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SUMMARY

Cancer-initiating cells (CICs) have been implicated in tumor development and aggressiveness. In ovarian carcinoma (OC), CICs drive

tumor formation, dissemination, and recurrence, as well as drug resistance, thus accounting for the high death-to-incidence ratio of

this neoplasm. However, the molecular mechanisms that underlie such a pathogenic role of ovarian CICs (OCICs) remain elusive.

Here, we have capitalized on primary cells either from OC or from its tissues of origin to obtain the transcriptomic profile associated

with OCICs. Among the genes differentially expressed in OCICs, we focused on CD73, which encodes the membrane-associated 50-ec-
tonucleotidase. The genetic inactivation of CD73 in OC cells revealed that this molecule is causally involved in sphere formation and

tumor initiation, thus emerging as a driver of OCIC function. Furthermore, functional inhibition of CD73 via either a chemical com-

pound or a neutralizing antibody reduced sphere formation and tumorigenesis, highlighting the druggability of CD73 in the context

of OCIC-directed therapies. The biological function of CD73 in OCICs required its enzymatic activity and involved adenosine signaling.

Mechanistically, CD73 promotes the expression of stemness and epithelial-mesenchymal transition-associated genes, implying a regu-

lation of OCIC function at the transcriptional level. CD73, therefore, is involved in OCIC biology andmay represent a therapeutic target

for innovative treatments aimed at OC eradication.

INTRODUCTION

Epithelial ovarian carcinoma (OC) is the most lethal gyne-

cological tumor in developed countries, with a 5-year sur-

vival rate below 45%. Approximately 225,000 new cases

of OC and 140,000 deaths occur worldwide every year.

The high death-to-incidence ratio of OC is essentially

due to two factors: (1) the disease is usually diagnosed at

advanced stage, due to the lack of specific symptoms;

and (2) even after surgical resection, tumor relapse

frequently occurs in different peritoneal sites and in

most cases the recurrent disease is drug resistant (Matulo-

nis et al., 2016).

The clinical evolution and the biological features of OC

fit well with the cancer-initiating cell (CIC, also defined

as cancer stem cell) model. The latter postulates a hierar-

chical organization in solid tumors, such as hematologic

malignancies, which is to some extent analogous to that

observed in normal tissue development and homeostasis.

According to this model, at the apex of such a hierarchy

there is a subpopulation of self-renewing CICs that are

able to generate the entire progeny of short-lived, differ-

entiated, and heterogeneous cells that compose the tu-

mor bulk. CICs are thought to be relatively quiescent

and to possess efficient detoxifying machineries, two fea-

tures that would underlie their pivotal role in tumor

resistance to radio- and chemotherapy (Nassar and Blan-

pain, 2016). Taken together, these characteristics imply

that strategies aimed at interfering with CIC function

would open novel perspectives for the eradication of

several tumor types.

In the case of OC, ovarian CICs (OCICs) would drive and

sustain not only tumorigenesis, but also peritoneal seeding

as well as tumor relapse after primary cytoreduction,

while conferring chemoresistance to the recurrent disease.

Indeed, OCICs have been proposed to recapitulate the

histopathological heterogeneity of the parental tumor,

thus supporting the hierarchical organization of OC and

providing the rationale to characterize OCICs as ideal tar-

gets for OC eradication. However, the unequivocal identifi-

cation ofOCICs has proven extremely challenging.Most of

the studies performed so far relied either on putative

markers of the tissue of origin or on markers that were in-

ferred from the phenotype of CICs in other tumor types.

The former strategy, however, has relevant limitations

since the exact origin of the different subtypes of OC is still
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unclear. For example, high-grade serous OC (HGSOC) has

long been thought to derive from the ovarian surface

epithelium, while clinico-pathological and biological evi-

dence has now pointed to the distal portion of fallopian

tube epithelium (FTE) as the most prominent tissue of

origin for this neoplasm (Perets and Drapkin, 2016). Sets

of surface markers inferred from other CIC types, on the

other hand, showed serious limitations not only due to

poor specificity but also to controversial and heteroge-

neous results association with CIC features in OC (Lupia

and Cavallaro, 2017), thus impeding the full reconstruc-

tion of OC subpopulation hierarchy.

Based on these considerations, as an approach to enrich

for OCICs, we preferred not to rely on a priori selected

markers but rather to harness the intrinsic biological prop-

erties that define CICs, and then search for OCIC-associ-

ated genes. We applied this concept to HGSOC, which is

the most frequent and aggressive form of the disease,

with the aim to define clinically relevant OCIC biomarkers.

In particular, starting from a panel of patient-derived pri-

mary cell cultures established both from HGSOC and

from its normal counterpart, FTE, we have enriched for

cells endowed with CIC-related properties and obtained a

set of genes differentially expressed in OCICs. Among

these, we have defined the surface protein CD73 as a driver

of OCIC function and a potential therapeutic target for the

eradication of OC.

