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SUMMARY

Myeloid derived suppressor cells (MDSCs) and cancer stem cells (CSCs) are important cellular
components in the cancer microenvironment, and may affect cancer phenotype and patient
outcome. The nature of MDSCs and their interaction with CSCs in ovarian carcinoma are unclear.
We examined the interaction between MDSCs and CSCs in patients with ovarian carcinoma and
showed MDSCs inhibited T cell activation, enhanced CSC gene expression, sphere formation and
cancer metastasis. MDSCs triggered miRNAZ101 expression in cancer cells. miRNA101
subsequently repressesed the co-repressor gene C-terminal binding protein-2 (CtBP2), and CtBP2
directly targeted stem cell core genes resulting in increased cancer cell stemness, and increasing
metastatic and tumorigenic potential. Increased MDSC density and tumor microRNA101
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expression, and decreased tumor CtBP2 expression independently predict poor survival.
Collectively, the work identifies an immune associated cellular, molecular and clinical network
involving MDSCs-microRNA101-CtBP2-stem cell core genes, which extrinsically controls cancer
stemness and impacts patient outcome.
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INTRODUCTION

Death rates attributable to ovarian cancer have not changed significantly for decades.
Although ovarian cancer patients’ initial response to surgical debulking and chemotherapy is
often excellent, relapse with drug-resistant cancer usually occurs and patients succumb to
their disease. Given our failure to improve long-term survival from ovarian cancer, there is a
need to address the key cellular and molecular mechanisms by which tumor metastasis and
chemoresistance occur in these patients, from a novel angle.

The tumor microenvironment is the primary arena where tumor cells and the host immune
system interact. The capacity of immunity to modulate cancer phenotype including cancer
dormancy has been the subject of intensive investigation (Matsushita et al., 2012). The
interaction between tumor cells and host immune system causes immunoediting (Schreiber
et al., 2011), fosters tumor immune evasion and ultimately results in tumor dissemination,
relapse and metastasis (Pardoll, 2012; Zou, 2005). Tumor infiltrating T cell subsets (Curiel
et al., 2004; Galon et al., 2006; Pages et al., 2005; Zhang et al., 2003) have been extensively
studied in human cancers. Myeloid derived suppressor cells (MDSCs) are an important
immune component in the tumor microenvironment, and are thought to mediate immune
suppression in tumor bearing mice and in patients with cancer (Bronte and Zanovello, 2005;
Gabrilovich and Nagaraj, 2009; Ma et al., 2011). However, MDSCs are poorly defined in
the human cancer microenvironment.

The evolutionarily conserved microRNAS are endogenous ~22 nt non-coding RNAs that
fine tune gene expression, regulate cell differentiation and cell-fate determination (Bartel,
2004; Xiao and Rajewsky, 2009). MicroRNA expression and function are linked to cancer
development and progression (Korpal et al., 2011; Liu et al., 2011; Ma et al., 2007; Shimono
et al., 2009). However, the expression, regulation and potential oncogenic function of any
given microRNAs in high grade ovarian serous carcinoma remain unclear.

Identification of cancer stem cells (CSCs) (or cancer-initiating cells) is crucial for advancing
cancer biology and therapy. Several markers including aldehyde dehydrogenase (ALDH)
have been utilized to identify and investigate human epithelial cancer stem cells (Kryczek et
al., 2012; Wicha, 2006). CSCs are thought to contribute to tumor progression, metastasis
and therapeutic resistance (Brabletz et al., 2005; Dean et al., 2005; Pardal et al., 2003;
Wicha, 2006). However, the factors that determine the invasive, metastatic, and
chemoresistant phenotype of tumor cells are not clear. One concept is that the invasive
tumor phenotype is defined by cell-autonomous alterations specified by the genomes of
cancer cells. Alternatively, metastatic traits may be acquired through interactions between
tumor cells and environmental signals within the tumor microenvironment (Karnoub et al.,
2007; Kim et al., 2009; Liu et al., 2011; Qian et al., 2011). Among environmental signals
affecting tumor cells, the roles of mesenchymal stem cells, macrophages and bone marrow
derived progenitors (Dawson et al., 2009; Denardo et al., 2011; Kaplan et al., 2005; Karnoub
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etal., 2007; Kim et al., 2009; Liu et al., 2011; Qian et al., 2011) have largely been
investigated in tumor-bearing mouse models. In this work we focused on the
microenvironment in human primary high grade ovarian serous carcinoma, and tested our
hypothesis that MDSC, a crucial immune component in the tumor microenvironment,
functions as an environmental extrinsic signal, directly targets CSCs, defines tumor
phenotype and impact patient outcome. Thus, we have established a cellular, molecular and
clinical link among MDSCs, microRNA, CSCs and patients with high grade ovarian serous
carcinoma.

