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Figure 7. YAP1 is activated in human prostate cancer and correlated with MDSC signature andCXCL6 overexpression. A, IHC analysis of YAP1 expres-
sion in basal cells of normal prostate tissue and human prostate cancers. Numbers in parentheses indicate YAP1 IHC intensity sores. B, YAP1 IHC inten-
sity score representation in low-grade (n= 10) and high-grade = 60) prostate cancer. C, clustering of human TCGA prostate samples into MDSC-high,
MDSC-low, and MDSC-medium groups using a 39-gene MDSC signature. D, YAP1 signatures are identi“ed in MDSC-high prostate TCGA samples.

E, CXCL6 expression is signi“cantly higher in the MDSC-high group. See also Supplementary Fig. S7.
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CXCL6, the human homolog of murine CxclS, is expressed at
higher levels in the MDSC-high samples as compared with
MDSC-low samples (Fig. 7E; P = 9.40E-29). Similar analy-
sis was performed in a published dataset focused on tumor
immunobiological differences in prostate cancer between
African-American and European-American men (32). The
39-gene MDSC signature can cluster the 69 primary prostate
tumors into MDSC-high (n = 40) and MDSC-low groups
(n=29), and YAP1 signatures were prominent in the MDSC-
high groups (Supplementary Fig. S7A and S7B). Together,
these human prostate tumor findings, which parallel our
murine observations, suggest that activated YAP1 is integral
to MDSC infiltration in both mouse and human prostate
cancer, thus enhancing the translational value of the study.

DISCUSSION

Although a large number of studies have demonstrated a
direct relationship between MDSC frequency and tumor burden
(5), our understanding of the role of MDSCs in tumor progres-
sion, particularly prostate cancer, remains largely speculative.
Here, using a highly invasive PTEN/SMAD4-deficient prostate
cancer model, we established the signaling circuits involved in
the recruitment of MDSCs to the TME and demonstrated a
critical role of these cells in facilitating tumor progression.

Homozygous deletion of Pten in murine prostate elicited a
strong senescence response that restricts tumor progression
(33); thus, Pten-deficient prostate tumors are largely indolent
and progress slowly to invasive prostate adenocarcinoma with-
out metastasis to distant organs (11, 33). Recently, it was shown
that infiltcrating Gr1* myeloid cells suppress Pten loss-induced
cellular senescence through a paracrine signaling mediated by
myeloid-secreted IL1IRA (10). We have previously reported that
deletion of Smad4 leads to bypass of Pten loss-induced senes-
cence in prostate cancer progression, resulting in aggressive
cancer cell proliferation and invasion/metastasis (11). Using
the state-of-the-art CyTOF technology, we revealed that pro-
gression in the Pten’/"Smad4*</~ model is associated with
abundant immune cell infiltration characterized by prominent
representation of CD11b*Gr1* MDSCs, which display potent
immunosuppressive activities as shown by their strong antago-
nistic effect on T-cell proliferation (Fig. 3A and B).

The basis for the increased frequency of MDSCs in the TME
and, specifically in the PtenP“”/"Smad4P</~ model, was not known
and presumably could derive from either active chemoattrac-
tion or passive nonspecific responses to tissue stress associated
with expanding tumor burden. Taking an unbiased approach
to identify pathways that may recruit MDSCs, we deconvo-
luted cancer versus stromal cell transcriptomes by exploiting
a Cre-dependent dual fluorescence lineage tracing system in
the Pten?*/"Smad4*<”/~ model. This approach identified unique
immune regulatory molecules that are activated prominently
in PtenP/"Smad4?=/~ cancer cells, most prominently CXCLS.
We established that the CXCLS chemokine plays a key role in
the efficient recruitment of MDSCs which enables tumor pro-
gression, as blocking CXCL5-CXCR2 signaling with a CXCR2
inhibitor led to reduced MDSC infiltration with associated
antitumor effects. It should be noted that the human homolog
for murine CXCLS is CXCL6, and CXCL6 has been shown to
be upregulated in prostate cancer as compared with normal

prostate and significantly associated with high Gleason scores
8 to 9 (34). Interestingly, it was shown that CXCLS promotes
recruitment of MDSCs to primary melanoma, resulting in
epithelial-mesenchymal transition (EMT) and cancer cell dis-
semination (35). Thus, the possible role of CXCL5/CXCL6 in
prostate cancer metastasis merits further study.