RESULTS

Gene Expression Profiling of Stem Cells

Tumor-derived spheroid culture is a widely used method to

enrich for CICs (or cancer stem cells), mainly due to the

ability of this cell subpopulation to resist anoikis, to self-

renew, and to proliferate when cultured under non-

adherent conditions (Weiswald et al., 2015). In addition,

sphere-forming cells derived from different cancer types,

including OC (Liao et al., 2014), exhibit high tumor-initi-

ating capacity. We established primary spheroid cultures

(OC spheres) from HGSOC samples (Figure S1A). A qRT-

PCR analysis confirmed that established CIC markers,

such as ALDH1, CD44, NANOG, POU5F1, and SOX2, were

expressed at higher level in sphere-forming OC primary

cells compared with the bulk of parental cells cultured

under adherent conditions (Figure S1B). Epithelial-mesen-

chymal transition (EMT), commonly considered as a hall-

mark of CICs (Pattabiraman and Weinberg, 2014), was

also assessed. Indeed, we observed higher expression of

EMT-associated factors, such as SNAI1, TWIST1, and

ZEB1, in primary sphere-forming cells compared with

adherent cells (Figure S1B). Finally, limiting dilution assays

indicated that spheres contained amuch higher number of

sphere-forming cells than their parental population (Fig-

ure S1C). Overall, these findings supported the notion

that sphere cultures were enriched in OCICs.

To determine the frequency of sphere-generating cells in

a large cohort of OC-derived primary cultures, wemeasured

the sphere-forming efficiency (SFE) in 29 HGSOC. This

analysis was extended to 26 primary cultures from the

distal FTE, which is considered the tissue of origin of

most HGSOC (Perets and Drapkin, 2016). As shown in Fig-

ure 1A, the median of SFE values for OC-derived primary

cells was 0.5%, consistent with previous reports (Janzen

et al., 2015; Kwon et al., 2015; Pastò et al., 2014), while a

median of 0.2% (p = 0.0004) was determined for FTE cells,

which were not subjected to this assay in previous studies.

This suggested that OC contains a higher proportion of

cells with stemness traits than its tissue of origin.

In an attempt to obtain a comprehensive molecular

portrait of OCICs, which may help to identify novel

CIC-related molecular mechanisms and markers, we em-

ployed the Affymetrix microarray technology to compare

the transcriptome of OC-derived spheres with that of FTE-

derived spheres. The analysis was performed on two inde-

pendent pools of OC or FTE, each consisting of samples

from three to five different patients (Table S1), aimed at

reducing the effect of inter-individual genetic hetero-

geneity. The screening revealed the significant differential

expression of 1,818 genes (p < 0.01; Figure 1B; Table S2).

A subset of candidates from Affymetrix data, including

VCAM1, CD44, CD24, and NrCAM, was validated at the

protein level, confirming the higher amount of VCAM1

and CD44 and the lower amount of CD24 and NrCAM

in primary OC spheres compared with FTE spheres

(Figure S2).

To get more insights about the molecular mechanisms

involved in OC spheres, we performed the Ingenuity

Pathway Analysis (IPA)-Upstream Regulator analysis using

the 1,818 gene set. This analysis predicted the activation

in OC-derived spheres of transcription factors classically

associated either with cancer stemness and EMT or with

OC development, such as TWIST2, SNAI1 and SNAI2,

NKX2-3, FOXM1, and HOXD3 (Table S3). This further sup-

ported the enrichment for OCICs in our primary cell-

derived spheres.

CD73 Is Involved in OCIC Function

One of the most interesting candidates among the genes

upregulated in OC-derived spheres was NT5E. This gene

encodes CD73, a cell-surface protein endowedwith 50-ecto-
nucleotidase activity and, hence, involved in the genera-

tion of extracellular adenosine (Antonioli et al., 2016).

Since CD73 represents a potential therapeutic target, due

to its cell-surface localization and enzymatic activity, and

it has not been previously associated with OCIC function,
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we set out to define its functional role in this cell

subpopulation.

OC spheres showed a 3.5-fold increase in NT5E expres-

sion as compared with FTE spheres (Table S2). Both

fluorescence-activated cell sorting (FACS) analysis and

immunofluorescence staining confirmed the gene expres-

sion data, showing that OC spheres contained higher

levels of CD73 than FTE spheres (Figures 2A and 2B).

A B

C

Figure 1. Sphere-Forming Efficiency of Primary Cells and Gene Expression Analysis of OC- and FTE-Derived Spheres
(A) Primary cultures derived from FTE (blue circles) and from OC (green squares) were grown under non-adherent conditions to test their
ability to form monoclonal spheres. Sphere-forming efficiency (SFE), was calculated as the ratio between number of spheres and number of
cells seeded. Data are expressed as median of SFE values. *p < 0.0005.
(B) Hierarchical clustering analysis of genes found differentially expressed (1,818; p < 0.01) in OC-derived spheres versus FTE-derived
spheres. The heatmap indicates the trend of expression of significantly regulated genes, and relative log2 ratio values of expression
(median centered) are shown in the legend.
(C) Lists of the top 20 upregulated (left) and top 20 downregulated genes (right) in OC-derived spheres as compared with FTE-derived
spheres. See also Figures S1 and S2.
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FACS sorting the CD73high fraction of OC cells yielded

