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Evidence that cervical cancer cells cultured as tumorspheres
maintain high CD73 expression and increase their protumor
characteristics through TGF-f3 production
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significantly increased in CaSki-T cells. CaSki-T cells exhibited enrichment in the
CSC-like phenotype due to increases in the expression levels of stem cell markers
(CD49f, CK17, and P63; OCT4 and SOX2), greater sphere formation efficiency (SFE),
and an increase in the percentage of side population (SP) cells. Interestingly,
compared with CaSki-M cells, CaSki-T cells produced a greater amount of TGF-B1
and presented a marked protumor phenotype characterized by a significant decrease
in the expression of major histocompatibility complex class-I (MHC-I) molecules, an
increase in the expression of multidrug resistance protein-I (MRP-1) and vimentin,
and an increase in the protein expression levels of Snail-1 and Twist, which was
strongly reversed with TGF-B1 inhibition. These results suggest that the presence of
TGF-B1-CD73-Ado feedback loop can promote protumoral characteristics in the

KEYWORDS

tumorspheres

1 | INTRODUCTION

Cervical cancer (CC) is the fourth most common type of cancer in
women and represents a major public health problem worldwide. In
2020, approximately 600,000 new cases and 340,000 deaths were
reported, more than 80% of which occurred in developing countries.*
Persistent infection by high-risk human papillomavirus (HR-HPV) is
one of the main risk factors for the development of low-grade
squamous intraepithelial lesions (LSILs), which can progress to high-
grade lesions (HSILs) and eventually to CC.2 The immune response
against HPV antigens can eliminate most infections and precursor
lesions; however, some women exposed to HR-HPV will develop
cancer, suggesting that other risk factors may be involved.® Recently,
intrinsic factors related to the generation of adenosine (Ado) and the
signaling of this nucleoside in tumor cells have been proposed to play
important roles in tumor growth, immunosuppression, evasion of the
immune response, metastasis, and chemoresistance, among other
mechanisms.*”” Ado is produced at sites of metabolic stress
associated with hypoxia, ischemia, trauma, or inflammation and even
in the tumor microenvironment (TME) through the adenosinergic
pathway. In the TME, high concentrations of adenosine triphosphate/
adenosine diphosphate (ATP/ADP) greater than 50 uM are hydro-
lyzed to adenosine monophosphate (AMP) by the ectoenzyme CD39
(ectonucleoside triphosphate diphosphohydrolase-1, ENTPD1;
EC 3.6.1.5) and subsequently to Ado by the activity of
5’-ectonucleotidase (CD73, EC 3.1.3.5).871° Most of the extracellular
signaling activities of Ado are mediated by receptors on the cell
membrane that are coupled to G proteins; these receptors are
divided into four subtypes (A1R, A2AR, A2BR, and A3R).}1~13
Purinergic signaling has been associated with the development
and maintenance of cancer stem-like (CSC-like) cells, which have the
ability to initiate tumors due to their property of self-renewal and

CC tumor microenvironment.

cancer stem-like (CSC-like) cells, CD73, cervical cancer, protumor phenotype, TGF-8 1,

Significance statement

This study provided the first evidence that high CD73
expression associated with high TGF-B1 production by
cervical cancer cells cultured as tumorspheres strongly
contributes to the induction of protumoral characteristics
related to tumor progressions, such as migration and
invasiveness, immune evasion, immunosuppression, and

chemoresistance.

unlimited proliferation and play critical roles in tumor metastasis,
relapse, and resistance to therapy.'* Recent evidence indicates that
transforming growth factor-beta 1 (TGF-B1) is one of the most
prominent extrinsic factors of the microenvironment in solid tumors
and initiates a transcriptional program in carcinoma cells that
participates in cellular plasticity toward the epithelial-mesenchymal
transition (EMT).1® After EMT activation, cells generally eliminate the
expression of epithelial markers, such as E-cadherin, and instead
express mesenchymal markers, including vimentin, fibronectin, and
certain master transcription factors that induce EMT, such as Zeb1,
Twist, Snail, and Slug, which regulate the expression of genes
associated with most mesenchymal states of carcinoma cells to
facilitate their invasiveness and motility.*¢"*® In addition, TGF-B1
present in the TME is a driver of CD73 expression, and the activity of
this nucleotidase has been suggested to positively regulate the