Our finding that CXCLS5 is the main chemoattractant in
the Pten*/"Smad4?<”/~ model also provided a framework to
determine the cancer cell signaling pathways driving CxclS
upregulation. By integration of bioinformatic analysis and
experimental validation, we identified that YAP1 is activated
in PtenP*/"Smad4P=/~ prostate tumors and that YAP1 directly
regulates CxclS transcription and MDSC recruitment. In
addition, we showed that YAP1 is overexpressed in a subset
of human prostate cancers, which is consistent with a recent
publication showing a correlation of ERG and YAP1 coex-
pressed in a subset of human prostate cancers (29). Impor-
tantly, a 39-gene MDSC signature clusters the prostate TCGA
samples into three subtypes. By comparing the samples with
high and low abundance of MDSC-related gene expression,
YAP1 signatures and higher expression of CXCL6 are iden-
tified in the MDSC-high samples, which is consistent with
our findings in the mouse model. Furthermore, the 39-gene
MDSC signature can cluster primary prostate tumor sam-
ples from a published dataset (32) into two subtypes using
MDSC-high and MDSC-low, with YAP1 signatures identified
in the MDSC-high subtype. The Hippo-YAP signaling path-
way is widely deregulated in human solid neoplasia and often
associated with enhanced cancer cell proliferation and cancer
stem cell phenotypes (25), and is implicated in the regulation
of anoikis and metastasis in prostate cancer (28) and the
development of age-related prostate cancers driven by ERG
overexpression (29), yet how the Hippo-YAP pathway regu-
lates the TME in prostate cancer has hitherto not yet been
elucidated. Our finding of a novel non-cell autonomous
function for Hippo-YAP signaling in MDSC recruitment in
TME complements well the recently elucidated roles of YAP1
in promoting cell-autonomous functionality of cancer cells,
including enhanced tumor survival, EMT, and bypass mecha-
nism for oncogene addiction (26, 27).

Pharmacologic depletion of MDSCs using Grl antibody,
Pep-H6 peptibody, or CXCR2 inhibitor arrested prostate
progression at the high-grade PIN stage whereas controls
exhibited full-fledged adenocarcinoma in PtenP*/ Smad4v</-
model. Given that treatment commences at 14 weeks of age
(Supplementary Fig. S3A), when prostate tumors have uni-
formly advanced to the invasive adenocarcinoma stage (11)
with significant MDSC infiltration (Fig. 2B), our findings
support the view that anti-MDSC treatment provokes regres-
sion of advanced tumors. In addition, both Pep-H6 peptibody
and CXCR2 inhibitor treatment significantly prolonged the
overall survival of the Pten?*/"Smad4P*/~ tumor-bearing mice.
Therefore, our preclinical data suggest that pharmacologic
depletion of MDSCs may offer potential therapeutic benefits
for patients with advanced prostate cancer, particularly those
deficient for PTEN and SMAD4. In line with our findings,
others have demonstrated that depletion of G-MDSCs pro-
motes the intratumoral accumulation of activated CD8* T
cells and apoptosis of tumor epithelial cells in a Kras/Trp53
mouse pancreatic cancer model (36).
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MDSCs are of myeloid cell lineage, and their coordinated
regulation represents one of the most complex aspects of
cancer-host interactions (37). The involvement of the mye-
loid compartment of the hematopoietic system in innate
immunity, adaptive immunity, as well as in regulation of
TME through nonimmune mechanisms highlights the need
to understand more deeply how modulating different mye-
loid populations, including MDSCs, can positively or nega-
tively affect tumor growth.

Pep-H6 peptibody, targeting S100A9 expressed on MDSCs,
has been shown to have minimal toxicity in treated mice (20)
and potent antitumor activity (Fig. 4D and E; ref. 18). Interest-
ingly, tasquinimod, a small-molecular inhibitor for SI00A9, has
been shown to increase progression-free survival and overall
survival for metastatic castration-resistant prostate cancer in a
phase II clinical trial and has entered phase III clinical trials (38).
Importantly, similar to the peptibody treatment in mice, tas-
quinimod is well tolerated and causes only minor adverse effects
in human patients (38), suggesting that tasquinimod or similar
drugs targeting SI00A9 could potentially be used as chemopre-
ventive agents for patients with high-risk primary prostate can-
cer. The antiproliferative mechanism may explain why targeting
CXCR2 in prostate cancer with abundant preexisting MDSC
infiltration can lead to MDSC depletion, as MDSCs have been
shown to undergo active proliferation inside the prostate tumor
of the Pren”*/~ model (9). The effectiveness of targeting CXCR2
in our model suggests targeting mechanisms that specifically
regulate MDSC recruitment as well as their proliferative and
survival potential in human cancers would provide therapeutic
benefit for patients with prostate cancer.