cells with higher production of extracellular adenosine

(Figure 2C) than CD73low cells, confirming the correla-

tion between CD73 expression and 50-ectonucleotidase
activity and validating FACS-based separation of these

cell subpopulations. CD73high fractions from different

primary OC cell cultures (Figure 2D) exhibited higher

SFE than their CD73low counterparts (Figures 2E and

S3B). No alterations in CD73 expression during sphere

formation were observed in the two sorted populations

(not shown), consistent with the correlation between

CD73 levels and SFE. Finally, CD73 expression was mark-

edly upregulated, at both mRNA and protein levels, in

OC-derived spheres as compared with their parental

bulk cell population (Figures S3A and S3B). Co-expres-

sion of CD73 with known OC markers, such as PAX8

and Cytokeratin-8 (Figure S3C), confirmed that CD73-ex-

pressing cells are indeed OC cells.

CD73 has been reported to contribute to the progression

of various tumor types, mostly due to its role in immune

evasion (Antonioli et al., 2016). However, whether this

molecule plays a role in CICs, and particularly in OCICs,

has remained elusive. Therefore, we set out to investigate

the functional contribution of CD73 to OCIC properties.

First, we assessed the impact of ablating CD73 expression

by short hairpin RNAs (shRNAs) on the SFE of primary OC

cells. The silencing of CD73 with three different shRNAs

(Figure S4A) resulted in decreased SFE (Figure 3A), which

suggested that CD73 is functionally involved in OCICs.

Along this line, the CD73 inhibitor APCP, which prevents

adenosine production (Burger and Lowenstein, 1975),

significantly reduced sphere formation in primary OC (Fig-

ure 3B). Similar results were obtained with the adenosine

receptor antagonist caffeine (Fredholm et al., 1999) (Fig-

ure 3B). Finally, adenosine treatment was sufficient to

enhance sphere formation in OC cells (Figure 3C). In sup-

port of such a role of adenosine, OC spheres expressed

different members of the adenosine receptor family

(Figure S5A). Overall, these data supported the notion

that CD73 promotes OC stemness traits via adenosine

production.

We then tested whether CD73 alsomodulates the tumor-

initiating potential of OCICs. Primary OC cells in which

CD73 expression was reduced with two different shRNAs

(Sh2 and Sh4; Figure S4A) were tested in tumor initiation

assays upon subcutaneous injection into immunodeficient

mice. At 180 days after injection, control OC cells formed

tumors in all mice, with a tumor latency of 110–150 days.

Conversely, no tumors were observed in mice injected

with either Sh2- or Sh4-expressing cells. At 250 days, all

mice injected with Sh2-expressing cells remained tumor

free, while tumors were found in three out of four mice

bearing Sh4 knockdown tumors. Furthermore, control

OC cells exhibited a high tumor growth rate, whereas the

tumors generated by Sh4-expressing cells were remarkably

slow and remained very small even at late time points

(Figure 4B).

Thus, CD73 is required for OC initiation and growth,

which confirms the pivotal role of this molecule in OCIC

function.

CD73 as a Therapeutic Target in OCIC

CD73-neutralizing antibodies are emerging as potential

therapeutic tools (Antonioli et al., 2016, 2017). In this

context, the recently developed monoclonal antibody

2C5 has been reported to inhibit CD73 nucleotidase activ-

ity (Young et al., 2016). In agreement with our results on

CD73 knockdown cells, 2C5 reduced the sphere-forming

ability in primary OC cells from three different patients

(Figure 5A), suggesting that antibody-mediated neutraliza-

tion of CD73 targets OCIC function. This hypothesis was

further supported by the observation that 2C5, but not a

control antibody, dramatically delayed tumor initiation

and tumor growth in patient-derived xenograft models in

immunodeficient mice (Figure 5B). Furthermore, 2C5 in-

hibited the growth of pre-established OC xenografts, while

a high tumor growth rate was observed with the control

antibody (Figure 5C).

Thus, CD73 inactivation throughneutralizing antibodies

interfered with both sphere formation and tumorigenesis,

supporting the feasibility of targeting this molecule to

counteract OCIC function.

Figure 2. CD73 Is Enriched in OC-Derived Spheres
(A) Second-generation spheres from FTE and OC samples were analyzed by citofluorimetry for CD73 expression. Insets show the negative
control analyses with no antibody. Data refer to a representative experiment out of three, which gave similar results.
(B) Representative images of second-generation spheres derived from primary samples (OC and FTE) stained for CD73 (red) and coun-
terstained with DAPI (blue). Scale bars, 50 mm. The experiment was performed on three independent samples with similar results. See also
Figures S3A and S3C.
(C) Adenosine production in OC primary cells, previously FACS-sorted into CD73high and CD73low cells, was measured as described by Chisci
et al. (2017). Data refer to three independent experiments (each performed in triplicate) and are expressed as means ± SEM. ***p < 0.0005.
(D–E) Four different primary OC cells were FACS-sorted into CD73high and CD73low cells (D), followed by sphere formation assay of the two
subpopulations (E). The CD73high fraction was enriched in sphere-forming cells from four independent OC samples. Each primary cell culture
was tested in triplicate and data are expressed as means ± SD. See also Figure S3B.
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CD73 Regulates the Expression of Stemness- and EMT-

