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Akey feature of high-grade serous ovarian carcinoma (HGSOC) is frequent amplification of the 3q26 locus harboring
PRKC-ι (PRKCI). Here, we show that PRKCI is also expressed in early fallopian tube lesions, called serous tubal
intraepithelial carcinoma. Transgenic mouse studies establish PRKCI as an ovarian cancer-specific oncogene.
Mechanistically, we show that the oncogenic activity of PRKCI relates in part to the up-regulation of TNFα to
promote an immune-suppressive tumor microenvironment characterized by an abundance of myeloid-derived
suppressor cells and inhibition of cytotoxic T-cell infiltration. Furthermore, system-level and functional analyses
identify YAP1 as a downstream effector in tumor progression. In human ovarian cancers, high PRKCI expression
also correlates with high expression of TNFα and YAP1 and low infiltration of cytotoxic T cells. The PRKCI–YAP1
regulation of the tumor immunity provides a therapeutic strategy for highly lethal ovarian cancer.

[Keywords: PRKCI; YAP; ovarian cancer]

Supplemental material is available for this article.

Received January 31, 2017; revised version accepted June 8, 2017.

Epithelial ovarian cancer is the deadliest gynecological
malignancy across the globe. High-grade serous ovarian
carcinoma (HGSOC) is the most common and most
aggressive subtype and is associatedwith the highestmor-
tality rate. The 5-yr survival rate for HGSOC drops drasti-
cally from stage I to stage III/IV, with poor clinical
outcomes attributed to widespread intraperitoneal dis-
semination and limited effective therapies for advanced
disease.
Prevalent somatic copy number alteration is a promi-

nent feature of the HGSOC genome (The Cancer Genome

Atlas Research Network 2011). Amplification of the 3q26
locus is one of the most common alterations, observed in
>70% of HGSOC cases. The minimal common amplified
region of the 3q26 locus (containing 20 genes) across mul-
tiple tumor types includes PRKC-ι (PRKCI) (Hagerstrand
et al. 2013), a gene encoding a serine threonine kinase
belonging to the atypical protein kinase C (aPKC) family.
Overexpression of PRKCI has been reported in lung
(Regala et al. 2005a), pancreas (Scotti et al. 2010), stomach
(Takagawa et al. 2010), colon (Murray et al. 2004), liver
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(Du et al. 2009), bile duct (Li et al. 2008), breast (Kojima
et al. 2008), prostate (Ishiguro et al. 2009), and head and
neck (Ginos et al. 2004) cancers. PRKCI is a putative onco-
gene in colon and lung cancer models, as its abrogation
reduces tumorigenesis in genetically engineered mouse
models of these diseases. Moreover, loss-of-function stud-
ieshave shown thatPRKCImaintains the tumor-initiating
capacity of ovarian cancer cells (Wang et al. 2013). PRKCI
amplification is associated with poor prognosis in ovarian
cancers (Weichert et al. 2003; Eder et al. 2005; Zhang et al.
2006). However, definitive evidence that PRKCI is an
ovarian cancer oncogene has not been reported.

Herewe establish that PRKCI overexpression is an early
event in human ovarian cancer, and enforced expression
in the fallopian tube (FT) epithelium (FTE) can drive
tumorigenesis in a transgenic mouse model, implicating
PRKCI as a bona fide ovarian cancer oncogene. Mechanis-
tically, PRKCI overexpression engenders an immune-sup-
pressive tumor microenvironment with poor infiltration
of cytotoxic T cells. We demonstrate that PRKCI pro-
motes immune suppression via YAP1, which activates ex-
pression of proinflammatory cytokines, including TNFα.

Results

PRKCI up-regulation is an early and common event
in ovarian neoplasms

Analysis of the HGSOC TCGA (The Cancer Genome
Atlas) data set (see the Materials and Methods) revealed
that 78% of samples (n = 409) harbor increased PRKCI
somatic copy number with a significant positive correla-
tion (rho = 0.46; P-value = 6 × 10−23, Spearman correlation)
between PRKCI transcript abundance and somatic copy
number alterations (Fig. 1A). In a second independent
ovarian cancer cohort, fluorescence in situ hybridization
(FISH) confirmed PRKCI chromosomal locus amplifica-
tion in 14 of 31 (45%) primary serous ovarian adenocarci-
noma samples compared with no amplification detected
inmucinous (five samples) and endometrial (two samples)
carcinomas (Supplemental Fig. S1A). Correspondingly, in
a third independent cohort, tumor tissue microarray
(TMA) analyses documented PRKCI protein overexpres-
sion in serous ovarian carcinoma relative to normal ovar-
ian tissue (Supplemental Fig. S1B,C). Specifically, blinded
scoring by two expert pathologists concluded that 42 of 66
(64%) tumor cores exhibited high PRKCI expression
(score: 2+ to 3+), and the majority of these high PRKCI-ex-
pressing tumors (29 of 42, 69%) was classified as serous
subtype. Notably, all tumor cores graded as 3+ for PRKCI
expression were classified as serous subtype.

Interestingly, increased PRKCI expression was also ob-
served in serous tubal intraepithelial carcinoma (STIC)
(Fig. 1B,C), which is considered a candidate precursor
lesion for HGSOC (Jones and Drapkin 2013). It is worth
noting that the high PRKCI expression in STICs adjacent
to a serous carcinoma mirrors the pattern of TP53 inacti-
vation, a known early event in ovarian tumorigenesis,
raising the possibility of a cooperative role of PRKCI and
TP53 in the early evolution of ovarian cancer.

Whole-genome duplication is frequently observed in
the late stages of HGSOC progression. We found that
111 of 170 (65%) TCGA HGSOC samples without
genome duplication harbor somatic copy number alter-
ations of PRKCI locus, further supporting the hypothesis
that PRKCI amplification occurs early in HGSOC (Sup-
plemental Fig. S1D). Together, these data support the
view that high PRKCI expression may drive the genesis
of HGSOC.