1920 and cellular

expression of genes associated with stem cells
plasticity in solid tumors.®

Several studies have reported that in nonadherent and serum-
free conditions, the in vitro tumorsphere formation assay is a

functional method to produce tumor cultures enriched in
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subpopulations of CSC-like cells and a microenvironment where

cell behavior can be studied under different experimental
conditions.?*~2% In addition, a positive correlation has been reported
among CD73 expression in tumor cells, the ability to form tumor-
spheres in vitro, and tumor progression,? suggesting a link between
increased CD73 expression and tumorigenesis. Our research group
has reported that HR-HPV-positive CC tumor cells highly express
CD73 in the cell membrane and have a high capacity to generate
Ado?” and that Ado signaling in these tumor cells promotes TGF-B1
production to maintain CD73 expression.?® Therefore, in this study,
we analyzed the participation of TGF-B1 in the expression of CD73
and protumoral markers in CaSki cells cultured as tumorspheres
(CaSki-T) and in monolayers (CaSki-M). We found that CSC-like
characteristics, including a stem cell phenotype, sphere formation
efficiency (SFE), and side population (SP) cells, increased in CaSki-T
cells. Likewise, compared with CaSki-M cells, in CaSki-T cells, we
observed a significant increase in CD73 expression and the capacity
to hydrolyze AMP and generate Ado. Interestingly, CaSki-T cells
produced a greater amount of TGF-B and presented a marked
protumor phenotype, which was reversed when these cells were
cultured in the presence of neutralizing anti-TGF-, suggesting that
the TME is important for maintaining CD73 expression and
potentially the production of immunosuppressive factors such as
TGF-B1 to favor the protumor phenotype in CC cells. This study
provides the first evidence that the TGF-B1-CD73-Ado feedback
loop strongly contributes to the induction of protumoral character-

istics in CC and may have clinical importance as a therapeutic target.

2 | METHODS

2.1 | Tumor cell culture

CC CaSki (HPV-16+) cells obtained from the American Type
Culture Collection (ATCC) were cultured
conditions as a

under adherent
monolayer/2D using RPMI-1640 medium
(Sigma-Aldrich) containing 10% fetal bovine serum (FBS; Gibco),
100 U/ul penicillin, and 100U/ul streptomycin (Gibco) and
maintained under sterile conditions at 37°C with 5% CO, in a
saturated humidity environment. For culture in tumorspheres,
CaSki cells were seeded (1x10%cells per well) in ultralow-
adhesion six-well plates (Corning Costar) using 2 ml of reduced-
serum medium (Opti-MEM; Gibco) containing 0.5% FBS, 100 IU/ml
penicillin, 100 pg/ml streptomycin (Gibco), 1% nonessential amino
acids, GlutaMAX (Gibco), and 20 ng/ml rhEGF and rhFGFb (R&D
Systems) and maintained under sterile conditions at 37°C with 5%
CO, in a saturated humidity environment. On Day 7 of culture, the
tumorspheres were mechanically disaggregated and reseeded
under the same conditions. After two consecutive reseedings
(Day 21 of culture), the tumorspheres were characterized, and the
tumor cells within each sphere were analyzed to determine their
phenotypic and functional characteristics; the same analyses were

conducted for the tumor cells cultured in monolayers.

22 | SFE

Cells from monolayer tumor cell cultures or tumorspheres were
seeded (1 x 10%) in ultralow adhesion plates in Opti-MEM medium
(2 ml/well). After 14 days, the number of spheres with a diameter
greater than 200 um was determined using the following formula: %
SFE = (total number of spheres/10,000) x 100.

2.3 | Characterization of tumorspheres

After 21 days of culture, the tumorspheres reached an approximate
diameter of 200-300um. Some were fixed for 24h in a 4%
paraformaldehyde solution and embedded in paraffin, and then a
microtome was used to slice 5-um sections that were subsequently
processed for staining with hematoxylin-eosin (H-E). To analyze the
structure, the tumorspheres were fixed in 2.5% glutaraldehyde in
phosphate buffered saline (PBS) for 2 h. Subsequently, they were
incubated in 1% osmium tetroxide (OsQ,) in PBS and embedded in
EPON resin, after which they were sliced into ultrathin sections and
stained with 4% uranyl acetate and 0.4% lead citrate. The sections
were evaluated in a JEOL 1010 transmission electron microscope
operated at 80 kV. Digital images were obtained with a Hamamatsu

camera.

2.4 | SP assay

Tumor cells from monolayers or tumorsphere cultures (1 x 10%) were
incubated for 1h in the presence or absence of 10 uM Hoechst
33342 (Sigma-Aldrich). In some cases, to block Hoechst efflux, cells
were stained in the presence of 50 uM verapamil (Sigma-Aldrich), as
previously described.?? The cells were then washed twice with PBS,
and the percentage of cells that excluded the dye was analyzed using
a FACSAria llu flow cytometer (BD Biosciences). The data obtained
were analyzed using FlowJo 10 software.