Immunological impact of MDSCs in ovarian cancer

High-grade serous carcinoma is the most common histologic subtype, and most lethal
among epithelial ovarian carcinomas. This study included only high grade ovarian serous
cancer patients. We first assessed the immunological relevance of MDSCs in ovarian cancer.
Polychromatic flow cytometry analysis demonstrated that lin"CD45*CD33* cells infiltrated
ovarian tumors (Figure 1A, Figure S1A, B) and that these cells comprise 37% of non-
neoplastic cells in the tumor microenvironment (Figure 1B), and expressed medium levels of
HLA-DR (Figure S1A). The majority of these cells were CD15~ and CD16~/dIM in ovarian
cancer (Figure S1A). Lin"CD45*CD33* cells were also found in peripheral blood (Figure
S1C). Sorted tumor-associated (Figure 1C), but not peripheral blood (Figure S1D)
lin"CD45*CD33* cells suppressed T cell proliferation in a dose dependent manner, and
inhibited CD4* and CD8* T cell effector cytokine interleukin(IL)-2 and interferon (IFN)y
expression and granzyme B expression (Figure 1D). To test the potential direct effect of
tumor-associated lin"CD45*CD33* cells on T cell-mediated anti-tumor immunity, we
utilized our xenograft tumor model with primary human ovarian cancer cells (Curiel et al.,
2004; Kryczek et al., 2012; Kryczek et al., 2011). We established tumors comprised of
primary human ovarian cancer cells into the dorsal flank of female NOD-Shi-scid-
IL-2Rynull (NSG) mice, and treated the mice with tumor associated antigen (TAA)-specific
T cells educated or non-educated by tumor-associated lin"CD45*CD33* cells. We observed
that tumor-associated lin"CD45*CD33™ cells weakened T cell-mediated anti-tumor
immunity as shown by enhanced tumor volume as compared to tumor alone or tumor plus
non-educated T cells (Figure 1E, Figure S1E). Thus, we referred tumor-associated
lin"CD45*CD33"* cells as myeloid derived suppressor cells (MDSCs).

Clinical impact of MDSCs in ovarian cancer

We next examined the clinical relevance of MDSCs in ovarian cancer patients. Multiple
reverse gating polychromatic flow cytometry analysis showed that CD33* cells were
confined to lin"CD45*CD33* MDSCs in fresh ovarian tumor tissue (Figure S1B). Tumor
associated lin"CD45*CD33* MDSCs did not express CD3, CD19, CD34 and CD56 (Figure
S1B). Thus, we quantified CD33* cells with immunohistochemistry (Figure S2) in ovarian
tumor tissues from patients whose clinical and pathological information was available
(Table S1, S2). Based on the median values of CD33* MDSC density, we divided patients
into “low” and “high” groups.

Age, tumor stage, and debulking were important prognostic factors for survival (Table S1).
Overall survival (P = 0.006, n = 137, HR = 1.99, 95% CI: 1.22, 3.25) and disease-free
interval (DFI) (P =0.02, n = 135, HR = 1.75, 95% CI: 1.08, 2.87) were shorter in patients
with high MDSC infiltration after adjusting for the important clinical prognostic factors
(Figure 2A, B). This relationship between tumor MDSC content and overall survival (P =
0.03, n =28, HR =2.87, 95% Cl: 1.11, 7.42) (Figure 2C) and DFI (P =0.02,n =28, HR =
3.25,95% ClI: 1.21, 9.63) (Figure 2D) remained significant in metastatic cancer. Therefore,

Immunity. Author manuscript; available in PMC 2014 September 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 4

increased tumor MDSC numbers are a significant and independent predictor for poor
survival in ovarian cancer.

MDSCs enhance cancer incidence, metastasis and stemness

MDSCs may support ovarian cancer progression and metastasis. We tested this hypothesis
using our established xenograft tumor model with primary human ovarian cancer cells
(Curiel et al., 2004; Kryczek et al., 2012; Kryczek et al., 2011). We injected varying
numbers of primary ovarian cancer cells into the NSG mice. We found that > 200,000
primary cancer cells were needed to reach 100% tumor incidence. When primary ovarian
cancer cells were cultured (conditioned) with MDSCs, 100,000 MDSC-conditioned primary
cancer cells were subcutaneously inoculated into NSG mice, we observed that there was
100% tumor incidence (Figure 3A), and the presence of MDSCs had no effect on tumor
volume under this condition (Figure S3A). Similar experiments were performed with titrated
tumor cells. MDSCs clearly increased tumor incidence (Figure S3B). These tumor cells
were also intravenously injected into NSG mice. There were more metastatic foci of tumor
in the liver and lungs of mice that received MDSC-conditioned tumor cells as compared to
control animals that were injected with non-conditioned tumor cells (Figure 3B, C, and
Figure S3C, D).

We hypothesized that MDSCs may affect cancer stem cell properties. In support of this
hypothesis, MDSCs promoted tumor sphere formation (Figure 3D, E), and enhanced the
expression of multiple stem cell core gene transcripts (Figure 3F). ALDH* ovarian epithelial
cancer cells are enriched with cancer stem cells (Kryczek et al., 2012). We co-cultured
MDSCs with primary ovarian cancer cells and found that MDSCs increased ALDH?* cells in
the co-culture system (Figure 3G). We performed similar experiments with peripheral blood
lin"CD45*CD33* cells (Figure S3E-G). These blood born cells had no significant effects on
tumor incidence (Figure S3E), stem cell-associated gene expression (Figure S3F) and sphere
formation (Figure S3G). Thus, tumor associated-MDSCs promote ovarian cancer stemness.

