with
cold 75% ethanol. Total RNA was obtained by removing etha-
nol, air-dried, and redissolved in 10 ul of nuclease-free water.

Complementary DNA was reverse-transcribed from 1 ug of
total RNA in a 20-ul reaction with a high-capacity cDNA
reverse transcription kit (Life Technologies). The RT products
were diluted with 80 ul of distilled H,O (making the total vol-
ume 100 ul), and 2 pl was used for each real-time PCR reaction.
The relative quantification in -fold changes in gene expression
was obtained by 2-AACt method with GAPDH as the internal
reference gene. Real-time PCR reactions were performed using
the PerfeCTa SYBR Green FastMix (Quanta Biosciences). Each
reaction contained 10 ul of 2X SYBR Green FastMix, 1 ul of
primer pairs (20 ng/ul), 2 ul of cDNA, and 7 ul of distilled
water. The thermal cycling conditions were composed of an
initial denaturation step at 95 °C for 1 min, 40 cycles at 95 °C for
10 s, and 60 °C for 50 s. The experiments were carried out in
triplicate.

For Western blotting analysis, cells were lysed with radioim-
mune precipitation assay buffer containing standard protease
inhibitors. For immunohistochemistry, formalin-fixed/paraf-
fin-embedded specimens were sectioned at 4-um thickness and
mounted on positively charged slides. Sections were stained
with H&E, and IHC analysis as described previously (11, 29, 49).
The following antibodies were used for Western blotting anal-
ysis and immunohistochemistry: Gli3 (Abcam, Ab69838,
1:1000), Actin (Abcam, Ab49900, 1:5000), Erk (Santa Cruz Bio-
technology, SC-154, 1:5000), p63 (Santa Cruz Biotechnology,
8431, 1:250), AR (Santa Cruz Biotechnology, SC-816, 1:200),
CK5 (BioLegend, 905501, 1:500), CK8 (BioLegend, 904801,
1:1000), Glil (Cell Signaling Technology, 2534, 1:500), Gli2
(Abcam, ab26056, 1:500), CK14: (Abcam, ab7800, 1:250), and
CK18 (Abcam, ab181597, 1:800).

ChIP Assay—Briefly, 5 X 10° PEB cells were cross-linked with
1% formaldehyde, followed by cell lysis. DNA was sheared using
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a Bioruptor 300 (Diagenode, Denville, NJ) to fragment DNA to
~600 bp. Aliquots of the sheared chromatin were then immu-
noprecipitated using magnetic beads and Glil (Novus Biologi-
cals, NB600-600), Gli2 (Novus Biologicals, NB600-874), or Gli3
(Santa Cruz Biotechnology, sc-20688 X) antibodies or a normal
rabbit IgG separately. Following immunoprecipitation, cross-
links were removed, and immunoprecipitated DNA was puri-
fied using spin columns and subsequently amplified by quanti-
tative PCR. The following quantitative PCR primers were
designed to amplify regions of the ANp63 promoter containing
a potential Gli binding site: sense, GCCTTTGAGATGC-
CTCTGT; antisense, TCCAGCTACACAGCAGAAAC. Quan-
titative SYBR PCR was performed in triplicate using the C1000
thermal cycler (Bio-Rad). Results are represented as percentage
of input.

Statistical Analysis—Prism software was used to carry out a
statistical analysis. The data were presented as mean = S.E. and
analyzed by Student’s ¢ test. All ¢ tests were performed at the
two-sided 0.05 level for significance.

Author Contributions—M. W. and H. C. designed the experiments
and wrote the manuscript. M. W. performed the majority of the
experiments. L. L., Q.L., and S. K. helped with immunohistochemis-
try, lentiviral vectors, and preparation of some lentiviruses in some
experiments. D. D. S. initiated and provided prostate tissue of the
doxycycline-regulated Kras mouse colony. Z. B. participated in writ-
ing the manuscript. E.J. T., R.E. V., and M. E. F. Z. conducted the
ChIP assay, provided prostate tissue of transgenic mice, and partici-
pated in manuscript preparation. Y. M. performed real time PCR and
J. H. performed pathological analysis.
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