2.5 | Flow cytometry

Tumor cells from monolayer cultures or tumorspheres were analyzed
by flow cytometry to determine the expression of core markers, that
is, CD49f, CK17, P63, OCT4, and SOX2, using the following
antibodies: anti-CD49f-APC (R&D Systems); anti-CK17-AF488
(Bioss); anti-P63-AF647 (Bioss); anti-OCT4 (rabbit anti-human;
Abcam); and anti-SOX2 (mouse anti-human, Abcam). For the analysis
of CD73, major histocompatibility complex class-I (MHC-I), MRP-1,
E-cadherin, vimentin, Snail, and Twist, the following antibodies were
used: anti-CD73-PE (mouse anti-human, BD, Pharmingen); Wé/32
(mouse anti-human, which recognizes the conformational epitope of
the a chains of the human leucocyte antigen (HLA)-A, HLA-B and
HLA-C molecules associated with B2-microglobulin), which was

generously donated by Dr. Gerd Moldenhauer of the German Cancer
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Research Center, Heidelberg, Germany; anti-MRP1 antibody Abcam;
anti-E-cadherin-PerCP-Cy 5.5 (BD, Pharmingen); anti-vimentin-Alexa
Fluor 488 (BD, Pharmingen; anti-Snail Mouse monoclonal Abcam
(Cambridge); and anti-Twist Mouse monoclonal Abcam (Cambridge).
The secondary antibodies used were goat anti-rabbit PE (R&D
Systems) and goat antimouse Fuorescein IsoTioCyanate (Sigma-
Aldrich). For intracellular staining, tumor cells were fixed for 10 min
with a 2% paraformaldehyde solution (Sigma-Aldrich) and subse-
quently permeated with 0.2% saponin (Sigma-Aldrich) supplemented
with 2% FBS. For each determination, 3 x 10% events were obtained
in a FACSAria llu cytometer (BD Biosciences), and the data were
analyzed using FlowJo 10.

2.6 | mRNA expression

To analyze the mRNA expression of CD73 in CC cells, RNA was
extracted with TRIzol (Invitrogen) according to the manufacturer's
instructions. cONA was obtained from 500 ng of RNA using a High-
capacity cDNA Reverse Transcription Kit (Applied Biosystems). CD73
expression was determined by end-point reverse transcription-
polymerase chain reaction (RT-PCR). The G6PDH gene was used as
an internal control. RT-PCR was performed in a volume of 25 ul in
accordance with the instructions of the manufacturer of Master Mix
PCR (Promega), and the reactions were run in TC1000-G equipment
(DLAB NT). The amplified RT-PCR products were electrophoresed in
a 2% agarose gel (Invitrogen). The gel was stained with GelRed
(Biotium), and a UV transilluminator (UVP Biodo-H System) was used
to visualize the amplified products. The following primers were used:
CD73 sense, 5'GCACTATCTGGTTCACCGTGT'3 and CD73 anti-
sense, 5'CCTTCCACACCATTATCAAATTC'3; G6PDH sense, 5’
GCTACGCTCGGATCTTGTTC'3; and G6PDH
CCCAGTGCTTTTCGCTCT'S.

antisense 5’

2.7 | Quantification of TGF-B1 and inhibition of
TGF-B1 activity

A Quantikine ELISA kit for human TGF-B1 (R&D Systems, Inc.) was
used to quantify the TGF-B1 content in the supernatants of CC cell
cultures. To neutralize the biological activity of TGF-B1 produced in
the cell cultures, anti-TGF-B1, anti-TGF-B2, and anti-TGF-3 neutral-
izing antibodies (anti-TGF-B, R&D) were added following the

manufacturer's protocol.

2.8 | Enzymatic activity of CD73

To analyze the hydrolytic activity of CD73 in tumor cells cultured in
monolayers or tumorspheres, 1x10° cells were cultured in the
presence of 5mM AMP in 100 ul of Opti-MEM medium (Gibco)
supplemented with 1% dialyzed FBS. The supernatant was collected
after 4h. The presence of Ado was detected by thin layer