Associated Genes

To gain insights into the possible molecular mechanisms

that account for the role of CD73 in the CIC-like traits

of OC cells, we tested the hypothesis that CD73 regulates

the expression of key genes involved in stemness and/or

EMT, namely two fundamental hallmarks of CICs. Indeed,

shRNA-mediated silencing of CD73 in primary OC cells

resulted in the decreased expression of different stemness

and EMT-related genes including CD44, NANOG,

POU5F1/OCT4, SNAI1, TWIST1, and ZEB1 (Figure 6A). Of

note, the expression of EMT-associated transcription

factors in primary OC cells was reduced by APCP and upre-

gulated by exogenous adenosine (Figure S5B), thus impli-

cating the ectonucleotidase activity of CD73 in its ability

to regulate EMT.

Notably, an in silico analysis on the The Cancer Genome

Atlas (TCGA) database (http://www.cbioportal.org) re-

vealed that CD73 is co-regulated with several genes in

OC, and among the top scorers we found genes implicated

in EMT (FAP, FN1,WISP1, etc.) and cancer stemness (NNMT

[D’Andrea et al., 2011], DCN [Farace et al., 2015], RUNX2

[Ferrari et al., 2015], and VCAN [Du et al., 2013])

(Table S4), thus supporting the association of CD73 with

the OCIC phenotype.

Furthermore, the ablation of CD73 expression also pro-

moted dramatic morphologic rearrangements in primary

OC cells, which reverted from amesenchymal to an epithe-

lial-like phenotype (Figure 6B). Accordingly, CD73 knock-

down cells exhibited upregulation of the epithelial marker

E-cadherin, which localized at the cell-cell junctions. The

levels of the mesenchymal markers N-cadherin and vimen-

tin, conversely, were markedly reduced in CD73 knock-

down cells (Figure S5C).

These findings suggest that CD73 orchestrates OCIC

function by sustaining the expression of genes that play a

pivotal role in stemness and in EMT.

Clinical Significance of CD73 in OC

Since CD73 was specifically enriched in OC-derived as

opposed to FTE-derived spheres, we checked whether the

protein was expressed at different levels between human

OC and normal FTE. To this goal, an immunohistochem-

ical screening for CD73 was conducted on a tissue micro-

array containing 115 HGSOC samples and 17 normal

fimbriae. CD73 was not found in the epithelium of healthy

fimbriae, while it was expressed in 71 OC samples (62%).

Of note, the pattern of CD73 expression in tumors was

quite heterogeneous, ranging from samples with only a

A

B

C

Figure 3. CD73 Promotes OC Sphere Formation via Adenosine
(A) Primary tumor cells derived from four independent OC samples
were transduced with three different shRNAs against CD73
(Sh2-4) or with control shRNA, followed by SFE assay. See also
Figure S4.
(B and C) Primary tumor cells from three independent OC samples
were subjected to sphere formation assay in the presence of 50 mM
APCP, 100 mM caffeine (B), or 100 mM adenosine (C), or vehicle
only. Spheres were counted at day 6. Data refer to primary cells from

four (A) or three independent samples (B and C), each tested in
triplicate, and are expressed as means ± SEM.
*p < 0.05; ***p < 0.005. See also Figures S5A and S5B.
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small subset of positive cells to samples where the vast ma-

jority of tumor cells were CD73 positive (Figures S6A–S6D).

The level of CD73 in OC correlates with poor prognosis

(Turcotte et al., 2015). We extended that observation by

analyzing the prognostic significance of CD73 in patient

subgroups. A meta-analysis conducted on 13 OC gene

expression datasets including TCGA (http://kmplot.com/

analysis/index.php?p=service&cancer=ovar) revealed that

high CD73 expression was associated with a shorter pro-

gression-free and overall survival even in patients with

low-grade serous OC (p < 0.01, Figures S6E and S6F), i.e.,

a cohort with a relatively favorable prognosis (Gershenson,

2016). A similar association of CD73 levels with shorter

progression-free and overall survival was observed in OC

patients with suboptimal debulking (p < 0.001; Figures

S6G and S6H), while no association was found in optimally

debulked patients (not shown). This role of CD73 as a

biomarker of poor prognosis in OC is in agreement with

its function in OCICs.

DISCUSSION

Our study implicates CD73 as a player in OCICs. CD73 is

a well-established surface marker of mesenchymal stem

cells (Calloni et al., 2013). However, little is known about

the expression and function of CD73 in other types of

stem cells, in particular in CICs. In fact, to our knowl-

edge, the functional contribution of CD73 to CICs has

been reported only in cell lines from pancreatic neuroen-

docrine (Katsuta et al., 2016) and mammary tumors (Yu

et al., 2017). The role of CD73 in OCIC function is

consistent with previous reports on the expression and

the biological activity of CD73 in OC. For example,

among the molecular classes of OC identified by func-

tional genomics, the CD73-encoding gene NT5E was

found differentially expressed in the subtypes Stem-A

and Stem-B (Tan et al., 2013). In addition, OCICs are

thought to account for the development of chemoresist-

ance, and CD73 is upregulated in cisplatin-resistant OC

spheroids (Chowanadisai et al., 2016) and modulates

platinum sensitivity in OC cells (Nevedomskaya et al.,

2016). Finally, CD73 has been implicated in OC cell pro-

liferation and inhibition of apoptosis (Turcotte et al.,

2015). The functional role of CD73 in tumor cells is

not limited to OC, since this molecule confers invasive

properties to head and neck squamous carcinoma cells

(Ren et al., 2016) and to mammary carcinoma cells (Zhi

et al., 2007). Of note, CD73 marks a subpopulation of

mammary cells endowed with lineage plasticity (Roy

et al., 2013) and correlates with CIC traits in breast can-

cer cell lines (Yu et al., 2017).