Enforced PRKCI expression cooperates with loss of
Tp53 and Pten tumor suppressors in the transformation
of the FTE

Early PRKCI expression in human STICs prompted devel-
opment of a transgenic mouse model with a doxycycline-
inducible system, enabling targeted expression of PRKCI
in the FT secretory epithelium (FTSE). Specifically, we en-
gineered tetO_LSL-PRKCI (iPRKCI) mice, which enables
control of PRKCI expression in a temporal and spatial
manner under the control of a tet operator with a lox–

Figure 1. The PRKCI gene is amplified and overexpressed in
serous ovarian carcinoma. (A) Ovarian serous carcinoma TCGA
data analysis shows an increase in PRKCImRNA expression con-
cordant with the gain of an additional DNA copy (gain) and/or
multiple copies (amplification). (B) PRKCI expression pattern in
different pathological features of the morphological continuum
from a normal FTE to invasive serous carcinoma by immunohis-
tochemistry. Normal FTE, containing both secretory and ciliated
cells, is typically immunonegative for TP53, Ki-67, and PRKCI.
Upon progression to serous tubal intraepithelial carcinoma
(STIC), there is an acquisition of PRKCI immunoreactivity simi-
lar to TP53. These cells also acquire a proliferative advantage, as
evidenced by Ki-67 expression. High levels of PRKCI, TP53, and
Ki-67 typically persist after STIC develops into invasive serous
carcinoma. (C ) PRKCI is expressed in adjacent histologically
benign FTEs (showing no signs of proliferation) similar to TP53
immunoreactivity in continuum with ovarian carcinoma.
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stop–lox cassette (Ying et al. 2012). This allele was
combined with the Pax8_rtta and tetO_Cre (Pax8-Cre)
transgenes to enable doxycycline-inducible PRKCI ex-
pression specifically in the FTSE (Supplemental Fig.
S2A). Normally, Pax8 expression is not detected in either
the mouse or human ovarian surface epithelium or the
ciliated cells of the FT (Perets et al. 2013).
Thus, in this Pax8-Cre;iPRKCI model, doxycycline

induced PRKCI expression in the FTE but not in the
ovarian surface epithelium (Supplemental Fig. S2B). His-
tological analysis of the FTs of Pax8-Cre;iPRKCI mice
identified accumulation of vacuolated structures and
abnormal shape of the FTE (Supplemental Fig. S3A);
however, tumor formation was not observed in these
mice over a 40-wk course of doxycycline treatment, por-
tending the need for additional genetic events to effect
malignant transformation. Along these lines, it is notable
that, while inactivation of the TP53 and PTEN pathway
(including PIK3CA and AKT1/2/3 amplification or
PTEN deletion) is frequently observed in human serous
ovarian cancer (The Cancer Genome Atlas Research
Network 2011; Kim et al. 2012), mouse models sus-
taining homozygous deletion of these tumor suppressors
in the FTE generate STICs but fail to produce carcinomas
of the ovary, FT, or peritoneum (Perets et al. 2013).
These observations prompted the generation of mice pos-
sessing pax8-Cre;iPRKCI;PtenL/L;Tp53L/L (TPP) alleles
(Supplemental Fig. S2C).
Murine female cohorts harboringTp53L/L;PtenL/L;Pax8-

Cre (TP) alleles with or without iPRKCI were adminis-
tered doxycycline at weaning until euthanized. Doxycy-
cline treatment induced Cre expression, which mediated
deletion of Tp53L/L and PtenL/L alleles, and high PRKCI
expression in mice harboring the iPRKCI allele. The
doxycycline-treated TPP mice exhibited shorter overall
survival compared with mice without doxycycline induc-
tion (P-value < 0.0001) (Fig. 2A). Similarly, doxycycline-
treated TPmice exhibited overall better survival (P-value
< 0.0026) relative to doxycycline-treated TPP mice (Fig.
2A). Three of 14 TPmice and seven of 31 TPPmice devel-
oped sarcomas on hindlimbs or forelimbs. All four of the
31 TPPmice that were euthanized due to poor health con-
ditions exhibited STIC formation.
Specifically, 13 of 31 TPPmice developed FT or ovarian

tumors (Fig. 2B–D). In contrast, none of the 14 TP mice
formed any FT or ovarian tumors, although nine of these
14 mice exhibited STIC formation (Fig. 2B). Since the
Pax8 promoter drives gene expression in not only the FT
but also the endometrium and liver (Perets et al. 2013),
endometrial and liver tumor development was observed
in some mice (Supplemental Fig. S3B).
The majority of TPP mice (24 of 31, 77%) developed

STIC lesions characterized by large cells, loss of epithelial
architecture, and marked nuclear atypia in their FT fim-
briae (Fig. 3A). STIC lesions stained positive for PRKCI
and exhibited an expansion of the PAX8-expressing secre-
tory cells of the FT (Fig. 3B). In addition, STICs also ex-
pressed PAX2, a marker detected in HGSOC. Similar to
human STICs,murine STICs exhibited proliferative activ-
ity (Ki-67) consistent with a transformed FT phenotype

(Fig. 1B). Advanced malignant FT lesions of TPPmice dis-
played characteristic features of serous carcinoma, includ-
ing marked nuclear atypia and increased proliferative
index (Ki-67) as well as positive PAX8 and PAX2 staining
(Fig. 3B), similar to human ovarian serous carcinoma (Fig.
1B; Tong et al. 2007; Xiang and Kong 2013). Together, the
development of ovarian serous carcinomas as a result
of PAX8-directed PRKCI overexpression in a Tp53L/L;
PtenL/L genetic background provides strong genetic evi-
dence that PRKCI serves as a bona fide ovarian cancer
oncogene.

PRKCI promotes an immune-suppressive tumor
microenvironment

To elucidate the mechanistic actions of PRKCI in ovarian
cancer pathogenesis, the transcriptional profiles of
five malignant tumors and three normal FT and ovarian
tissues derived fromwild-type mice (treated with doxycy-
cline to control for the effect of doxycycline on gene
transcription) were compared. We observed up-regulation
of 712 genes and down-regulation of 1166 genes in
tumors relative to normal FTs (fold change 1.7; q-value
< 0.05) (Supplemental Table S1A,B). Gene set analysis of
the up-regulated genes enriched for immune response-as-
sociated pathways (Supplemental Fig. S4A; Supplemental

Figure 2. Transgenic PRKCI expression drives tumor formation
inmice. (A) Kaplan-Meier analysis showing decreased overall sur-
vival of TPPmice when treated with doxycycline compared with
untreatedTPPmice orTPmice treatedwith doxycycline. (B) Phe-
notype summary of TPP and TP mice on doxycycline. (C ) Gross
anatomy of tumors in doxycycline-treated TPP mice. (D, panels
a–e) H&E-stained cross-sections of tumors fromTPPmice on dox-
ycycline.Bar,100mm.(Panels f–g)Atypicalnucleusmorphologyis
marked with black arrows and the mitotic body is marked with
bluearrows.Bar,20mm.(Panelh)NucleiofnormalFT.Bar,20mm.
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Table S1C) raised the possibility of a role for PRKCI in reg-
ulating tumor immune microenvironment.