Targeting MDSCs as a cooperative approach for immuno-
therapy is clinically relevant, as increasing evidence indi-
cates MDSCs represent a bona fide immunosuppressive cell
population in patients with various solid tumors (39, 40).
Immunosuppressive mechanisms by MDSCs in mice have
been validated in humans, which include r-arginine deple-
tion, NO and ROS production, TGFf secretion, blocking T,¢
cells and inducing T, cells, among others (39). Future stud-
ies are warranted to evaluate if combining MDSC depletion
with immune checkpoint inhibitors, such as anti-CTLA-4,
anti-PD-1, and anti-PD-L1 antibodies, may elicit synergistic
efficacy in preclinical models of prostate cancer and eventu-
ally benefit patients with prostate cancer.

METHODS

Mice Strains

Pten?</ and Pten?/"Smad4?/~ models were developed previously (11)
and were backcrossed to the C57BL/6 background for more than four
generations. B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)
Luo/J] (“mTmG”) strain was obtained from The Jackson Laboratory.
Mice were maintained in pathogen-free conditions at the MD Anderson
Cancer Center. All manipulations were approved under the MD Ander-
son Cancer Center Institutional Animal Care and Use Committee.

Cell Lines

Pten?</"Smad4p</~ prostate cell lines, which have been described
previously (11), were generated in 2010. PPS, a C57BL/6-syngeneic
cell line isolated from prostate tumors of Ptent/"Smad4v<”/ TrpS3</-
mice, was generated in 2013. All cell lines tested for Mycoplasma were

negative within 6 months of performing the experiments. Cell line
authentication was not performed.

CyTOF and Flow Cytometry

Prostate tumor single cells were isolated using the Mouse Tumor Dis-
sociation Kit (Miltenyi Biotec). Single cells were isolated from spleen,
lymph node, and peripheral blood using standard protocol. All isolated
cells were depleted of erythrocytes by hypotonic lysis. For CyTOF
analysis, cells were blocked for FcyR using CD16/CD32 antibody (clone
2.4G2, BD Biosciences) and incubated with CyTOF antibody (DVS Sci-
ences, used at 0.5 test/1 million cells) for 30 minutes at room tempera-
ture. Cells were washed once and incubated with MAXPARNucleic Acid
Intercalator-'Rh (DVS Sciences) for 20 minutes for viability staining.
Cells were fixed with 1.6% formaldehyde for 1 hour and incubated with
MAXPARNucleic Acid Intercalator-Ir (DVS Sciences) at 4°C overnight
to stain the nuclei. The samples were analyzed with CyTOF instrument
(DVS Sciences) in the Flow Cytometry and Cellular Imaging Core Facil-
ity at the MD Anderson Cancer Center. Flow cytometry was performed
using standard protocol on LSRFortessa analyzer (Becton Dickinson)
and analyzed with Flow]Jo software (Tree Star).

T-cell Suppression and MDSC Migration Assay

T-cell suppression assay was performed as described (9) using
FACS-sorted MDSCs and CFSE (Invitrogen)-labeled MACS-sorted
(Miltenyi Biotec) CD8" or CD4* T cells in anti-CD3- and anti-
CD28-coated 96-well plates at an MDSC/T-cell ratio of 0:1, 1:1, 1:2,
1:4, with 3.0 X 10° to 5.0 X 10° MDSCs used in each ratio. Cells were
analyzed after 72 hours by flow cytometry, and the suppression of
T cells is calculated as described (41). The percentage of CFSE* cells
divided in the presence of MDSCs was compared with the percentage
of CFSE* divided cells in the absence of any added MDSCs. For the
MDSC migration assay, an equal number of FACS-sorted MDSCs,
untreated or pretreated with neutralizing antibody or inhibitor, were
placed on the upper chamber of a transwell system (BD Falcon),
and conditioned media from PTEN/SMAD4-deficient cells under
various conditions were added to the bottom chamber. Cells were
allowed to migrate to the bottom well for 6 hours at 37°C with 5%
CO,. Migrated cells were then analyzed by flow cytometry using BD
Fortessa X20. Migrated FITC-positive cells were gated to count the
absolute number of cells migrated through the transwell.

MSDC Depletion In Vivo with Grl Antibody, Peptibody,
and CXCR2 Inhibitor SB225002

Anti-Grl (clone RB6-8CS) and isotype control (clone LTF2) were
purchased from BioXcell and dosed at 200 ug/mouse (i.p.) every other
day. Endotoxin-free plasmids (15 pg) for irrelevant control peptibody
(Irr-pep) and MDSC-specific Pep-H6 peptibody were injected into mice
through tail vein using the established protocol (21) in TransIT-EE
Delivery Solution (Mirus Bio LLC) every 4 days. SB225002 (Cayman
Chemical) in DMSO was diluted in vehicle (0.9% NaCl, 0.3% Tween
80) for in vivo administration every other day (5 mg/kg).