We demonstrate here that not only CD73 is enriched

in primary sphere-forming cells from OC compared with

normal FTE, but it is also required for sphere formation

and tumor initiation in OC cells. Sphere formation is a

widely employed assay in the CIC field in that it allows

studying stemness-associated features, such as resistance

to anoikis, self-renewal, and differentiation potential, at

the single-cell level (Weiswald et al., 2015). In this context,

the molecular mechanism underlying the role of CD73 in

OC sphere formation appears to entail the regulation of

stemness-associated genes such as NANOG, POU5F1/

OCT4, and SOX2, which encode transcription factors that

drive self-renewal and multipotency. All these transcrip-

tion factors are associated with malignancy and poor

prognosis in OC and have been proposed to drive OCIC

function (Bareiss et al., 2013; Peng et al., 2010; Siu et al.,

A

B

Figure 4. CD73 Is Involved in OC Initiation and Growth
OC5 primary cells transduced with either anti-CD73 shRNAs (Sh2
and Sh4) or with a control shRNA were injected subcutaneously into
NSG mice at 5,000 cells/mouse (n = 4). Mice were assessed for
tumor take at day 180 (A) and tumor growth was monitored at
different time points (B). Data are expressed as means ± SEM. *p <
0.05 compared with control shRNA.
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2013), which, in turn, promotes OC initiation, progres-

sion, and chemoresistance (Lupia and Cavallaro, 2017).

An increasing body of evidence has implicated EMT as a

defining property of CICs in several tumor types including

OC (Chen et al., 2013). While it remains unclear to what

extent EMT is required for the generation of CICs, many

lines of evidence indicate that EMT is causally involved

in maintaining cancer stemness and in CIC plasticity,

thus contributing not only to tumor initiation, metastasis,

and recurrence but also to tumor heterogeneity (Chen

et al., 2013). The acquisition of mesenchymal traits in OC

is accompanied by the upregulation of CD73 (Turcotte

et al., 2015), an observation supported by our finding of

the co-regulation of CD73 with EMT-associated genes in

OC samples. In this context, it is possible that the sustained

expression of CD73 during sphere formation is driven by

OCIC-associated EMT. Nevertheless, whether CD73 plays

a functional role in EMT remains to be established. CD73

has been proposed to act as an effector of transforming

growth factor b1-induced EMT in gallbladder tumor cells.

Our data in OC provide a mechanistic basis to these obser-

vations by implicating CD73 in the transcriptional regula-

tion of key EMT driver genes such as SNAI1, TWIST1, and

ZEB1. Given that CD73 can be expressed in a high propor-

tion of OC cells within a tumor (which most likely include

non-stem cancer cells), and that EMTcontributes to various

aspects ofOCbiology beyond its CIC compartment (David-

son et al., 2012), one can speculate that CD73-induced

EMTmediates both OC stemness and progression. This im-

plies that CD73-targeted treatments would offer the dual

A

B

C

Figure 5. CD73 Is a Potential Therapeutic
Target
(A) Primary OC cells were subjected to
sphere formation assay in the presence of
anti-CD73 mAb 2C5 or the control mAb 1A7
(20 mg/mL). Spheres were counted at day 6.
Data refer to cells from three independent
OC samples (each tested in triplicate) and
are expressed as means ± SEM. *p < 0.05 as
compared with 1A7-treated cells.
(B) Tumor initiation assays in NSG mice
(n = 8) were performed with patient-derived
OC samples as described in Experimental
Procedures. Mice were treated either with
2C5 or with the control antibody 1A7, and
tumor growth was monitored (left graph).
Tumor take was determined as number of
mice with palpable tumors at the indicated
time points (right table).
(C) Patient-derived OC xenografts in NSG
mice (n = 8) were allowed to grow up to
70 mm3, followed by treatment with 2C5
or 1A7.
Data are expressed as means ± SEM.
***p < 0.0001.
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advantage of inhibiting OCIC function and counteracting

EMT-dependent OC malignancy, resulting in a synergistic

increase of therapeutic efficacy.

Our data on the regulation of both stemness- and EMT-

associated genes indicate that CD73 can influence the tran-

scriptional activity in OC cells. However, how CD73 exerts

such a regulatory role remains elusive. As a 50-ectonucleoti-
dase, the main function of CD73 is the catabolism of extra-

cellular AMP into adenosine. The latter has been reported

to promote breast cancer cell migration and metastasis

(Stagg et al., 2010), implying the ability of adenosine to

trigger signaling pathways involved in tumor progression.