A comparison of the infiltrating immune cells in tu-
mors of TPPmice and FTs and ovaries from TPmice (Sup-
plemental Fig. S4B) exhibited a significant increase in
tumor-suppressive myeloid-derived suppressor cells
(MDSCs), particularly the Ly6G+ granulocytic MDSCs,
and a decrease in CD8+ T cells (Fig. 4A) in tumors. Consis-
tently, elevated expression of proinflammatorymolecules
such as TNFα, S100A8/A9, IL6, IL1b, CSF3, and PTGS2
(Grivennikov et al. 2010) was observed in the tumors (Sup-
plemental Table S1A). Reduced NK cell infiltration was
also observed, suggesting that PRKCI may also impact in-
nate immune response in the tumor microenvironment,
possibly through increased MDSCs (Fig. 4A; Li et al.
2009). PRKCI expression was unchanged in splenic
CD8+ T cells from iPRKCI mice with or without doxycy-
cline treatment, thereby ruling out the possibility that
the low CD8+ T-cell count in vivo was due to misexpres-
sion of the PRKCI transgene (Supplemental Fig. S4C).
Similar percentages of both MDSCs and CD8+ T cells
were observed when ovarian/FT tumors were grouped
based on the presence of a secondary liver tumor in
the mice (Supplemental Fig. S4D), suggesting that the
presence of second tumor types had no detectable effect
on the immune profile of the ovarian or FT cancer
microenvironment.

Furthermore, tumorigenesis assays in syngeneic mice
with a TPP tumor-derived cell line (named 333) supported
the role of PRKCI in promoting an immune-suppressive
microenvironment independent of any systemic effect.
Following intraperitoneal injection of 333 cells into syn-
geneic femalemice (lacking the Cre transgene), malignant
tumors arose between 6 and 8 wk after initiation of doxy-
cycline treatment (70% penetrance), compared with no
tumors in mice without doxycycline treatment (P-value

< 0.007) (Supplemental Fig. S4E). Modulation of PRKCI
in mice harboring similar-sized established tumors (as
determined by in vivo luciferase imaging) enabled us to
better assess the role of PRKCI in shaping the tumor mi-
croenvironment. Continued doxycycline treatment (for
an additional 10 d) fueled additional tumor growth, where-
as those withdrawn from doxycycline maintained their
original size (but did not regress significantly). The prolif-
erative index (Ki67) decreased significantly in tumors
taken off doxycycline compared with those kept on it
(Supplemental Fig. S4F). Immune profiling revealed that
tumors from doxycycline-withdrawn mice had lower
MDSC and higher CD8+ T-cell counts compared with tu-
mors from mice with continued doxycycline treatment,
findings that mirror the spontaneously arising tumors of
the TPP model (Fig. 4B). Tumors of varying sizes were
examined to minimize the influence of tumor size on
the immune profile; i.e., themean sizes between the “dox-
ycycline on” and the “doxycycline off” groups were not
significantly different (Supplemental Fig. S5A). Tumors
arising from333 cells expressing PRKCI ectopically exhib-
ited no significant difference in MDSC or CD8+ T-cell
infiltration in the presence or absence of doxycycline,

Figure 3. PRKCI overexpression transforms the FTE. (A) H&E-
stained cross-sections of FTs fromwild-type and TPP (on doxycy-
cline) mice showing the transformation of the FTE. Bar, 50 mm.
(B) Immunostaining for PRKCI, PAX8, PAX2, and Ki-67 showed
increased expression in STIC lesions and tumors compared
with normal FTs. Bar, 100 mm.

Figure 4. PRKCI promotes an immune-suppressive environ-
ment in tumors. (A) Pie chart representing immune profiles of
TPP tumors and ovaries/FTs of TP mice (on doxycycline), show-
ing increased MDSC and decreased T-cell infiltration in tumors.
(B,C) Cells from a TPP tumor-derived cell line (named 333) were
injected intraperitoneally into syngeneic mice (TPPmice lacking
the Cre allele). (B) Immune profile of syngeneic tumors showing
decreased MDSCs (panel i) and increased CD8+ T cells (panel ii)
upon doxycycline withdrawal of established tumors. (C ) Kaplan
Meier plot showing decreased tumor-free survival of α-CD8 anti-
body-injected mice compared with isotype-matched control IgG
antibody in the absence of doxycycline. Control IgG-injected
mice on doxycycline (PRKCI-induced) show tumor-free survival
comparable with α-CD8 antibody-injected mice.
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suggesting that doxycycline did not influence the tumor
microenvironment (Supplemental Fig. S5B,C). Thus,
PRKCI may promote tumorigenesis partly by promoting
a tumor microenvironment characterized by abundant
MDSCs and minimal CD8+ T cells.
MDSC and CD8+ T-cell depletion further confirmed

this hypothesis. Specifically, α-Gr1 antibody injection
(Supplemental Fig. S5D,E) reduced tumor formation
(P-value < 0.04) in syngeneic mice injected with 333 cells
and treated with doxycycline (PRKCI-induced) when
compared with IgG control. Inversely, α-CD8 antibody
injection (Supplemental Fig. S5F) in syngeneicmice inject-
ed with 333 cells and kept off doxycycline (no PRKCI in-
duction) formed tumors in nine of 10 mice, while α-IgG
treatment showed very minimal growth in two of nine
mice (P-value < 0.0001) (Fig. 4C; Supplemental Fig. S5G).
Tumor latency in α-CD8 antibody-treatedmice (no PRKCI
induction) was comparable with α-IgG-treated mice with
continued PRKCI expression (on doxycycline) (P-value =
ns). Thus, lack of PRKCI expression can be rescued partly
by CD8+ T-cell depletion to promote tumor formation.
The clinical relevance of these data is supported by

comparable PRKCI transcript levels in murine cell
lines and HGSOC samples in the TCGA data set (Supple-
mental Fig. S5H). Specifically, PRKCI expression was in-
duced 1.8-fold to 2.1-fold by doxycycline in 333, 291,
and 387 cells In the TCGA data set, themedian PRKCI ex-
pression for all ovarian tumor samples was 2.8-fold rela-
tive to median expression of eight normal FT samples
derived from healthy donors previously identified to be
negative for BRCA1 epigenetic silencing. Furthermore,
25% of samples expressed 3.9-fold more PRKCI than nor-
mal tissues. Thus, the levels of PRKCI expression in our
models compares well with those observed in human
ovarian cancers.