CELL BIOCHEMISTRY & FUNCTIONg%YA| LEY—m

chromatography (TLC) and ultraperformance liquid chromatography
(UPLC) (UPLC Acquity, Waters). To analyze the samples by TLC, 1 ul

of each supernatant was spotted on plates covered with fluorescent

silica gel (Sigma-Aldrich Co.). The samples were eluted for 1 h using a
mobile phase composed of isobutanol:isoamyl alcohol:ethanol:am-
monia:water (9:6:18:9:15), as previously reported,?” and 5mM AMP,
Ado, and inosine (Ino) (Sigma-Aldrich) were used as standard controls.
The compounds were visualized using a UV transilluminator (UVP
Biodo-H System). A UPLC system (UPLC Acquity, Waters) was used
to quantify the amount of Ado generated in cell cultures in the
presence of AMP. Quantitative analysis of samples using standard
quantities of synthetic Ado was carried out with Empower 3 software
(Waters), as previously reported.?” Briefly, the mobile phase
consisted of 0.5% acetonitrile, 5% methanol, and 94.5% sodium
acetate buffer 0.25 M, pH 6.3. Supernatant samples were centrifuged
at 13,000 rpm, filtered on Amicon membranes with a cutoff of
3000 Da, and subsequently diluted 1:200 with the mobile phase
mixture. The run conditions were as follows: flow rate of 1.0 ml/min,
UV detection at 254-260 nm, 2.0 min retention time, room tempera-
ture, and a LiChrospher 5-um RP-18e 100 A (size 125 mm A~ 4 mm,
5 um particle size) reversed-phase column. Ado was quantified by
comparing the retention time of the sample with that of the synthetic
Ado used as a standard.

2.9 | Statistical analysis

The numerical data are presented as the average value + SEM of
three independent experiments. Comparisons were evaluated with
multivariate statistical analysis using GraphPad Prism version 7

(GraphPad Prism software). Differences were considered significant

when p < .05.
3 | RESULTS
3.1 | Culturing CC cells as tumorspheres enriched

the population with CSC-like characteristics

The tumorsphere formation assay uses a functional approach to
analyze the self-renewal capacity of cells in the presence of
subpopulations of CSC-like cells.?®> CaSki cells derived from an
epidermoid carcinoma of the cervix were maintained under standard
culture conditions, either as a monolayer/2D (CaSki-M) or in ultralow
adhesion plates to form tumorspheres/3D (CaSki-T) (Figure 1A). After
two consecutive reseedings (21 days of culture), the SFE of the tumor
cells was analyzed. Interestingly, compared with that of CaSki-M
cells, the SFE of CaSki-T cells increased significantly (Figure 1B). The
CaSki-T cells formed through this culture system were compact and
generally showed a size greater than 200 um (Supporting Informa-
tion: Figure 1A,B). Transmission electron microscopy revealed a large
number of intercellular focal adhesions (asterisks in Supporting
Information: Figure 1C,D). Compared with CaSki-M cells, CaSki-T
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FIGURE 1 CaSki cells in monolayer cultures and as tumorspheres and their sphere formation efficiency. (A) Microphotographs

(x40 magnification) of CaSki cells in a monolayer culture (CaSki-M) and as tumorspheres (CaSki-T). (B) Sphere formation efficiency (SFE) of the
cells maintained in each culture condition and photographs of the cells after 21 days of culture in ultralow adhesion plates. Representative data
from three independent experiments +SEM. *Significant difference at p <.01.

cells exhibited greater expression of the stem cell markers CD49f,
CK17 and P63, OCT4 and SOX2 (Figure 2A). In addition, a higher
percentage of SP cells was present in CaSki-T cells than in CaSki-M
cells, 0.46% and 0.18%, respectively. Verapamil treatment strongly
reduced Hoechst efflux, reducing the percentage of SP cells among
CaSki-T and CaSki-M cells to 0.093% and 0.070%, respectively
(Figure 2B). These results suggest that CaSki cells cultured as
tumorspheres increase the CSC-like characteristics of CaSki cells and,

therefore, their self-renewal capacity.

3.2 | CC cells cultured as tumorspheres exhibited
increased expression of CD73 and adenosinergic
activity

The expression and activity of CD73 in tumor cells are influenced by
conditions in the cellular microenvironment.®° To determine whether
CD73 expression was different in CaSki cells cultured in monolayers
or as tumorspheres, CD73 expression in CaSki-M and CaSki-T cells
was analyzed by flow cytometry. Compared with CaSki-M cells,
CaSki-T cells exhibited increased levels of CD73 protein (Figure 3A)
and mRNA (Figure 3B). This increase was associated with a greater
capacity of CaSki-T cells to generate Ado from AMP hydrolysis (black
arrows, Figure 3C upper). The Ado concentrations detected in CaSki-
M and CaSki-T supernatants were 81.9+6.5 and 121.23+8.9 nM,
respectively (Figure 3C down). However, the addition of APCP
(selective inhibitor of CD73) in both cell cultures strongly decreased

the ability of tumor cells to hydrolyze AMP. The Ado concentrations

detected in the presence of APCP were 19.6+3.9 and

40.24 £ 5.9 nM, respectively (Figure 3C lower).