Inducible Yapl Knockdown

Inducible Yapl knockdown was constructed by cloning the two
Yapl shRNAs used previously (26) from the pLKO.1 into a doxycy-
cline-inducible plasmid. Lentivirus was packaged in 293T and was
used to infect PPS, a C57BL/6-syngeneic cell line isolated from pros-
tate tumor of Pten®/"Smad4*</~Trp53</ mice. Stable sublines were
selected with puromycin (2 pg/mL) and injected subcutaneously to
the flank of 5-week-old male C57BL/6 mice (Jackson Laboratory).
Two weeks after injection, mice were fed with doxycycline water
(2 g/L), a method used to execute doxycycline-inducible expression
in vivo (42). Tumors were measured and extracted 6 days later to ana-
lyze for MDSC percentage in infiltrating immune cells.
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Computational Analysis of Mouse Microarray Data and
Human Prostate TCGA Data

RNA was isolated from FACS-sorted GFP* and Tomato™ cells using
Pten?</"Smad4P"mTmG* prostate tumors, followed by microarray
analysis at the MD Anderson Microarray Core facility using the Mouse
Genome 430 2.0 Array (Affymetrix) to generate a Pten?/"Smad4p</~
tumor/stroma dataset GSE71319. Dataset GSE25140 was down-
loaded from the NCBI Gene Expression Omnibus (GEO) database.
Differentially expressed genes between two conditions (GFP* vs.
Tomato* or PTEN/SMAD4 vs. PTEN) were subjected to IPA, GSEA,
and oPOSSUM analysis. For analysis of human prostate data, we first
generated a list of 39 human MDSC signature genes by literature
mining (Supplementary Table S7). The gene expression data of 498
TCGA prostate samples were downloaded from the Broad GDAC
Firehose (http://gdac.broadinstitute.org), which is the RSEM expres-
sion estimates normalized to set the upper quartile count at 1,000 for
gene level and then with log, transformation. The 498 TCGA prostate
samples were clustered using the 39 MDSC genes into MDSC-high,
MDSC-low, and MDSC-medium (distance between pairs of samples
was measured by Manhattan distance, and clustering was then per-
formed using complete-linkage hierarchical clustering). Sixty-nine
samples from Wallace and colleagues (32) were clustered into MDSC-
high and MDSC-low. Differentially expressed genes between MDSC-
high and MDSC-low were analyzed by GSEA. The expression of
CXCL6 in MDSC-high samples is compared with MDSC-low samples
using the Wilcoxon test.

Immunohistochemistry and Western Blot Analysis

Tissues were fixed in 10% formalin overnight and embedded in
paraffin. THC was performed as described earlier (11). For Western
blot analysis, cells were lysed on ice using RIPA buffer (Boston Bio-
Products) supplemented with protease and phosphatase inhibitors
(Roche). YAP1 antibody was obtained from Novus Bio and Cell
Signaling Technology. CXCLS antibodies were obtained from Bioss
and R&D Biosystems. CXCR2 antibody was obtained from Bioss
and R&D Biosystems. CD45 and Ly6G antibodies were obtained
from Biolegend. Prostate tissue microarray was obtained from Folio
Bioscience.

Chromatin Immunoprecipitation

ChIP was performed as described (26) using YAP1 antibody from
Novus. Briefly, S pg of rabbit IgG (Santa Cruz) or YAP1 antibody was
incubated with Protein A Dynabead magnetic beads (Invitrogen) for
4 hours, followed by extensive wash to remove unbound antibody.
Antibody beads were then added to the chromatin and incubated over-
night. The following primers were used for qPCR analysis: CXCL5_S:
§-CTCCAGTTTCCTGCCTGAAG-3"and CXCLS_as: 5-GTGTGGAG
ATTGGGGCTCTA-3".

Quantitative RT-PCR

RNA was isolated by the RNeasy Kit (Qiagen) and reverse tran-
scribed using the Superscript III cDNA Synthesis Kit (Life Technol-
ogy). Quantitative PCR was performed using the SYBR-GreenER Kit
(Life Technology). The following primers were used: CXCLS_Fwd:
GCATTTCTGTTGCTGTTCACGCTG, CXCLS_Rev: CCTCCTTCT
GGTTTTTCAGTTTAGC; B-actin_Fwd: GAAATCGTGCGTGACATC
AAAG, B-actin_Rev: TGTAGTTTCATGGATGCCACAG; YAP1_Fwd:
TGAGATCCCTGATGATGTACCAC,YAP1_Rev:TGTTGTTGTCTGA
TCGTTGTGAT.

Statistical Analysis

Data are presented as mean + SD unless indicated otherwise. The
Student ¢ test assuming two-tailed distributions was used to calculate
statistical significance between groups. Animal survival benefit was

determined by the Kaplan-Meier analysis. P < 0.05 was considered
statistically significant.

Accession Numbers

The expression array data used in this article were in GEO with
accession numbers GSE25140 (11) and GSE71319.
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