MDSCs stimulate microRNA101 expression in ovarian cancer

We next investigated the mechanism by which MDSCs enhance cancer stemness. Certain
microRNAs affect tumor progression and metastasis (Korpal et al., 2011; Liu et al., 2011,
Ma et al., 2007; Shimono et al., 2009). MDSCs may regulate cancer stemness by affecting
microRNA expression. To examine this possibility, we conducted microRNA arrays in
primary tumor cells conditioned with tumor associated lin"CD45*CD33* cells (MDSCs),
blood lin"CD45*CD33* cells and medium. The microRNA arrays showed that MDSCs
differentially affected the expression of microRNAs as compared to medium and blood
controls (Table S3, Figure S4A). Among the increased microRNAs, two microRNAS,
microRNA101 and microRNA165 were reliably enhanced more than 4 times by MDSCs as
compared to blood lin"CD33*CD45" cells in different arrays (Table S3, Figure S4A).
Therefore, we quantified microRNA101 and microRNA165 in primary CD133" ovarian
cancer stem cells and cancer sphere cells. The levels of microRNA101 and microRNA165
expression were higher in primary CD133* ovarian cancer stem cells (Figure 4A) and cancer
sphere cells (Figure 4B) than primary CD133 ovarian cancer cells (Figure 4A) and non-
sphere cancer cells (Figure 4B). However, the levels of microRNA101 were higher than that
of microRNA165 in primary CD133* ovarian cancer stem cells (Figure 4A) and cancer
sphere cells (Figure 4B). Based on the data, we assumed that MDSCs might induce
microRNA101 expression and in turn regulate cancer stemness. In support of this
possibility, we observed that MDSCs stimulated microRNA101 expression in vitro (Figure
4C) and in vivo (Figure 4D) in primary ovarian cancer cells. As additional controls, in line
with microRNA arrays (Table S3), MDSCs did not stimulate the expression of
microRNA145, microRNA155 and microRNA200 in primary ovarian cancer cells (Figure
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S4B). Collectively, the findings suggest that microRNA101 induced by MDSCs may be
important for maintaining ovarian cancer stemness.

MDSCs enhance stemness via microRNA101

We hypothesized that MDSCs enhance cancer stemness via microRNA101. In support of
this hypothesis, a microRNA101 inhibitor blocked MDSC-induced cancer sphere formation
(Figure 5A), and microRNA101 overexpression stimulated cancer sphere formation (Figure
5B, C). The increased capacity of cancer sphere formation by microRNA101 was visible in
the secondary sphere assay (Figure S5A). Furthermore, microRNA101 overexpression had
no effects on cancer cell proliferation (Figure S5B), but enhanced expression of multiple
stem cell core genes and genes associated with epithelial to mesenchymal transition (EMT)
(Figure 5D), increased tumor incidence (Figure 5E) and liver metastasis (Figure 5F). In
further support of the /in vivo link among MDSCs, microRNA101 and cancer stemness in
patients, we observed positive correlations between CD33transcripts and microRNA101 (n
=70, P =0.044, r = 0.26) in snap-frozen primary ovarian cancer tissues. When we
dichotomized microRNAZ101 levels by a median split and divided the patients into high and
low groups, high levels of microRNA101 were associated with reduced overall survival (P =
0.041, n =60, HR = 2.52, 95% ClI: 1.07, 6.37)(Figure 5G) and DFI (P = 0.045, n = 65, HR =
1.95, 95% ClI: 1.02, 3.75) (Figure 5H). As additional control, we observed that oncogenesis-
associated gene FOX0O3a and microRNA155 had no impact on patient survival (not shown).
These data indicate that MDSCs enhance ovarian cancer stemness by inducing cancer cell
microRNA101 expression.

microRNA101 taregts CtBP2 and controls stemness

We next investigated how microRNA101 regulates cancer stemness. We searched for the
predicted microRNA101 target with potential stemness repressor function (Lewis et al.,
2005). There were eight major co-repressor complexes (SWI-SNF, PRC1, NURD, CoREST,
NCoR, PRC2, SIN3, TLE) (Perissi et al., 2010). Based on computational analysis with
TARGETSCAN software, we found that two co-repressor complexes, CtBP2, the key
CoREST complex gene, and Ezh2 and EED, the key PRC2 complex genes were the
potential targets of microRNA101. Overexpression of microRNA101 had minimal effects on
PRC2 complex gene Ezh2, Suz12 and EED expression (Figure S6A). We further
investigated CtBP2. There was a defined target site of microRNA101 at the 3'UTR of
CtBP2 (Figure 6A). CtBP2 is involved in normal stem cell regulation (Tarleton and
Lemischka, 2010) and prostate cancer development (Thomas et al., 2008). Thus, we
hypothesized that microRNA101 targeted CtBP2 and controlled cancer stemness. To test
this hypothesis, we cloned the predicted 3'UTR of CfBPZinto a luciferase reporter vector. A
mutant containing site mutations at the predicted microRNA101 targeting site was generated
as a control (Figure 6A). Overexpression of microRNA101 in primary ovarian cancer cells
had no effects on cell proliferation (Figure S5B). Overexpression of microRNA101
decreased the reporter activity containing wild type-3'UTR-CtBFPZ2, but not the mutant
(Mut-3'UTR- CtBP2) (Figure 6B). In line with this observation, CtBP2 protein expression
levels were decreased in primary ovarian cancer cells overexpressing microRNA101 as
compared with the scramble control (Figure 6C). To determine the role of CtBP2 in cancer
stemness, CtBP2 expression was genetically knocked down by two specific small hairpin
CtBP2 RNAs (shCtBP2-A, shCtBP2-B) in primary ovarian cancer cells. CtBP2 silencing
had no effects on cancer cell proliferation (Figure S6B) or tumor growth /n vivo (Figure
S6C), but resulted in increased stem cell core protein expression (Figure 6D), increased
cancer sphere formation (Figure 6E) and tumor incidence (Figure 6F). ChIP analysis
confirmed that microRNA101 overexpression (Figure 6G) and knock down of CtBP2
(Figure 6H) resulted in reduced CtBP2 expression and less occupancy on the promoters of
NANOG, OCT4/3and SOX2in primary ovarian cancer cells. Furthermore, MDSCs
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increased microRNA101 expression (Figure 4A-C) and reduced CtBP2 protein expression
in primary cancer cells (Figure 61). Thus, microRNA101 targets CtBP2 and controls cancer
stemness.