Thus, adenosine could act as the effector of CD73-depen-

dent regulation of gene expression in OC, as supported

by our data on the expression of specific adenosine recep-

tors in OCICs. This would be consistent with the observa-

tion that the expression of the stemness genes SOX2,

NANOG and OCT3/4 requires CD73-generated adenosine

(Pan et al., 2016). On the other hand, the small-molecule

CD73 inhibitor APCP affected only to a certain extent

CD73-induced expression of epidermal growth factor

(EGF) receptor in colorectal cancer cells, while the genetic
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Figure 6. CD73 Regulates the Expression
of Stemness- and EMT-Related Genes
and OC Cell Morphology
(A) CD73 knockdown OC primary cells (OC5)
were analyzed for the expression of genes
related to stemness and EMT. Data are
expressed as the relative mRNA expression
(2�DDCT) of reported genes in silenced
cells as compared with control cells
(dashed line). The experiment was per-
formed in triplicate and data are expressed
as means ± SD.
(B) Representative images of morphological
changes in primary OC adherent cells after
CD73 silencing. CD73 knockdown induced a
phenotypic reversion from a mesenchymal
to epithelial morphology in OC cells. Scale
bars, 400 mm. See also Figure S5C.
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inactivation produced a much stronger effect (Wu et al.,

2016), thus implicating also a non-enzymatic role of

CD73 in this context. In addition, other studies in different

experimental systems have supported the notion that

CD73 can exert its biological function through both aden-

osine-dependent and -independent mechanisms (Allard

et al., 2014; Mikhailov et al., 2008; Terp et al., 2013),

implying that the same may occur for the regulation of

gene expression and OCIC function. The identification of

such mechanisms will provide novel and relevant insights

into the pathophysiology of OCICs.

Our findings on the role of CD73 in OCICs might also

have relevant immunological implications. In contrast to

the immunostimulatory role of AMP, extracellular adeno-

sine has immunosuppressive function in that it quenches

the activity of various immune cell lineages, including

T cells, natural killer cells, and antigen-presenting cells (Al-

lard et al., 2016; Antonioli et al., 2013). The expression of

CD73 in cancer cells and in the tumor microenvironment

(regulatory T cells, myeloid-derived suppressor cells, and

endothelial cells), therefore, has been causally linked to

the ability of many tumor types to evade immune surveil-

lance. Along this line, targeting CD73 is viewed as a prom-

ising strategy to support and enhance the anti-tumor

immune response, thus synergizing with other immune-

based or cytotoxic treatments (Allard et al., 2016; Antonioli

et al., 2013). In the context of CD73-targeted therapies, our

study offers an additional therapeutic opportunity based

on the possibility to inhibit the immune evasion of OCICs.

An increasing body of evidence, indeed, indicates that CICs

from different tumor types utilize various molecular mech-

anisms to elude the immune cell response and to favor an

immunosuppressive microenvironment (Codony-Servat

and Rosell, 2015; Jachetti et al., 2015; Qian et al., 2015; Sil-

ver et al., 2016; Zhang et al., 2015). For example, the expres-

sion of cell-surface CD47 in certain CICs provides a ‘‘don’t

eat me’’ signal which protects CICs from macrophage

phagocytosis (Chan et al., 2009; Krampitz et al., 2016;

Zhang et al., 2015). By analogy to CD47, it is conceivable

that CD73 in OCICs serves the function of evading innate

immune surveillance, an intriguing hypothesis that de-

serves further investigation.

The development of CD73-targeting antibodies as thera-

peutic tools is becoming the focusof intense research (Anto-

nioli et al., 2016, 2017;Hay et al., 2016). Such reagents have

givenpromising results inOCmodelswhere, however, they

have been mostly investigated in the context of immune

evasion (Häusler et al., 2014; Wang et al., 2011). Based on

our pilot studies with the 2C5 antibody, future work should

address to what extent CD73-targeted therapies impact on

OCIC function, thus paving the way to novel strategies

aimed at the OC eradication through the simultaneous in-

hibition of cancer stemness, EMT and immune escape.

EXPERIMENTAL PROCEDURES

Primary Cells
Fresh tissue samples were obtained upon informed consent from

patients undergoing surgery at the Gynecology Division of the Eu-

ropean Institute of Oncology, Milan (Table S1). High-grade serous

epithelial OC cells were derived from peritoneal ascites or from tu-

mor biopsies of patients who had primary, not recurrent, OC and

had not yet undergone chemotherapy. Primary cells from FTE

were derived from non-neoplastic fimbriae, from patients under-

going adnexectomy for non-ovarian gynecological pathologies.

The isolation and culture of primary cells were performed as

described previously (Francavilla et al., 2017). Tumor-derived cells

were used at passage 1, while FTE-derived cells were mostly used at

passage 3. The purity of primary cell cultures, monitored by immu-

nostaining for the epithelial cytokeratins 5, 7, and 8, or for pan-cy-

tokeratins, was consistently over 95%.