PRKCI activates TNFα-mediated migration of MDSCs

To understand the mechanisms underlying PRKCI-medi-
ated recruitment ofMDSCs into the tumormicroenviron-
ment, we profiled the conditioned medium from 333 cells
treated with or without doxycycline (data not shown).
PRKCI expression tracked with elevated expression of a
set of cytokines, of which TNFα, IL6, IL10, and IL1β
have been associated withMDSC accumulation in the tu-
mor microenvironment. We further analyzed the mRNA
expression of these cytokines by quantitative RT–PCR
in tumor-derived cell lines 333, 291, and 387 in vitro.
PRKCI induction by doxycycline increased expression
of TNFα consistently and most significantly across all
cell lines tested (Supplemental Fig. S6A). Enzyme-linked
immunosorbent assay (ELISA) with cell supernatant
from 333, 291, 387, and 709 tumor-derived cell lines also
exhibited increased TNFα expression in association with
PRKCI expression in all tumor-derived cell lines tested
(Fig. 5A). Since ELISA for IL6, IL1β, and IL10 also did not
increase significantly across all tumor-derived cell lines
tested (data not shown), we further analyzed the role of
TNFα in MDSC modulation in our system. In the in
vivo setting, elevated TNFα expression was detected in

the FTE of doxycycline-treated Pax8-Cre;iPRKCI mice
as well as in STICs and malignant tumors of doxycy-
cline-treated TPP mice (Supplemental Fig. S6B).
The observation of PRKCI-directed modulation of

TNFα expression in our model also bears significance
based on the well-established role of TNFα as a proinflam-
matory cytokine capable of promoting tumorigenesis
in part via recruitment of MDSCs to the tumor micro-
environment (Kulbe et al. 2012; Zhao et al. 2012) and
inhibition of MDSC differentiation to enhance immune-
suppressive activity (Sade-Feldman et al. 2013; Hu et al.
2014). More specifically, TNFα neutralization by etaner-
cept and infliximab treatments in humanized TNFα
knock-in mice results in delayed tumor growth of MCA
205 fibrosarcoma cells and significantly reduced accumu-
lation ofMDSCs (Atretkhany et al. 2016). Consistentwith
these reports, neutralizing antibody depletion of TNFα in
conditioned medium from 333 cells resulted in decreased
MDSCmigration in a transwell chamber assay, and, recip-
rocally, TNFα supplementation to regular medium en-
hanced MDSC migration (Fig. 5B). To further validate
the in vivo role of TNFα in MDSC recruitment, we
knocked down TNFα (Supplemental Fig. S6C) in 333 cells
expressing PRKCI and injected them into syngeneic mice.

Figure 5. PRKCI regulatesMDSCmigration through the expres-
sion of TNFα. (A) TNFα ELISAs performed with conditioned me-
dia from tumor-derived cell lines 333, 291, 387, and 709 show
secretion of TNFα upon PRKCI induction. Data were normalized
to total protein in the supernatant. (B) MDSCs isolated from TPP
(on doxycycline) tumors show increased migration in a transwell
chamber with conditioned medium from 333 cells upon PRKCI
induction by doxycycline or TNFα treatment. The increased mi-
gration is partially rescued by pretreating conditioned medium
with a TNFα-neutralizing antibody. (C ). Immune profile of synge-
neic tumors showing that TNFα knockdown decreasedMDSC in-
filtration. (D) In vitro T-cell suppression assay showing decreased
CD8+ T-cell proliferation with increasing amounts of TPP (on
doxycycline) tumor-derived MDSCs.

PRKCI regulates the tumor microenvironment

GENES & DEVELOPMENT 1113

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.296640.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.296640.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.296640.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.296640.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.296640.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.296640.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.296640.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.296640.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.296640.117/-/DC1


These cells formed tumors with increased latency and
exhibited less MDSC infiltration compared with nontar-
geting control shRNA (Fig. 5C; Supplemental Fig. S6D).
This is consistent with previous reports showing that
TNFα receptor knockout in the hematopoietic system
by bone marrow transplant significantly reduced tumor
formation in C57BL/6 mice when injected with the
ID8 mouse serous ovarian cancer cell line. We conclude
that TNFα plays an important role in the recruitment
of MDSCs, which impairs T-cell function in our model
system. Finally, in vitro T-cell proliferation coculture
assays with MDSCs derived from the TPP tumors con-
firmed that these MDSCs strongly suppressed T-cell
proliferation, confirming their T-cell-suppressive activity
(Fig. 5D). Supernatant from a coculture assay further
established that the MDSCs can produce nitric oxide in
vitro, through which it may suppress T-cell proliferation
(Supplemental Fig. S5I).

PRKCI regulates the immune gene signature in human
ovarian tumors

To ascertain the clinical relevance of our experimental
observations, we investigated the relationship between
PRKCI expression levels and immune signatures in the
HGSOC TCGA transcriptional data set. A comparison
of HGSOC samples with the highest PRKCI expression
(n = 60; top 10%) and those with the lowest PRKCI
expression (n = 60; bottom 10%) identified 1231 differen-
tially expressed genes between the two categories (fold
change = 1.3; adjusted P-value < 0.05). Gene set analysis
of the 1231 genes revealed immune-related pathways
as the most significantly enriched category (Fig. 6A; Sup-
plemental Table S2A), with significant overlap with the
genes differentially expressed inmouse tumors in relation

to PRKCI levels. Although both BRCA and PRKCI induce
ovarian tumor formation inTPmice, the gene signature of
BRCA wild-type versus mutant tumors did not show any
significant overlap of pathways with high-PRKCI tumors
(Supplemental Table S2A). The common genes between
the mouse and human TCGA data sets showed enrich-
ment for immune-related pathways (Fig. 6B; Supplemen-
tal Table S2B). The correlation of high PRKCI expression
and immune gene expression was validated by quantita-
tive RT–PCR of four genes in an independent cohort of
ovarian tumor samples (n = 28) (Supplemental Fig. S6E).
Intersection of the 1231 differentially regulated genes
and a MDSC signature (Wang et al. 2016) revealed signifi-
cant overlap of 17 of 38 genes (45%; fold change >1.3; P-
value = 1.6 × 10−10, Fisher exact test) (Fig. 6C; Supplemen-
tal Table S2C), suggesting that high PRKCI may promote
MDSCs in the tumor microenvironment in HGSOC. No-
tably, in patient samples, we confirmed that PRKCI ex-
pression levels are inversely correlated with CD8+ T-cell
count; specifically, ovarian tumors with higher PRKCI ex-
pression had lower CD8+ T-cell count (Fig. 6D). In conclu-
sion, the clinical–pathological data, together with our
experimental findings, indicate that PRKCI operates in
ovarian cancer to create an immune-suppressive tumor
environment via the recruitment of MDSCs and suppres-
sion of T-cell activity.