MDSC and CtBP2 interaction impacts clinical outcome

To examine the importance of cancer CtBP2 expression, we quantified the expression of
tumor CtBP2 by H-score method (Supplementary experimental procedures and Figure S7),
and analyzed its impact on patient survival. Based on the median levels of CtBP2 expression
(Figure S7), patients were divided into two groups, low and high CtBP2 expression. High
levels of CtBP2 expression in primary tumor cells were associated with increased overall
survival (P = 0.006, n = 95, HR = 0.41, 95% CI: 0.21, 0.77) (Figure 7A) and DFI (P = 0.047,
n =93, HR = 0.55, 95% ClI: 0.30, 0.98) (Figure 7B).

Finally, we evaluated significance of the two parameters for ovarian cancer survival. High
CD33* MDSC infiltration strongly correlated with low CtBP2 expression in primary tumors
(n =96, r =-0.44, P <0.0001) (Figure 7C), suggesting that MDSCs may impact patient
outcome through controlling CtBP2 expression. Thus, we reasoned that the patients with
high levels of MDSCs (CD33") and low tumor CtBP2 expression (CtBP2!°) would have had
a shorter survival than those with a tumor type of CD33!°CtBP2Ni. Indeed, CD33NCtBP2!°
patients experienced a shorter overall survival (P = 0.0018, HR = 3.8, 95% CI: 1.64, 8.79, n
= 96) (Figure 7D) and DFI (P = 0.0049, HR = 3.02, 95% ClI: 1.40, 6.53, n = 92) (Figure 7E)
than CD33!°CtBP2N patients, after adjusting for important clinical prognostic factors. The
combination of CtBP2 and MDSCs may allow for improved prognostic stratification of
ovarian cancer overall survival as compared to CD33 or CtBP2. Based on 96 patients with
both CD33 and CtBP2 values, we found that the hazard of death for CD33MCtBP2!° is 3.8
times the hazard of death for CD33!°CtBP2Ni (P = 0.0018, HR = 3.80, 95% ClI: 1.64, 8.79),
compared to 1.99 times with CD33 (high vs low: P = 0.02, HR = 1.99, 95% CI: 1.22, 3.25)
or 2.47 times with CtBP2 (low vs high: P = 0.006, HR = 2.47, 95% CI: 1.30, 4.71), in
addition to age, stage and debulking. Collectively, our data support the functional and
clinical importance of the CD33-microRNA101-CtBP2 network in high grade ovarian
serous carcinomas.

DISCUSSION

The tumor microenvironment is a main battle ground between tumor cells and the host
immune system. The capacity of immunity to control and shape cancer including cancer
dormancy has been the subject of intensive investigation (Matsushita et al., 2012). The
interaction between tumor cells and host immune system causes immunoediting (Dunn et
al., 2002), fosters tumor immune evasion and ultimately results in tumor dissemination,
relapse and metastasis (Pardoll, 2012; Zou, 2005). Cancer stem cells are thought to
contribute to tumor progression, metastasis and therapeutic resistance (Brabletz et al., 2005;
Dean et al., 2005; Pardal et al., 2003). However, it is not well understood what determines
the invasive, metastatic, and chemoresistant phenotype of tumor cells. One concept is that
the invasive tumor phenotype is defined by cell-autonomous alterations specified by the
genomes of cancer cells. Alternatively, metastatic traits may be acquired through
interactions between tumor cells and environmental signals within the tumor
microenvironment (Karnoub et al., 2007; Kim et al., 2009; Liu et al., 2011; Qian et al.,
2011). Among environmental signals affecting tumor cells, the importance of mesenchymal
stem cells, macrophages and bone marrow derived progenitors (Dawson et al., 2009;
Denardo et al., 2011; Kaplan et al., 2005; Karnoub et al., 2007; Kim et al., 2009; Liu et al.,
2011; Qian et al., 2011) have largely been investigated in tumor-bearing mouse models.
However, the major immune suppressive components, MDSCs are poorly understood in
human cancers. Our current study demonstrates that MDSCs functions as an environmental
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extrinsic signal, directly targets cancer stem cells, and at least partially shape tumor
phenotype. Thus, cancer stemness is partly defined by immune environmental cues
including immune suppressive elements.

Here, we isolated viable MDSCs from the microenvironment of primary ovarian tumors for
phenotypic, functional, mechanistic and clinical studies. We identified high numbers of
immunosuppressive MDSCs in the ovarian tumor microenvironment and showed that
MDSCs promote and maintain the ovarian cancer stem cell pool. Dicer and Drosha mRNA
expression levels in ovarian cancer have associations with outcomes in patients with ovarian
cancer (Merritt et al., 2008). Dicer and Drosha may control microRNA expression. Aberrant
microRNA expression can contribute to tumorigenesis, tumor progression and metastasis
(Korpal et al., 2011; Liu et al., 2011; Ma et al., 2007; Shimono et al., 2009), but it was
previously unknown if tumor environmental immune elements have any impact on
microRNA expression and function, and in turn can alter the tumor phenotype and patient
outcome. We found that MDSCs stimulate microRNA101 expression in ovarian cancer cells
and promote cancer stemness by targeting co-repressor CtBP2. Thus, we have revealed a
mechanistic relationship and cross-talk among MDSCs, microRNA101 and CtBP2 at the
cellular and molecular levels. We have further demonstrated the clinical relevance of this
cross-talk in ovarian cancer patients. Our observations suggest that cancer stemness is partly
defined by immune environmental cues. Given the relevance of cancer stem cells in tumor
relapse, metastasis and therapy resistance (Brabletz et al., 2005; Dean et al., 2005; Dontu et
al., 2003; Pardal et al., 2003; Reya et al., 2001), our observations have important
consequences for the way in which we perceive cancer stem cells or MDSCs as independent
therapeutic targets, shifting the attention from cancer cells-cancer stem cells or immune
suppressive networks (Zou, 2005) to their interaction in the cancer microenvironment. Given
that tumor infiltrating effector T cells (Galon et al., 2006; Pages et al., 2005; Zhang et al.,
2003) including Th17 cells (Kryczek et al., 2009a) are associated with improved survival in
patients with cancer, our data indicate that different immune elements in the tumor
microenvironment may play distinct roles in tumor progression, metastasis and therapy, and
in turn differentially affect patient outcome. It is reasonable to predict that anti-cancer
therapy should simultaneously target host MDSCs and cancer cells-stem cells to improve
therapeutic efficiency and reduce therapy resistance.