3.3 | CC cells cultured as tumorspheres produce
high amounts of TGF-p1

TGF-B1 is an important factor in maintaining CD73 expression in CC
tumor cells.?® accordingly, TGF-B1 levels were assessed in CaSki-M
and CaSki-T cultures. The TGF-B1 content in the culture supernatant
of CaSki-T cells was significantly higher than that in the culture
supernatant of CaSki-M cells (Figure 4A). To determine the influence
of this factor on CD73 expression, a neutralizing anti-TGF-f antibody
was added to the cells when culturing. Interestingly, a significant
reduction in CD73 was observed in CaSki-M (>25%) and CaSki-T
(>15%) cells (Figure 4B), suggesting that TGF-B1 produced by CC
cells helps maintain CD73 expression in an autocrine manner.

On the other hand, we have previously reported that CaSki cells
downregulated CD73 expression by using a pSIREN vector contain-
ing a siRNA targeting CD73 (CaSki-pS-siRNA-CD73), which strongly
reduced TGF-B production.?® Therefore, we analyzed TGF-p1
production by these cells when cultured as tumorspheres. Interest-
ingly, compared with tumorspheres formed by CaSki cells transfected
only with pSIREN vector (CaSki-pS-T), CaSki-pS/siRNA-CD73-T
cells formed only noncompact cellular aggregates (Supporting
Information: Figure 2A) and showed a reduced SFE percentage
(Supporting Information: Figure 2B). In addition, we detected lower

TGF-B1 production in the culture supernatant of these cells than in
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FIGURE 3 Expression and activity of CD73 in CaSki cells cultured in monolayers and as tumorspheres. Expression of CD73 protein (A) and
CD73 mRNA (B) in CaSki cells cultured in monolayers (CaSki-M), which was normalized to 1, or as tumorspheres (CaSki-T). (C) The ability of

CaSki-M and CaSki-T cells to generate Ado via AMP hydrolysis was analyzed by thin layer chromatography (TLC) (upper) and ultraperformance
liquid chromatography (UPLC) using standard concentrations of synthetic Ado (lower). Representative data from 3 independent experiments

+SEM. CaSki-AF, CaSki autofluorescence. *Significant difference at p <.01.

the culture supernatant of CaSki-pS-T cells (Supporting Information:
Figure 2C).

3.4 | TGF-B favors a protumor phenotype in CC
cells cultured as tumorspheres

TGF-B plays an important role in the plasticity of tumor cells,
including the regulation of EMT and the induction of protumoral
mechanisms such as evasion of the immune response, migration,
invasion, and chemoresistance, among others.3%%2 Therefore, to

determine whether this factor, produced in greater quantities by

CaSki-T cells than CaSki-M cells, was important for maintaining the
protumoral phenotype, the expression levels of E-cadherin, vimentin,
MHC-I, MRP-1, Snail-1, and Twist were analyzed in CaSki cells
maintained in both culture conditions.

Compared with CaSki-M cells, CaSki-T cells exhibited a signifi-
cant increase in the expression levels of proteins related to the EMT
state, such as vimentin, Snail, and Twist, and a reduced expression
level of N-cadherin (Figure 5A). In addition, compared with CaSki-M
cells, CaSki-T cells exhibited a significant decrease in the expression
of MHC-I molecules and increased expression of MRP-1 (Figure 5B).
Interestingly, the addition of neutralizing anti-TGF-B antibody to the

tumorsphere cultures significantly modified the expression of the

FIGURE 2 Stem markers and side populations among CaSki cells cultured in monolayers and as tumorspheres. (A) The expression of stem
cell markers (CD49f, CK17 and P63, OCT4, and SOX2) in CaSki cells cultured in monolayers (CaSki-M) and as tumorspheres (CaSki-T) is shown.
CaSki-AF, autofluorescence of CaSki cells. Representative results from three independent trials. (B) CaSki-M or CaSki-T cells were stained with
Hoechst 33342 and analyzed by flow cytometry to assess side population (SP) cells, a subpopulation with a high dye exclusion capacity. Plots of
total cells and cells stained with Hoechst 33342 are shown; the SP cells are grouped in a quadrangle. Verapamil was used to block Hoechst efflux
from SP cells. Representative results from three independent trials are shown.
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expression. (A) The contents of TGF-B1 in the culture supernatants of CaSki cells cultured in monolayers (CaSki-M) or as tumorspheres (CaSki-T).
(B) CD73 expression in CaSki-M and CaSki-T cells cultured in the presence or absence of a neutralizing anti-TGF-B antibody. Representative
data from three independent experiments +SEM. *Significant difference at p <.05. AF, autofluorescence; MFI, mean fluorescence intensity.

protumoral markers, decreasing vimentin, Snail, Twist, and MRP-1
expression and increasing E-cadherin and MHC-| expression to levels
comparable to those observed in CaSki-M cells (Figure 5A,B).
Moreover, compared with CaSki-T cells, we also observed that
CaSki-pS/siRNA-CD73-T cells strongly modified the
proteins related to the EMT state, decreasing vimentin, Snail, and

levels of

Twist and increasing E-cadherin (Supporting Information: Figure 3).
These

environment of tumorspheres is important in the induction of

results suggest that TGF-B1 produced in the micro-

protumoral characteristics in CaSki-T cells.