PRKCI regulates immune suppression through
YAP1 activity

To explore the molecular mechanism downstream from
PRKCI that is responsible for regulating the immune
response, immunoprecipitation of PRKCI followed by
mass spectrometry was conducted in OVCAR8 cells (Sup-
plemental Fig. S7A). This analysis identified multiple

Figure 6. PRKCI regulates expression of immune re-
sponse-associated genes in patients. (A) Ovarian TCGA
data were grouped into the top 10% highest-expressing
and bottom 10% lowest-expressing PRKCI samples.
Gene set analysis of differentially expressed genes be-
tween high and low PRKCI-expressing tumors shows en-
richment of immune response-related pathways. (B)
Venn diagram showing the overlap of genes up-regulated
in PRKCI-driven murine tumors and high PRKCI-ex-
pressing TCGA tumors. (C ) Heat map showing MDSC
signature genes significantly changed (fold change >1.3;
P-value < 0.05) in high PRKCI-expressing TCGA tumor
samples. (D) PRKCI expression level and T-cell infiltra-
tion in ovarian tumorswere analyzed.T cellswere count-
ed by staining the paraffin-embedded sectionwith α-CD8
antibody. The number of T cells was counted in 200×
magnification; 15 fields were counted per sample. PRKCI
mRNA level was analyzed by quantitative RT–PCR from
RNA of the same tumor samples. Quantitative RT–PCR
shows increased PRKCI transcript levels in ovarian tu-
mors in patients with low CD8+ T-cell infiltration and
vice versa.
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regulators of the hippo pathway that regulate YAP1 activ-
ity as binding partners of PRKCI, such as AMOT, LLGL1,
PARD3, and PARD6. AMOT phosphorylation by PRKCI
promotes YAP1 nuclear localization. LLGL1 has been
identified previously as a key regulator of the Hippo path-
way and is an established tumor suppressor inDrosophila,
where its inactivation leads to enhanced tissue growth
(Grzeschik et al. 2007). Depletion of LLGL1 (Grzeschik
et al. 2010; Menendez et al. 2010; Sun and Irvine 2011)
results in nuclear localization and activation of Yki, a
key downstream effector of the Hippo signaling pathway.
Additionally, overexpression of aPKC (Drosophila homo-
log for PRKCI) in Drosophila larval eye discs up-regulates
Yki target genes (Grzeschik et al. 2010). YAP1, the human
homolog of Yki, is a documented oncogene in ovarian can-
cer (Hall et al. 2010) and has been shown recently to be
regulated by PRKCI in ovarian cancer cell lines (Wang
et al. 2017). Furthermore, YAP1 has been shown to
regulate immune suppression in prostrate tumors in
mice through recruitment of MDSCs and suppression of
CD8+ T cells (Wang et al. 2016). In light of this evidence,
we evaluated whether PRKCI regulates immune suppres-
sion through YAP1 in ovarian cancer.
Although PRKCI-mediated YAP1 nuclear localization

was observed in ovarian cancer cells (Wang et al. 2017),
we tested whether PRKCI had a similar effect in vivo.
PRKCI induction in FTs of iPRKCI mice increased
YAP1 levels in both the cytoplasm and nuclei of these tis-
sues. Similarly, increased YAP1 expression was observed
in TPP tumors (Fig. 7A). Consistent with findings in
mouse and human cell lines (data not shown), PRKCI
and YAP1 expression were correlated in primary human
HGSOC. On a TMA consisting of 38 human serous
ovarian cancers, we found a positive correlation between
PRKCI and YAP1 expression (Supplemental Fig. S7B,C).
Specifically, 68.9% of tumors with high PRKCI expres-
sion (i.e.. scoring 2+ or 3+) exhibited highYAP1 expression

(i.e., scoring 3+ or 2+). Furthermore, YAP1 nuclear
staining positively correlated with PRKCI expression
(Supplemental Fig. S7C,D).
To determine whether YAP1 mediates PRKCI-directed

immune suppression in the tumor microenvironment,
YAP1 was knocked down in 333, 291, and 387 cells
using shRNA targeted against the 3′ untranslated region
(UTR) of YAP (Supplemental Fig. S7E). YAP1 down-
regulation suppressed expression of TNFα transcripts
(Supplemental Fig. S7F) and also decreased TNFα secre-
tion in conditionedmedia from333 and 291 cells, support-
ing that YAP1 activates TNFα expression downstream
from PRKCI. These phenotypes were rescued by overex-
pression of YAP1 without the 3′ UTR sequence (Fig. 7B).
Furthermore, YAP1 depletion in 333 cells rescued the in-
creased transmigration of MDSCs observed upon PRKCI
overexpression in these cells (Fig. 7C). Finally, the chro-
matin immunoprecipitation assay exhibited a more than
eightfold increase in YAP1 occupancy on the TNFα pro-
moter upon PRKCI induction with doxycycline in 333
cells compared with the “no doxycycline” control (Fig.
7D), suggesting that TNFα is a direct transcriptional target
of YAP1 downstream from PRKCI. Taken together, these
data support the hypothesis that PRKCI promotes nuclear
localization of YAP1, leading to an up-regulation of TNFα
expression, which then contributes to creating an im-
mune-suppressive tumor-promoting microenvironment
through MDSC recruitment and inhibition of cytotoxic
T-cell infiltration (Fig. 7E).

Discussion

In this study, we established that PRKCI overexpression is
an early event in human ovarian cancer, and its enforced
expression in the FTE is oncogenic in a transgenic mouse
model engineered with genetic alterations commonly

Figure 7. PRKCI regulates immune suppression
through YAP1 activity. (A) Immunostaining showing in-
creased nuclear YAP1 in the FTEs of Pax8-Cre;iPRKCI
mice upon PRKCI induction and also in TPP (on doxycy-
cline) tumors. Bar, 100 mm (B) TNFα ELISA with condi-
tioned medium from 333 and 291 cells show reduced
TNFα secretion upon YAP1 knockdown and rescue
with a shRNA-resistant YAP1 clone. (C ) MDSCs from
TPP (on doxycycline) tumors show decreased migration
in a transwell chamber with conditioned medium from
333 cells when expressing YAP1 shRNA and rescue
with a shRNA-resistant YAP1 clone. (D) Chromatin im-
munoprecipitation in 333 cells shows eightfold enrich-
ment of YAP1 on the TNFα promoter when treated
with doxycycline to induce PRKCI expression. Data
were normalized to enrichment on a nonspecific control
region. (E) Model figure.
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observed in HGSOC.Mechanistically, PRKCI overexpres-
sion engenders an immune-suppressive tumor micro-
environment with poor infiltration of cytotoxic T cells.
PRKCI promotes immune suppression via YAP1, which
activates expression of proinflammatory cytokines, in-
cluding TNFα.