EXPERIMENTAL PROCEDURES

Ovarian cancer patients and cancer tissue samples

High-grade serous carcinoma is the most common cancer and most lethal type of ovarian
carcinoma. Patients diagnosed with high grade serous ovarian carcinomas were recruited for
this study. Human subject use in this study was approved by the local Institutional Review
Boards. We collected 140 formalin-fixed, paraffin-embedded ovarian tumor tissue blocks,
73 snap-frozen ovarian tumor tissues, and 40 fresh ovarian cancer tissues for this study as
described previously (Curiel et al., 2004; Curiel et al., 2003; Kryczek et al., 2006; Zou et al.,
2001). After pathological review, a tissue microarray (TMA) was constructed from the most
representative area of paraffin-embedded ovarian tumor tissue. For each tumor, a minimum
of two representative tumor areas were selected from a hematoxylin- and eosin-stained
section of a donor block. Core cylinders (1 mm) were punched from each of these areas and
deposited into a recipient paraffin block. Consecutive 6 pm-thick TMA sections were cut
and placed on charged Poly-L-Lysine-coated slides for immunohistochemistry analyses.
Further information regarding the TMA is described in the supplementary experimental
procedures.
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In vitro and in vivo T cell immunosuppression

In vitro T cell immunosuppression was tested in coculture system. T cells (2 x 105/ml) were
stimulated with 2.5 pg/ml anti-human CD3 and 1.2 pg/ml anti-CD28 (BD) in the presence
of different concentrations of peripheral blood lin"CD45*CD33" cells or MDSCs (2 x 10°%/
ml). Seventy-two hours after coculture, T cell proliferation and cytokine production were
evaluated as we described (Curiel et al., 2004; Curiel et al., 2003; Kryczek et al., 2006; Zou
etal., 2001). The /n vivoT cell suppression was tested with primary ovarian cancer cells in
NSG model. Primary ovarian tumor cells (1 x 107) in 200 pl of buffered saline were
subcutaneously injected into dorsal tissues of female NSG mice. We established TAA-
specific T cells from patients with HLA-A2* Her2/neu* ovarian cancer (Curiel et al., 2004;
Curiel et al., 2003; Kryczek et al., 2006) (Supplementary method). Autologous TAA-
specific T cells (6 x 106) were conditioned with MDSCs (3 x 10°) or medium, and were
subsequently injected intravenously into mice on day 12 after human tumor inoculation
(Curiel et al., 2004; Curiel et al., 2003; Kryczek et al., 2006). Tumor size was measured
twice weekly using calipers fitted with a Vernier scale. Tumor volume was calculated based
on three perpendicular measurements (Curiel et al., 2004; Curiel et al., 2003; Kryczek et al.,
2006; Zou et al., 2001).

Immunohistochemistry staining

Immunohistochemical staining on TMA slides was performed on a DAKO Autostainer
(DAKO, Carpinteria, CA) using DAKO LSAB+ and diaminobenzadine (DAB) as the
chromogen. Serial sections of de-paraffinized TMA sections were labeled with mouse anti-
human CD33 mAb (Clone, NCL-L-CD33, 1:100, Novacastra, Buffalo Grove, IL), or goat
anti-human CtBP2 antibody (SC-5966, 1:500, Santa Cruz Biotech, Santa Cruz, CA). Cores
from several normal organ tissues were used as tissue controls on each slide. Staining with
isotype antibody was used as negative control.

The cores were quantified and analyzed for the expression of CD33 and CtBP2 with an
Aperio imaging system (Genetix, San Jose, CA). The specimens were digitalized with an
automated platform (Aperio Technologies; Vista, CA) and ScanScope XT and Spectrum
Plus using TMA software version 9.1 scanning system. Cores were scored in high resolution
of X50. Tissue sections were scored manually on a computer screen, and a mean score for
duplicate cores from each individual was calculated. Any discrepancies were resolved by
subsequent consultation with diagnostic pathologists. CD33 was localized in the cell
membrane/cytoplasm and was scored quantitatively (the numbers of positive cells). The
tissues were divided into high (>14) and low (< 14) CD33* MDSC infiltration based on the
median value of CD33" cells per 10 mm2. CtBP2 was localized in the nuclei, and was
scored using the H-score method (Pirker et al., 2012). The tissues were divided into high and
low CtBP2 expression based on the median value of CtBP2 expression level per core. The
H-score is a method of assessing the extent of nuclear immunoreactivity. The H score takes
into account the percentage of positive cells (0-100%) in each intensity category (0-3+) and
computes a final score, on a continuous scale between 0 and 300. The score is obtained by
the formula: 3 x percentage of strongly staining nuclei + 2 x percentage of moderately
staining nuclei + percentage of weakly staining nuclei, giving a range of 0 to 300 (Pirker et
al., 2012). The tissues were divided into high and low CtBP2 expression based on the
median value of CtBP2 expression level per core. Cores from normal breast, heart, thyroid
and tonsil tissues were used as control on each slide. Staining with isotype antibody was
used as negative control.