Sphere-Forming Assay
Single-cell suspensions from either normal or tumor primary cul-

tures were seeded in poly-(2-hydroxyethyl methacrylate) (P3932-

25G, Sigma)-coated dishes at a density of 5 3 103 cells/mL in

serum-free MEBM (Lonza) supplemented with 2 mM L-glutamine,

100 U/mL penicillin and 100 mg/mL streptomycin, 5 mg/mL

insulin, 0.5 mg/mL hydrocortisone, 1 U/mL heparin, 2% B27,

20 ng/mL EGF, and 20 ng/mL basic fibroblast growth factor. Sphere

formationwas assessed 5–7 days after seeding. The SFE was defined

as the ratio between the number of spheres and the number of cells

seeded. To perform the gene expression analysis, first-generation

spheres were dissociated and re-seeded as described above in order

to obtain second-generation spheres.

When needed, 20 mg/mL of anti-CD73 antibody 2C5 or the iso-

type-matched control 1A7, 50 mM adenosine 5-(a,b-methylene)

diphosphate (APCP; catalog no. M3763), 100 mM caffeine (catalog

no. C0750), or 100 mM adenosine (catalog no. A4036; Sigma-

Aldrich) were added to suspension cultures on day 0, 2, and 4 after

seeding. Sphere formation was assessed 6 days after seeding.

qRT-PCR Analysis
Total RNA was isolated from adherent cultures or from spheres

using the RNeasy Mini Kit (QIAGEN) according to manufacturer’s

protocol. cDNA samples (5 ng) were amplified in triplicate with the

TaqMan 710Gene Expression Assay (Applied Biosystems) using an

ABI/Prism 7900 HT thermocycler (Applied Biosystems). Gene

expression levels were normalized against housekeeping human

GAPDH for primary adherent cells and for the corresponding sec-

ond-generation spheres, and against the geometric mean of the

human housekeeping genes GAPDH, GUSB, and HPRT1 for the

silenced primary cells. TaqMan assays for specific genes are listed

in Table S5. Normalized expression changes were determined

with the comparative threshold cycle (2�DDCT) method.

Gene Expression Profile
TheAffymetrixmicroarrayanalysiswasperformedonsecond-gener-

ation spheres derived from the samples listed in Table S1. After RNA

extraction, samples derived fromOCor fromFTEwere grouped into

two independent pools for each tissue type (Table S1). The Ovation
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PicoWTASystemV2 (NuGEN)was used to amplify5ng of total RNA

according to themanufacturer’s protocol. Eachpoolwas labeled and

hybridized to theAffymetrixHumanGene2.1 STArray Strip accord-

ing to the manufacturer’s instructions (Affymetrix). Data were

normalized using the Robust Multiarray Average (Irizarry et al.,

2003) using the Affymetrix Expression Console software. Raw and

normalized data were deposited in GEO database (http://www.

ncbi.nlm.nih.gov/geo/; accession number GSE90125).

Immunofluorescence
Cytospins where prepared with second-generation spheres

derived from primary cells, while adherent primary cells were

grown on collagen I-coated glass coverslips. Adherent cells and

spheres were then fixed with 4% paraformaldehyde for 10 min

at room temperature, followed by immunofluorescence staining

with the following antibodies: anti-CD73 (clone AA60E3.3),

generated by E. Dejana (Milan) and produced by the Biochemistry

Unit at Cogentech, Milan; anti-CD24 (catalog no. 555427), anti-

CD106 (catalog no. 555647), anti-E-cadherin (catalog no.

610182), and anti-N-cadherin (catalog no. 610921) from BD Bio-

sciences; anti-NrCAM (ProteinTech, catalog no. 21,608-1-AP),

anti-CD44 (clone Hermes-3, from U. Günthert, Basel), anti-vi-

mentin (Abcam, catalog no. Ab92451), anti-CK8 (Troma-I, gener-

ated by R. Kemler and distributed by Developmental Studies Hy-

bridoma Bank, University of Iowa), anti-PAX8 (ProteinTech,

catalog no. 10,336-1-AP), anti-adenosine A2a receptor (Alpha

Diagnostic International, catalog no. A2aR21-S), anti-adenosine

A2b receptor (Alpha Diagnostic International, catalog no.

A2bR23-S), and anti-adenosine A3 receptor (Alpha Diagnostic

International, catalog no. A3R32-S). The staining was performed

as described previously (Francavilla et al., 2017).

FACS Analysis
Both adherent cells and second-generation spheres were trypsi-

nized to obtain a single-cell suspension. Cells were then stained

with phycoerythrin-conjugated mouse anti-human CD73 (BD

Biosciences, catalog no. 550257). The percentage of positive cells

was measured by BD Influx Sorter (BD Biosciences).

Lentiviral Infection
Lentiviral vectors were generated by transient co-transfection of

the packaging cell line HEK293T, purchased from ATCC and

cultured as described previously (Francavilla et al., 2017), with

10 mg of the following anti-CD73 shRNA from Genecopoeia: Sh2

(50-GAGGACACTCCAACACATT-30; HSH011932-2-LVRU6P); Sh3

(50-CCTAGGCTATCTGAAGATC-30; HSH011932-3-LVRU6P); Sh4

(50-AGCAGCATTCCTGAAGATC-30, HSH011932-4-LVRU6P) or

with the scrambled control (CSHCTR001-LVRU6P, Genecopoeia),

and the following packaging vectors: PMD2G (3 mg), Rre (5 mg),

and REV (2.5 mg), using the calcium phosphate precipitation

method. The supernatant from HEK293T was then used to trans-

duce the target cells. Selection of transduced cells was performed

with 1 mg/mL puromycin for 5–7 days.