We describe a new mouse model of HGSOC that pro-
vides novel insights into various aspects of ovarian cancer
biology. Since this tumor model harbors both preneoplas-
tic STIC lesions and malignant tumors at high frequency,
it supports the notion of distal FTs (fimbria) as the cell
site of origin of HGSOC (Jones and Drapkin 2013). Fur-
thermore, it could be a useful system for studying the
initiation and progression of this disease in vivo, including
identification of early diagnostic markers of HGSOC,
which is a significant unmet clinical need in this disease.

Our study points to a novel oncogenic role of PRKCI
in remodeling the ovarian tumor microenvironment. It
promotes a protumorigenic state through expression of
TNFα, promoting MDSC recruitment (Obermajer et al.
2011; Godoy et al. 2013). Increased expression of other cy-
tokines, such as IL6, IL10, and IL1β, was also observed in
certain cell lines, suggesting that PRKCI may regulate
multiple cytokine signaling, which can modulate the tu-
mor immune microenvironment. Previous studies have
implicated the importance of these cytokines in ovarian
tumor biology (Mustea et al. 2006; Coward et al. 2011;
Hart et al. 2011; Pinciroli et al. 2013; Schauer et al.
2013; Isobe et al. 2015). Although we observed increased
expression of other MDSC recruitment factors, such as
S100A8, S100A9, andCXCL12, in transcriptomic analysis
of whole-tumor tissue, no significant change was ob-
served in tumor-derived cell lines upon PRKCI expression
(data not shown), suggesting that these factors may be
expressed by nontumor cells in the tumor microenviron-
ment, which further helps in creating an immune-sup-
pressive tumor microenvironment. Consistently, TNFα
up-regulation has been implicated to play a role in ovarian
tumor pathogenesis (Hassan et al. 1999; Muthukumaran
et al. 2006; Szlosarek et al. 2006; Kulbe et al. 2007, 2012;
Charles et al. 2009; Zhao et al. 2012). Increased TNFα
expression by PRKCI may promote chronic inflammation
that creates an immune-suppressive environment through
recruitment ofMDSCs and hencemay contribute to ovar-
ian tumor formation. The presence of ovarian epithelial
inflammation has been positively associated with in-
creased risk of ovarian cancer (Ness and Cottreau 1999;
Wu et al. 2009; Clendenen et al. 2011). Moreover, ovarian
epithelial inflammation driven by TNFα has been associ-
ated with increased risk of ovarian cancer (Maccio and
Madeddu 2012; Trabert et al. 2014). The FT fimbriae are
in very close proximity to the ovarian epithelium and
experience the inflammatory milieu to which the ovarian
surface epithelial cells are exposed. Hence, the FTs may
also be inflamed, which can lead to the development of
HGSOC. Although these studies associated ovarian epi-
thelium inflammation, they never reported the status of
the FTE in these studies. Consistent with the immune-
suppressive activity of MDSCs in these tumors, signifi-
cantly reduced lower cytotoxic T-cell infiltration was

observed in serous ovarian tumors showing high PRKCI
expression. Since spontaneous T-cell infiltration in solid
cancers has been found to associate with a favorable clin-
ical outcome (Zhang et al. 2003; Curiel et al. 2004; Kreike
et al. 2007;Mahmoud et al. 2011; Rusakiewicz et al. 2013),
high PRKCI expression would be predicted to be associat-
ed with poor survival. Indeed, high PRKCI levels predict
poor patient survival in not only ovarian cancer (Weichert
et al. 2003; Eder et al. 2005) but also other cancers, includ-
ing lung (Regala et al. 2005b), pancreatic (Scotti et al.
2010), bile duct (Li et al. 2008), and prostate (Ishiguro
et al. 2009) cancers. Whether PRKCI regulates the tumor
microenvironment in these other tumor types remains
to be determined.

Our study further provides important insight regarding
the oncogenic role of YAP1 in ovarian cancer. First, we
showed that YAP1 drives immune suppression in ovarian
tumorigenesis. PRKCI-driven YAP1 nuclear localization
increases YAP1 promoter activity, promoting expression
of immune-suppressive genes such as TNFα. The role of
YAP1 is consistent with other studies implicating hippo
signaling and YAP1 in the regulation of immune genes
in liver (Lu et al. 2010) and prostate cancers (Wang et al.
2016). Second, our study provides a genetic context
for the roles of YAP1 and hippo signaling in cancers.
Although YAP1 up-regulation and its oncogenic role in
various human carcinomas have been reported, oncogenic
mutations or somatic copy number alterations of YAP1 or
its upstream regulators are rare (Harvey et al. 2013). Since
our data suggest direct regulation of YAP1 by PRKCI,
somatic copy number gain in PRKCI could be an indica-
tion of high YAP1 activity and therefore could provide
genetic context for the inhibition of YAP1 activity as a
therapeutic strategy.

In summary, we described a mouse model of ovarian
cancer and showed that PRKCI dysregulation is an
early event in ovarian carcinogenesis that promotes an
immune-suppressive tumormicroenvironment in cooper-
ationwith YAP1. In aggregate, our studies validate PRKCI
as an ovarian oncogene, supporting its inhibition as a ther-
apeutic option in ovarian cancer.

Materials and methods

TCGA data analysis

Copy number data used in this study were based on analysis
of TCGA data using the ABSOLUTE algorithm (Carter et al.
2012). This data resource provides discrete copy number esti-
mates and annotation of whole-genome duplication events.
Agilent gene expression profiles for tumor samples were down-
loaded from the TCGA Firehose standard data repository released
on February 22, 2013 (http://gdac.broadinstitute.org/runs/
stddata__2013_02_22/data/OV/20130222/gdac.broadinstitute.org_
OV.Merge_transcriptome__agilentg4502a_07_3__unc_edu__Level_
3__unc_lowess_normalization_gene_level__data.Level_3.20130
22200.0.0.tar.gz).