Quantitative real-time PCR to detect microRNA and mRNA expression

Total RNA was isolated from frozen tumor tissue or primary tumor cells with Trizol
Reagent (Invitrogen, Carlsbad, CA). MicroRNAs were detected by TagMan MicroRNA
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Assay kit (Applied Biosystems, Foster City, CA). Quantitative real-time PCR was carried
out to quantify stem cell and EMT associated genes (Kryczek et al., 2011).

Tumor MDSC and cancer stem cell identification and isolation

Fresh ovarian cancer tissues were processed into single cell suspensions and immediately
used for cellular phenotyping by a flow cytometry analyzer (LSR I, Becton Dickinson, San
Jose, CA) or flow sorting by high-speed sorter (FACSAria, BD) as described (Curiel et al.,
2004; Kryczek et al., 2011). Antibodies against CD2, CD3, CD4, CD15, CD16, CD19,
CD33, CD45, CD133, and epithelial cell adhesion molecule (EpCAM) were used in the flow
experiments (BD Biosciences) (Kryczek et al., 2012). The purity of the sorted cells was
>98%.

Ovarian cancer development and metastasis in NSG model

Cell culture,

Experimentally manipulated primary ovarian cancer cells were cultured with autologous
tumor associated MDSCs then sorted to high purity (>99%) or were stably transfected with
specific gene vectors, and were subcutaneously or intravenously injected into female NOD/
Shi-scid/IL-2Rcnull (NSG) mice (6 ~ 8 weeks old; Jackson Laboratory, Bar Harbor, ME).
The viability of the injected tumor cells was >95%. Subcutaneous tumors were measured
every three days using a caliper scale, and tumor volume was calculated based on three
perpendicular measurements as described (Kryczek et al., 2012; Kryczek et al., 2011). On
day 50 post injection, liver weight and tumor metastatic foci were recorded. Lung metastases
were ink stained and counted (Kryczek et al., 2009b). In some cases, primary tumor cells
and MDSCs were injected into the peritoneal cavity of mice. After 24 hours, tumor cells
were collected and sorted for microRNA101 detection with quantitative PCR. The animal
protocol was approved by the University of Michigan Committee on Use and Care of
Animals (UCUCA).

MICRORNA aRRAY and in vitro sphere formation

Primary ovarian cancer cells were isolated as described previously (Kryczek et al., 2012).
Primary ovarian cancer cells were initially cultured with freshly isolated MDSCs in trans-
wells (Corning, One Riverfront Plaza, NY), and were subsequently harvested for microRNA
array (Applied Biosystems, Cat# 4470187), quantitative PCR, sphere formation assay
(Kryczek et al., 2012) and in vivo experiments.

microRNA array

Primary ovarian cancer cells (5 x 10°) were co-cultured with freshly sorted ovarian cancer
associated-MDSCs, peripheral blood lin"CD45*CD33* cells (5 x 10°) or medium in a
transwell (Corning) for 24 hours. Then, RNA was extracted from the cancer cells by Trizol
reagent. The RNAs were applied for microRNA profiling using OpenArray system (Applied
Biosystems, Cat# 4470187) (Mestdagh et al., 2008) at University of Michigan Sequencing
Core.

Gene transfection and 3'UTR-CtBP2 reporter dual Luciferase assay

Primary ovarian cancer cells stably expressing mciroRNA101 or microRNA scramble were
established with lentivirus packaging kit (Invitrogen, Carlsbad, CA) using microRNA101
and control plasmids (Biosettia Inc, San Diego, CA). Primary ovarian cancer cells stably
expressing shCtBP2 or scramble control were established by using shCtBP2 or control
pGIPZ-GFP plasmids with puromycin selection (Open Biosystem, University of Michigan
Vector Core). In some experiments, primary ovarian cancer cells were transiently
transfected with microRNA101 inhibitor or control oligonucleotides (100 uM, Thermo
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Fisher Scientific Dharmacon Products, Lafayette, CO) 24 hours before functional
experiments (Vilardo et al., 2010).

The PCR fragment of 3'UTR of CtBP2 (926-1325 bp) containing a predicted microRNA101
targeting site (1109-1115) was cloned into a pMIR luciferase reporter (Applied Biosystems,
Foster City, CA) at Spe | and Hid 111 cloning sites using human genomic DNA template
prepared from normal human peripheral blood mononuclear cells. Four site mutations were
created at the predicted microRNAZ101 targeting site using a mutagenesis kit (Promega
Biosystems, Sunnyvale, CA). The wild type-(WT)-3'UTR-CtBP2 or mutant (Mut)-3'UTR-
CtBP2 reporter plasmids were transiently expressed in primary ovarian cancer cells along
with microRNA101 and control plasmids using Lipo2000. pTK-renilla was transfected as an
internal control in each transfection. 48 hours after the transfection, cell lysates were applied
for dual luciferase activity measurement using the dual luciferase kit (Promega) and a
luminometer. RLU represented as CtBP2 3'UTR luciferase activity related to its renilla
luciferase activity. The experiments were repeated for three times with triplicates.

Western blot and Chromatin immunoprecipitation (ChIP)

Western blotting was performed using the following primary antibodies CtBP2 (1:1000,
612044, BD), NANOG (1:1000, ab21624, Abcam), SOX2 (1:1000, MAB4343, Millipore)
and a-TUBULIN (1:2000, Santa Cruz). Signals were detected by ECL reagent (GE
Healthcare, Buckinghamshire, UK).