4 | DISCUSSION

The role of TGF-B1 in the progression and metastasis of various types
of cancer, including prostate, breast, colorectal, liver, and CCs, is well
known.®3=%5 For CC, TGF-B1 has been suggested to play a dual role
during disease development, either as an anti-oncogenic factor in
precancerous cervical lesions or as a promoter in advanced
stages.3¢%7 In fact, the presence of TGF-B1 in the tissue and plasma
of patients with CC is positively correlated with the expression
of HR-HPV oncogenes®® and with the degree of disease
progression.>**2 However, the molecular mechanisms by which
the production of TGF-B1 promotes tumorigenesis in CC have not
been completely elucidated. A growing body of evidence supports
the protumorigenic role of CD73 and Ado signaling in solid tumors.®
In this context, we provided evidence that CC cell lines positive for
HPV-AR infection, mainly CaSki cells, express significantly higher
levels of CD73 on the membrane than cells negative for HPV
infection, which is associated with a greater ability to generate Ado

and to inhibit the proliferation, activation, and effector function of
cytotoxic T lymphocytes (CTLs) through interactions with its A2AR.2”
In addition, we also reported that Ado signaling through A2AR and
A2BR in CC tumor cells plays an important role in the induction of
TGF-B1 secretion and expression. Likewise, we demonstrate that
TGF-B1 produced through this pathway maintains CD73 expression
in CC tumor cells.?’ Therefore, in this study, we analyzed the
participation of TGF-B1 in CD73 expression and in the development
of protumoral characteristics in CC CaSki cells cultured as tumor-
spheres (CaSki-T) and in monolayers (CaSki-M). CaSki cell tumor-
spheres are compact structures formed by cells joined together by
focal adhesions. The expression of CD73 and the capacity to
generate Ado were significantly higher in CaSki-T cells than in
CaSki-M cells. As reported in previous studies,*>74> CaSki-T cells
were enriched in CSC-like characteristics due to increases in the
expression of stem cell markers (CD49f, CK17 and P63, OCT4 and
SOX2), greater SFE, and an increase in the percentage of PS cells.
CaSki-T cells also produced higher amounts of TGF-1 than CaSki-M
cells and exhibited a markedly protumoral phenotype characterized
by a significant increase in the expression levels of proteins related to
the EMT state, such as vimentin, Snail, and Twist, and a reduced
expression level of N-cadherin. In addition, CaSki-T cells exhibited a
significant decrease in the expression of MHC-I molecules and
increased expression of MRP-1. Interestingly, these phenotypes were
reversed when a neutralizing anti-TGF-B antibody was added to the
tumorsphere cultures, decreasing vimentin, Snail, Twist, and MRP-1
expression and increasing E-cadherin and MHC-| expression to levels
comparable to those observed in CaSki-M cells. These results suggest
that the three-dimensional microenvironment generated in tumor-

spheres is important for maintaining the expression of CD73 and
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FIGURE 5 Anti-TGF-B reverses the protumor phenotype in CaSki cells cultured as tumorspheres. Cultures of CaSki cells in monolayers
(CaSki-M) or as tumorspheres (CaSki-T) were maintained for 14 days in the presence or absence of neutralizing anti-TGF-B antibody[ (A)
Expression levels of proteins related to the EMT state: E-cadherin, vimentin, Snail, and Twist. (B) Protein expression levels of MHC-l and MRP-1.
Representative data from 3 independent experiments +SEM. ***Significant differences at p <.05 and p < .01, respectively. EMT, epithelial-
mesenchymal transition; MHC-I, major histocompatibility complex class-1; MRP-1, multidrug resistance protein-1; TGF-b1, transforming growth

factor-beta 1.

potentially the production of immunosuppressive factors such as
TGF-B1 to favor a protumor phenotype in CaSki cells. In fact, the
transcriptional activation of CD73 within the TME is primarily
influenced by hypoxic conditions mediated by the activation of

hypoxia-inducible factor 1a (HIF-1a)*®

and the presence of immuno-
suppressive factors, such as TGF-B 1, that can stabilize HIF-1a.*”