Gene expression analysis

Affymetrix mouse genome 430 2.0 array was performed for
mRNA harvested from five iPRKCI ovarian tumors and three
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normal FTs. Robust multiarray average (RMA) method was used
with default options (with background correction, quantile nor-
malization, and log transformation) to normalize raw data from
batches using R/Bioconductor’s Affy package (Irizarry et al.
2003). Gene level summaries were generated using a custom
CDF file (Mouse4302_Mm_ENTREZG) to eliminate cross-react-
ing probes and incorporate updated transcriptional annotations
(Dai et al. 2005). A gene was called as differentially expressed if
the FDR-corrected P-valuewas <0.05, calculated using the empir-
ical Bayes method by eBayes function in Bioconductor’s limma
package. Differentially expressed genes were used in downstream
analyses. For analysis of iPRKCI relative to normal FT expression
experiments, a fold change filter of 1.7 was applied. TCGA sam-
ples were sorted by PRKCI expression, and a comparison between
the expression profiles of the top 10% and bottom 10% was car-
ried out with the limma package. Pathway enrichment analysis
was carried out using the hypergeometric distribution to calcu-
late the significance of overlap between differentially expressed
genes and pathways annotated as Kyoto Encyclopedia of Genes
and Genomes (KEGG) canonical pathways in The Molecular
Signatures Database (MSigDB). Pathways dedicated to curing
the diseases were excluded. Genes contained within the PRKCI
amplicon were removed from the differential expression analysis
in TCGA samples.

Cell lines

OVCAR8 (American Type Culture Collection) was validated
by DNA fingerprinting, and mycoplasma testing was done every
month using cell supernatant. 333, 291, 387, and 709 cells were
derived from TPP tumors. Experiments with mouse and human
cell lines were performed in separate tissue culture rooms.

Western blotting

Protein was harvested in RIPA buffer (Boston Bioproducts) with
protease inhibitors (Roche). After centrifugation, proteins were
separated using SDS-PAGE and transferred to nitrocellulose
membrane using Bio-Rad Transblot Turbo. Membranes were
incubated in 5% nonfat dry milk in TBS (0.1% TWEEN-20)
followed by specific antibody. The antibodies used were YAP1
(Santa Cruz Biotechnology, sc-101199) and ACTIN (Sigma,
A3854).

PRKCI complex purification

An N-terminal 6X-His-3X-Flag-PRKCI was constructed, and sta-
ble cell lines were generated expressing tagged PRKCI or control
vector-expressing tag. Protein was harvested in lysis buffer
(50 mM Tris at pH 7.4, 250 mM NaCl, 0.1% TX-100) with Com-
plete mini protease inhibitor (Roche). The lysate was clarified by
centrifugation and incubated for 4 h in Flag-M2 agarose bead
slurry (Sigma-Aldrich). Beads were washed with buffer, and the
protein complex was eluted with 3X-Flag peptide (Sigma-
Aldrich). The eluate was then incubated with Ni beads at 4°C.
Ni beads were washed with buffer, and protein was recovered
by boiling with LDS lysis buffer. The polyacrylamide gel was
then fixed and stainedwith silver stain (Thermo Fisher Scientific)
according to the manufacturer’s protocol.

Mouse experiments

All animal studies were approved by HarvardMedical School and
The University of Texas M.D. Anderson Cancer Center Internal
Animal Care and Use Committee (IACUC). Cells were mixed

7:3 with Matrigel (BD Biosciences) and implanted in female
mice. Animals were monitored three times weekly until tumors
were visible. Two-tailed t-test calculations were performed using
Prism 5 (Graphpad) for P-values.

Generation of tumor model

TPP mice were generated by crossing Tp53L/L;PtenL/L (mixed
background) mice with Pax8-rtta:TetO-Cre (C57BL/6) mice.
These were then crossed to LSL-TetO-PRKCI (C57BL/6) mice.

Establishment of mouse tumor-derived cell lines

Tumors were dissected from euthanized mice, minced, and plat-
ed on tissue culture-treated dishes in DMEM+Glutamax medi-
um (Gibco) with 10% serum and 1% penicillin/streptomycin
(penstrep). Aseptic conditions were maintained to prevent con-
tamination. The next day, tissue chunks were removed, the me-
dium was changed, and doxycycline was added. Once cells
became confluent, they were passaged and frozen for future
experiments.

Harvesting of syngeneic tumors from mice

Tumor formation in mice was monitored by luciferase imaging.
Mice were euthanized when they exhibited bloated appearance
or were recommended for euthanasia by a veterinarian. For the
doxycycline withdrawal experiment, all mice were harvested at
the same time fromboth “on doxycycline” and “off doxycycline”
groups.

Immunohistochemistry

Mouse tissues were fixed with 4% formalin and embedded in par-
affin. Immunohistochemical studies were conducted using 5-µm
sections of paraffin-embedded tissue mounted on precoated
slides. The tissue was dewaxed with xylene and rehydrated
through graded alcohol according to standard procedures. After
antigen retrieval in citrate buffer for 10 min in the microwave
at power level 7, the endogenous peroxidase activity was blocked
with 3% H2O2 in methanol for 1 h. Blocking was done using
Rodent Block M (Nobel Biocare). Slides were incubated with
various antibodies with the working conditions detailed below.
Secondary conjugation was done with HRP polymer (Nobel
Biocare) specific for rabbits or mice. Staining was developed
with a DAB kit (Vector Laboratories), and counterstaining was
done with hematoxylin. The antibodies used were PRKCI
(1:250; Sigma HPA026574), human YAP1 (1:250; Cell Signaling,
4912), mouse YAP1 (1:250; Novus Biologics, NB110-58358), Ki-
67 (Dako), TP53 (1:500; Calbiochem,Ab-6), PAX8 (1:500; Protein-
tech, 10336), PAX2 (1:500; Invitrogen, 716000), and TNFα (1:200;
Abcam, T8300).

TMA

TMA slides (ARY0062, lot no. 002) were obtained from Folio Bio-
sciences. Each slide had 69 cases of ovarian carcinoma and three
adjacent normal tissues with a single core per case. Each corewas
1.5 mm in diameter and 5 µm thick. Scoring was determined
by scanning each core at 20× magnification, and scores were
assigned to the average intensity for each core. The highest
expression was assigned a score of 3+, and lowest expression
was assigned a score of 0+. Intermediate intensities were assigned
2+ or 1+ depending on the expression.
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FISH

FISH analyses of ovarian cancer subtypes were used to determine
the frequency of PRKCI copy number gain. Tissue microarrays
were purchased from the Dana-Farber/Harvard Cancer Center
Research Pathology Core or US Biomax. FISH was performed ac-
cording to standard protocols with a few modifications. Briefly,
immediately before protease treatment, slides were treated with
1% NaBH4 for 4 h at room temperature to quench endogenous
autofluorescence. BAC clone RP11-81K8 was used to generate
the PRKCI probe. Using BAC DNA as a template, 14 PCR prod-
ucts were designed, covering a 25-kb sequence across the PRKCI
gene. AmpliconDNAwas labeled by nick translationmix (Roche
Diagnostics). Centromere-specific probe CEP 3(D3Z1) (Abbott
Laboratories) served as a ploidy reference. FISH signal evaluation
and image acquisition were performed manually using filter sets
and software developed by Applied Spectral Imaging.