ChIP was performed as we described (Cui et al., 2008). Briefly, nuclear extracts were
prepared from primary ovarian cancer cells. Mouse anti-human CtBP2 (BD) and normal 1gG
(Santa Cruz) antibodies were used for immunoprecipitation. ChIP primers (Table S4) were
designed to detect promoter fragment near transcription start sites on OC74/3, NANOG and
SOX2 genes.

Statistical analysis

Wilcoxon rank-sum tests were used to compare two independent groups, and for paired
groups, Wilcoxon signed rank tests were used for the comparison. Correlation coefficients
(Spearman correlation, denoted by r, for ordinal data and Pearson correlation, denoted by r,
for continuous data), together with a P-value (null hypothesis is that r is in fact zero), were
computed to measure the degree of association between biomarkers. ANOVA models were
used to evaluate an interaction between MDSC and microRNA101 on cancer sphere
formation. Log-rank test was used to compare time to tumor initiation between two groups.
Overall patient survival was the defined from date of diagnosis and to disease related death.
Disease-free interval was the defined from date of diagnosis and to disease progression or
disease related death. Data were censored at the last follow-up for patients who were
disease-free or alive at the time of analysis. Survival functions were estimated by Kaplan-
Meier methods. Cox’s proportional hazards regression was performed to model survival as a
function of MDSC, CtBP2 and microRNA101 (all classified as low and high based on the
median value), or the combination of MDSC and CtBP2 (classified as MDSC 'owCtBp2high
and MDSC NighctBp2!ow), after adjusting for age, stage and debulking. We assessed the
adequacy of the Cox regression model Graphical and numerical methods as described (Lin
et al., 1993). All analyses were done using SAS 9.3 software. P < 0.05 considered as
significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure1l. MDSCsin patientswith ovarian cancer

Single cells of ovarian cancer tissues were stained for relevant markers. Doublets and
apoptotic cells were gated out.

(A) Flow cytometry gate of MDSCs. MDSCs were gated at the basis of their size,
localization (FSC/SSC) and phenotypes (CD45*CD2~CD19-CD33"). Arrow pointed to
gated MDSCs. One of 40 cancers is shown.

(B) Percentage of non-tumor cells in fresh ovarian cancer tissues. Results are expressed as
the mean percentage + SEM. n = 10.

(C, D) MDSCs mediated immune suppression in vitro. Autologous T cells were cultured
with MDSCs with different ratios for 3 days. T cell proliferation was determined by
thymidine incorporation (C) and cytokine and granzyme B expression were analyzed by
FACS (D). Results are expressed as the percent of positive cells in specific T cell subset +
SEM. n =6, P <0.01, as compared to controls.

(E) MDSCs mediated immune suppression in vivo. Autologous TAA-specific T cells were
conditioned with MDSCs and injected into NSG mice bearing established ovarian cancer.
Tumor volume was measured. One experiment is shown with 2 mice per group from one
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patient donor. Similar experiments were done in 3 patient donors. n = 6/group, P < 0.01, as

compared to no MDSC and controls.
See also Figure S1
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Figure 2. Clinical impact of MDSCsin patientswith ovarian cancer

MDSCs were quantified in primary and metastatic ovarian cancer. Kaplan—-Meier estimates
of overall survival and progression-free interval were performed according to the median
values of CD33* MDSC density. Overall survival (A, C) and disease-free interval (B, D) in
patients with primary cancer (A, B) and metastatic cancer (C, D) were shown.

See also Figure S2, Table S1 and S2.
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Figure 3. MDSCs enhance ovarian cancer incidence, metastasis and stemness

(A-C) Effects of MDSCs on ovarian cancer incidence and metastasis. MDSC-conditioned
primary ovarian cancer cells were subcutaneously (A) or intravenously (B, C) injected into
NSG mice. Tumor development was monitored. Results are expressed as the percentage of
tumor development (A). Tumor liver and lung metastasis was recorded. Results are
expressed as liver weights (B) and the numbers of tumor lung foci (C). n = 6/group. P <
0.05.

(D, E) Effects of MDSCs on cancer spheres formation. Primary ovarian cancer cells and
MDSCs were co-cultured in sphere condition. Sphere formation assay was performed.
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Results are expressed as the fold of increase of sphere numbers + SD. 6 patients with
triplicates. *, P<0.01.

(F) Effects of MDSCs on stem cell associated gene transcripts. Primary ovarian cancer cells
were conditioned with MDSCs. Tumor stem cell associated gene transcripts were quantified
with real-time PCR and are expressed as the mean values relative to controls + SD. Five
experiments with triplicates, *, P < 0.01.

(G) Effects of MDSCs on ALDH™ cancer stem cells. Primary ovarian cancer cells were
cultured with MDSCs for 48 hours. ALDH?* cells are expressed as the mean percentage +
SD, n = 4, derived from 3 different patients. *P <0.05.

See also Figure S3
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Figure 4. MDSCs stimulate cancer microRNA101 expression

(A) The expression of microRNA101 and microRNAG615 in CD133* and CD133~ cancer
cells. CD133* and CD133~ primary cancer cells were sorted from ovarian cancer tissues.
microRNAs were quantified by PCR. 3 patients with triplicates are shown. Results are
expressed as the mean values relative to controls + SD. P <0.05 as compared to CD133~
cancer cells.

(B) The expression of microRNA101 and microRNAG615 in sphere forming cancer cells.
microRNAs were quantified by PCR in sphere forming cells and primary cancer cells. One
of 5 experiments with triplicates is shown. *, P <0.05.