A large number of studies conducted with different types of
cancer have shown that the biological activity of CD73 is closely
related to stem cell promotion and the expression of genes

4849 evasion of the immune

associated with EMT,*??° metastasis,
response,6 and tumor escape.so'51 However, unlike that in most solid
cancer types, CD73 expression in cervical tumors, as well as tumors
of the genitourinary system such as ovarian serous cystadenocarci-
noma (OV), testicular germ cell tumors (TGCT), uterine corpus
endometrial carcinoma (UCEC), uterine carcinosarcoma (UCS), blad-
der urothelial carcinoma (BLCA), kidney chromophobe (KICH), and
prostate adenocarcinoma (PRAD), is decreased compared to normal
tissues, probably due to the common embryological origin (the
intermediate mesoderm) of the reproductive and urinary systems.*¢

Nevertheless, we have observed that independent of the HPV

genotype, cell lines derived from CC tumors can exhibit different
CD73 expression levels and Ado generation capabilities.?” Addition-
ally, differences in cellular phenotypes have been reported, probably
due to the microenvironment of origin; for instance, SiHa and Hela
cell lines show a mesenchymal-like phenotype, while CaSki cells,
which were obtained from omentum metastases, exhibit an epithelial
phenotype.>? In addition, CD73 function can differ in the same cell
type from different tissues and within tumors, and the tumor cells
themselves can differ in relation to CD73 expression compared to
adjacent stromal cells. The expression and activity of CD73 may also
diverge depending on the stage of tumor development and different
factors in the microenvironment leading to tumor progression.*®
On the other hand, in nonadherent and serum-free conditions,
the in vitro tumorsphere formation assay has been considered a
functional method to produce tumor cultures enriched in subpopula-
tions of CSC-like cells and a microenvironment where cell behavior
can be studied under different experimental conditions.2*2> How-
ever, a recent in silico analysis carried out by Iser et al.*® related to
CD73 expression on cells derived from CSC-enriched tumorspheres
using microarray gene expression profiles of 7 GSE datasets from the
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Expression Omnibus Database (GEO) reported that protocols for CSC
induction or isolation, as well as the maintenance conditions or
exposure to treatments, presented significant differences among the
studies analyzed. In addition, similar to their results obtained from
SiHa cells, they reported that in human primary cervical cells isolated
from healthy tissue, the human anaplastic thyroid cancer cell line
(THJ-11 T cells),>® and breast cancer cell lines from human primary
tumors,”* a decrease in the CD73 expression of CSC-enriched
tumorspheres compared to monolayer cells was evident. In contrast,
the CaSki CC cell line®® and human prostate cancer stem cell
(PCSC)*® primary lines showed enhanced CD73 expression in spheres
compared to monolayers, while in a cell line derived from human
primary HPV-negative pharyngeal squamous tumor cells®” and
primary cells from human pancreatic ductal adenocarcinoma
(PDAC),>® no significant differences were observed between spheres
and monolayers. However, in accordance with the study by Bajaj
et al.,>> we also found enhanced CD73 expression in CaSki tumor-
spheres compared to monolayers; however, we detected a significant
increase in TGF-B1 production in spheres than in monolayer cell
cultures, which was associated with an increased expression level of
proteins related to the EMT state in these cells, such as vimentin,
Snail, and Twist, and a reduced expression level of N-cadherin.
Interestingly, this phenomenon was reversed when neutralizing anti-
TGF-B1 was added to cell cultures, and when CaSki cells with
downregulated CD73 expression were cultured as tumorspheres,
lower TGF-B1 production was detected in the culture supernatant,
which was associated with decreased levels of vimentin, Snail, and
Twist and an increased level of E-cadherin in these cells, indicating
the importance of CD73 expression and increased TGF-B1 produc-
tion to promote the protumoral characteristics of CaSki cells when
cultured as tumorspheres.

Similar results were obtained in tumorspheres formed by ovarian
cancer cells, where high expression of CD73 and increased
expression of transcription factors related to EMT, such as Snail-1,
Snail-2, and Twist-2, were observed when compared with those in
epithelial cells of the Fallopian tube.2° In addition, deregulation of the
CD73 gene resulted in the low expression of key EMT genes, such as
Snail-1, Twist-2, and Zeb-1, and a decrease in the mesenchymal
phenotype of tumor cells, allowing a decrease in N-cadherin and
vimentin and an increase in E-cadherin.2° In our study, the increase in
protumoral characteristics observed in CaSki-T cells was largely
dependent on the autocrine production of TGF-B1 because inhibition
of this factor in cell cultures strongly reversed the manifestation of
these characteristics in tumor cells. Indeed, TGF-B signaling is a key
event contributing to the invasion and dissemination of tumor cells
because of the induction of genes associated with EMT (Snail-1,
Snail-22, Zeb-1/2, and Twist) and transcriptional repression of
E-cadherin.>? In CaSki-T cells, a significant increase in the expression
of vimentin and the transcription factors Snail-1 and Twist was noted,
which was significantly higher in CaSki-T cells than in CaSki-M cells.
Snail-1 expression is correlated with the degree of tumor evolution,
lymph node metastasis in various types of tumors, and a poor