RNA isolation and quantitative RT–PCR

RNAwas isolated from cells using Trizol following the manufac-
turer’s instructions. cDNA was made by reverse transcription
using SuperScript III mix (Invitrogen) with equal amounts of
RNA. Quantitative RT–PCR was run on a Stratagene 3005P
with primers for the respective genes. Actin mRNA levels were
used as a normalizing control. Primers for quantitative RT–
PCR were obtained from SA Biosciences.

Fluorescent-activated cell sorting

Single cells from tumorswere harvested using tumor dissociation
kit (Miltenyi Biotech) using theGentleMACS following theman-
ufacturer’s guidelines. Cells were stained with fluorescence-con-
jugated antibodies and Sytox blue for cell viability. Cells were
analyzed using an LSR Fortessa X-20 analyzer. Total events
were gated based on the forward and side scatter of the density
plots to remove all doublets and cellular debris. All dead cells
were excluded based on Ghost dye 420 staining. Live cells were
then gated for CD45 staining for total leucocytes followed by
the following markers to define specific populations: MDSC
(CD11b+Gr1+), T cells (CD3+, further classified into CD8+ or
CD4+), B cells (B220+), dendritic cells (CD11c+), and NK cells
(NK1.1). In order to identify positive data sets, the gating strategy
included an unstained negative control of pooled cells. All of the
fluorophores were compensated using UltraComp compensation
beads (eBiosciences), and, for dead cells, compensation was done
with a randomly selected cell sample thatwas stainedwithGhost
dye 420. Positive control samples were back-gated to confirm
gating. Data were analyzed using FlowJo. Antibodies purchased
from Biolegend were CD11b (101237), Ly-6G (127617), CD11c
(117307), Ly-6C (128015), CD45 (103116), CD4 (100422), CD3
(100235), CD8a (100729), B220 (103247), and NK1.1 (108733).
GR1 (108425) antibody was purchased from eBioscience.

ELISA

Mouse TNFα ELISA was purchased from R&D Systems. Condi-
tioned medium from tumor-derived cell lines was collected after
48 h of doxycycline and LPS treatment and subjected to the assay
according to the manufacturer’s guidelines.

MDSC migration assay

Single cells were prepared from tumors as described above. Cells
were labeled with CD45+-, Cd11b+-, and Gr-1-conjugated
antibody and Sytox blue for cell viability. Positive cells were sort-

ed using BD FACSAria Fusion (BD Biosciences). Sorted cells
(0.3 × 106 cells) were placed in the upper chamber of a BD Falcon
transwell system (8 µm; BD Biosciences), and conditioned
medium with vehicle, α-TNFα-neutralizing antibody (Abcam),
or TNFα (Sigma-Aldrich) was added to the bottom chamber of a
24-well plate. For TNFα neutralization, conditioned medium
was pretreated with antibody. Cells were allowed to migrate to
the bottom well for 6 h at 37°C and 5% CO2. Migrated cells
were then analyzed by flow cytometry using an LSR Fortessa X-
20 analyzer. Migrated FITC-positive cells were gated to count
the absolute number of cells that migrated through the transwell.

T-cell suppression assay

MDSCs were isolated from TPP tumors by flow cytometry as de-
scribed above. CD8+ T cells were obtained from spleens of OT1
mice in a similar manner, washed, counted, and stained with car-
boxyfluorescein diacetate succinimidyl ester (CFSE) (Invitrogen)
according to the manufacturer’s instructions. Stained T cells
were incubated with varying numbers of MDSCs in a 96-well
plate for 72 h in the presence or absence of ovalbumin. T-cell
proliferation was measured as a function of CFSE dilution and
reported as a percentage of cells with diluted CFSE.

Chromatin immunoprecipitation

Cells (5million per antibody) were cross-linked using 1% parafor-
maldehyde for 10 min at 37°C. Reactions were quenched using
0.125 M glycine for 5 min, and cells were washed with PBS and
stored at −80°C. The next day, cells were thawed on ice and lysed
with RIPA buffer (10 mMTris-HCl at pH 8.0, 1 mM EDTA at pH
8.0, 140 mM NaCl, 1% Triton X-100, 0.2% SDS, 0.1% DOC) for
10min on ice. Sonication was performed using a Branson Sonifier
250 to achieve a shear length of 200–500 base pairs. Antibodies
(YAP1 [sc-15407] and rabbit IgG [Sigma]) were bound to Dyna-
beads for 1 h at 4°C. Extracts were then incubated overnight
with an antibody–dynabead mixture. Immunecomplexes were
washed five times with RIPA buffer, once with RIPA-500 (RIPA
with 500 mM NaCl), and once with LiCl wash buffer (10 mM
Tris-HCl at pH 8.0, 1 mM EDTA at pH 8.0, 250 mM LiCl, 0.5%
NP-40, 0.5% DOC). Elution and decross-linking were performed
in direct elution buffer (10 mM Tris-Cl at pH 8.0, 5 mM EDTA,
300 mM NaCl, 0.5% SDS) by incubating immunecomplexes
for 4–16 h at 65°C. Proteinase K (20 mg/mL) and RNase A treat-
ment was performed, and DNAwas cleaned up using SPRI beads
(Beckman-Coulter).

MDSC and CD8+ T-cell depletion assay

333cellswere injected intraperitoneally into syngeneicmice lack-
ing the Cre transgene. All antibodies were purchased from Bio-
Xcell. For MDSC depletion, mice were fed doxycycline and
injected intraperitoneally (200 µg per mouse) with α-Gr1
(BE0075) or IgG (BE0090) every other day. For CD8+ T-cell deple-
tion one mice cohort was fed doxycycline and two cohorts were
kept off doxycycline. α-CD8 antibody (BE0117)was injected intra-
peritoneally (200µgpermouse) intoonegroupof“offdoxycycline”
mice, and isotype-matched IgG (BE0090)was injected into theoth-
er groupof“off doxycycline”mice aswell as the“ondoxycycline”
group. Tumor formation was monitored by luciferase imaging.

Nitric oxide detection

T cells fromOT1mice was cocultured in the presence or absence
of MDSCs isolated from tumors. Cell supernatant was collected
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and assayed for nitrite using the Greiss reagent system following
the manufacturer’s protocol (Promega).
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