(C) Effects of MDSCs on cancer microRNA101 expression in vitro. Primary ovarian cancer
cells were cultured with MDSCs. Cancer microRNA101 expression was quantified by PCR.
3 patients (donor 1, 2, 3) with triplicates are shown. P <0.05 as compared to controls.

(D) Effects of MDSCs on cancer microRNA101 expression in vivo. Primary ovarian cancer
cells and MDSCs were injected into peritoneal cavity of NSG mice. After 24 hours, tumor
cells were collected and sorted for microRNA101 detection with quantitative PCR. 3
patients with triplicates are shown. P <0.05 as compared to controls.

See also Figure S4, Table S3
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Figure 5. MDSCs promote cancer stemness via microRNA101
(A) Effect of microRNA101 inhibition on ability of forming spheres by ovarian cancer cells.
Sphere assays were performed in the presence of MDSCs and microRNA101 inhibitor. 7
patients with triplicates are shown. Results are expressed as the mean values relative to
controls = SD. *, P<0.01 for testing that the effect of MDSCs depends on microRNA101.
(B, C) Effects of ectopic microRNA101 on sphere formation. Sphere assays were performed
in primary ovarian cancer cells transfected with lentiviral vector encoding microRNA101
and control. 3 patients with triplicates are shown. Results are expressed as the mean values
relative to controls + SD. *, P<0.01 as compared to microRNA vector.

(D) Effects of ectopic microRNA101 on stem cell-associated gene transcripts. The relevant
genes were quantified in primary ovarian cancer cells transfected with lentiviral vector
encoding microRNA101 and control. 3 experiments with triplicates are shown. *, Results

Time to progression (days)
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are expressed as the mean values relative to controls £ SD. P<0.01 as compared to
microRNA vector.

(E, F) Effects of ectopic microRNAZ101 on ovarian cancer incidence and metastasis. Tumor
development was monitored (E). n = 6/group. Tumor liver metastasis was recorded (F). n =
5/group. P < 0.05.

(G, H) Clinical relevance of microRNA101. microRNA101 was quantified by PCR in snap-
frozen primary ovarian cancer. Kaplan—Meier estimates of overall survival (G) and
progression-free interval (H) were performed according to the median values of
microRNA101.

See also Figure S5
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Figure 6. MicroRNA101 tar gets CtBP2 and controls cancer stemness

(A) Target of microRNA101 in 3'"UTR of CtBP2. The sequence of wild type (WT) and
mutant 3'UTR of CtPB2gene used in luciferase assay was shown.

(B) Effect of microRNA101 on WT-3'UTR-CtBPZ luciferase activity. 3'UTR-CtBP2
luciferase activity was measured in tumor cells transfected with WT-3'"UTR and mutant.
Results are expressed as the percentage of inhibition of 3'UTR-CtBPZ2 luciferase activity. 3
experiments with triplicates are shown. Results are expressed as the mean percentage of
inhibition £ SEM. *, P<0.01 as compared to mutant-3'UTR- CIBP2.

(C) Effect of microRNA101 on CtBP2 protein expression. Primary ovarian cancer cells were
transfected with lentiviral vector encoding microRNA101 and control. Cancer CtBP2
protein was detected by Western blotting. One of 3 experiments is shown.

(D) Effect of CtBP2 on stem cell core protein expression in primary ovarian cancer cells.
Primary ovarian cancer cells were transfected with lentiviral vector encoding shCtBP2 and
control. Expression of CtBP2, Nanog, Sox2 protein was detected by Western blotting. A, B
are two shCtBP2. One of 3 experiments is shown.

(E) Effect of CtBP2 on ovarian cancer sphere formation. Primary ovarian cancer cells were
transfected with lentiviral vector encoding shCtBP2. Sphere assay was performed in 3
experiments with triplicates. Results are expressed as the fold increase (mean + SEM). *,
P<0.01 as compared to control.

(F) Effect of knock down of CtBP2 expression on tumor incidence. Primary ovarian cancer
cells were transfected with lentiviral vector encoding shCtBP2. shCtBP2 cancer cells were
injected into NSG mice. Tumor incidence was monitored. Results are expressed as the
percentage of tumor development. n = 6 in Control group; n =5 in sh-CtBP2 group. P <
0.05.
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(G, H) Effects of microRNA101 on the binding of CtBP2 to core stem cell gene promoters.
ChlIP assay was performed in primary ovarian cancer cells expressing microRNA101 (G),
shCtBP2 (H) or scramble. One of three experiments is shown.

(1) Effect of MDSCs on CtBP2 protein expression in primary ovarian cancer cells. Primary
ovarian cancer cells were cultured with MDSCs. CtBP2 protein expression was detected
with Western blot. One of three experiments is shown.

See also Figure S6
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Figure 7. MDSCs and CtBP2 inter action impacts patient outcome

(A, B) Impact of CtBP2 on patient survival. CtBP2 expression was quantified in primary
ovarian cancer. Kaplan—-Meier estimates of overall survival (A) and progression-free interval
(B) were performed according to the median levels of CtBP2 expression.

(C) The association and distribution between tumor CtBP2 and CD33* MDSCs in patients
with ovarian carcinoma. Patients were divided into four groups: CD33/oWCtBP2Migh,
cD33lowctBp2!ow, cD33highctBP2!owW and CD33MghCtBP2Nigh. Patient distribution in four
groups and the association between CtBP2 expression levels and CD33* cell density are
shown.

(D, E) Impact of MDSC and CtBP2 interaction on ovarian cancer overall survival. Kaplan—
Meier estimates of overall survival (D) and progression-free interval (E) were performed
according to the median levels of CtBP2 expression and MDSC intensity.

See also Figure S7
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