Cell Lysis and Immunoblotting
Primary ovarian cancer cells and ovarian cancer cell lines cultured in

completemediumwere lysed inRIPAbuffer (0.1%SDS,0.5%sodium

deoxycholate, 1%TritonX-100, 150mMNaCl, 50mMTris [pH7.4],

1 mM Na-orthovanadate, 10 mM NaF, 2003 Protease Inhibitor

Cocktail fromCalbiochem). Lysateswere sonicated and centrifuged,

and the pellets were discarded. Equal amount of proteins was sepa-

rated by SDS-PAGE and transferred onto nitrocellulosemembranes.

Immunoblotting was performed with anti-CD73 (clone 1D7;

Abcam, catalog no. ab91086) and anti-vinculin (Sigma, catalog no.

V9131). The signal was detected by the Clarity Western ECL Sub-

strate (Bio-Rad) and the images were acquired by ChemiDoc (Bio-

Rad) and analyzed using the Image Lab software (Bio-Rad).

Immunohistochemistry
Immunohistochemical stainingwas performed either on 3-mmsec-

tions from formalin-fixed, paraffin-embedded tissue samples or on

a tissue microarray with FTE and OC samples from patients oper-

ated at the European Institute of Oncology in Milan between

2014 and 2016. The staining was performed as described previ-

ously (Francavilla et al., 2017), after antigen retrieval with Tris-

EDTA (pH 9.0), at 95�C for 50 min. The rabbit monoclonal

anti-CD73 (clone D7F9A, Cell Signaling Technology, catalog no.

13160) was used as primary antibody. CD73 signal was analyzed

and scored by a trained pathologist (G.B.).

In Vivo Models
All animal studieswere performed following a protocol approvedby

the fully authorized animal facility of our Institution andby the Ital-

ian Ministry of Health (as required by the Italian Law) (IACUCs no.

757/2015) and in accordance with EU directive 2010/63.

OC primary cells were first subjected to next-generation

sequencing to confirm their identity as HGSOC. Cells exhibited

the TP53 mutation 796G > T (G266Ter). In addition, cells

carried the 1114A > C (N372H) substitution in the BRCA2

gene, which has been associated with increased cancer risk (Li

et al., 2017). Both mutations were also found in the original tu-

mor, which had been diagnosed as an HGSOC by a trained

pathologist (G.B.). Control or CD73 silenced primary cells

were then trypsinized, counted, re-suspended in 100 mL

PBS/Matrigel 1:1 solution, and injected subcutaneously into

the flank of 6- to 7-week-old female NOD-scid IL2rgnull (NSG)

mice (5 3 103 cells/mouse). Tumor latencies were then deter-

mined as the time from the injection to the formation of

palpable masses. For tumor initiation assays, mice were treated

with the anti-CD73 antibody 2C5 starting from day 2 after OC

injection. The treatment of mice with established tumors,

instead, was started when tumor masses had reached a volume

of approximately 70 mm3. Mice were treated biweekly with

intra-peritoneal injection of 2C5 or the isotype-matched anti-

body 1A7 (20 mg/kg) (Young et al., 2016). Tumor size was deter-

mined by caliper measurement and the growth curves of

different tumors were finally calculated with the formula Tumor

volume = 1/2(length 3 width2) (Euhus et al., 1986).

Kaplan-Meier Curves
The Kaplan-Meier online plotter tool (http://kmplot.com/

analysis/) was used to generate survival curves by combining

NT5E/CD73 mRNA data from serous ovarian cancer patients

from 13 public ovarian cancer datasets (Gyorffy et al., 2012),
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according to the best cutoff values auto-selected by the plotter tool.

Log rank p value and hazard ratio (and 95% confidence intervals)

were calculated and displayed on the webpage.

Statistical Analysis

Microarray Analysis

Affymetrix gene expression analysis was performed using

BRB-ArrayTools 4.5.0 (https://brb.nci.nih.gov/BRB-ArrayTools/).

All the 53,617 Affymetrix probesets (Human Gene 2.1 ST Array)

were considered in the analysis. A two-sample t test (with random

variance model) and with global test was performed. Hierarchical

clustering analysis was performed using Cluster 3.0 (http://

bonsai.hgc.jp/�mdehoon/software/cluster/software.htm) using

median centered log2 transformed data (uncentered correlation

and centroid linkage), and displayed by Java Treeview (http://

jtreeview.sourceforge.net).

Ingenuity Pathway Analysis
Ingenuity Pathway Analysis (IPA)-Upstream Regulator Analysis

was performed using the IPA default statistical analysis settings

to calculate Z score and p value.

Other Analyses
Two-tailed Student’s t test was used to determine the statistical sig-

nificance. Differences were considered significant at p % 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and five tables and

can be found with this article online at https://doi.org/10.1016/j.
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