prognosis for patients with metastatic cancer. Recent studies indicate
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that Snail-1 causes metabolic reprogramming, induces CSC-like traits

in tumor cells, and promotes drug resistance, tumor recurrence, and
metastasis.’® Therefore, the increase in protumor characteristics
observed in CaSki-T cells may be related to Snail-1 overexpression
resulting from the culture conditions. Therefore, in subsequent
studies, analyzing whether high CD73 expression and the promotion
of protumoral characteristics, such as overexpression of proteins
related to EMT associated with high TGF-B1 production, occur in
other CC cell lines cultured as tumorspheres will be interesting.

In the context of tumor development and progression, at least
two important functions of CD73 have been described: (a) the
catalytic activity of this enzyme to generate Ado from AMP
hydrolysis and (b) the ability of CD73 to promote adhesion and
modulate cell migration. Accordingly, the low CD73 expression
found in CC spheres has been hypothesized to be related to tumor
progression, leading to tumor migration and invasiveness.*®
Interestingly, our results provide evidence that high CD73
expression in CC spheres, which is related to high TGF-f1
production, also results in the promotion of protumoral character-
istics related to tumor progression, such as migration and
invasiveness, immune evasion, immunosuppression, and chemore-
sistance, suggesting that both functions of CD73 can be relevant in
CC progression.

In a comprehensive molecular study of CC, the TGFBR2 gene,
which is present exclusively in cervical squamous tumors, was
reported to be significantly mutated in more than 70% of the tumors
analyzed,®? illustrating the clinical importance of this route as a
therapeutic target. In agreement with the present study, the
alterations reported in the TGF-B signaling pathway in CC®! can
contribute significantly to the activity of the adenosinergic pathway

and therefore promote tumorigenesis in the CC TME.

5 | CONCLUSION

This study provided evidence that high CD73 expression associated
with high TGF-B1 production by CC cells cultured as tumorspheres
strongly contributes to the induction of protumoral characteristics
related to tumor progression, such as migration and invasiveness,

immune evasion, immunosuppression, and chemoresistance.

AUTHOR CONTRIBUTIONS

Rosario Garcia-Rocha and Monserrat Carrera-Martinez: Investiga-
tion, methodology, writing - original draft. Katia Alheli Monroy-
Mora, Maria de los Angeles Ponce-Chavero, Maria Luisa Escobar-
Sanchez, and Gabriela Molina Castillo: Investigation, methodology.
Christian Azucena Don-Lépez, Juan José Montesinos-Montesinos,
Benny Weiss-Steider, and Jorge Hernandez-Montes: Supervision,
visualization. Rommel Chacén-Salinas, Luis Vallejo-Castillo, and
Sonia Mayra Pérez-Tapia: Resources, validation. Maria de Lourdes
Mora-Garcia and Alberto Monroy-Garcia: Conceptualization, Fund-
ing acquisition, writing - review and editing. All authors were

involved in drafting the article or revising it critically for important



GARCIA-ROCHA ET AL

qu | AG CELL BIOCHEMISTRY & FUNCTION

content, and all authors approved the final version to be submitted

for publication.

ACKNOWLEDGMENTS

The present study was performed with the following funds: DGAPA-
PAPIIT Grant No: IN225519 to MLMG; and the Mexican Social
Security Institute (Instituto Mexicano del Seguro Social (IMSS)) Grant
No.: FIS/IMSS/PROT/PRIO/19/114 (R-2018-3602-015) to AMG.
We also thank MSc. Jessica Lakshmi Prieto Chavez from the Flow
Cytometry Instrument Center of IMSS for support with the flow
cytometry analysis. Finally, the authors thank the “Laboratorio
Nacional para Servicios Especializados de Investigacion, Desarrollo
e Innovacion (I+D+i) para Farmoquimicos y Biotecnoldgicos
(LANSEIDIFarBiotec-CONACyT)” for facilitating the use of the UPLC

system.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
All data displayed in this publication, including Supporting Informa-
tion, are available from the corresponding author upon request.

ORCID
Rosario Garcia-Rocha " http://orcid.org/0000-0003-1789-4832
http://orcid.org/0000-0002-9733-9013
http://orcid.org/0000-0003-0825-928X

http://orcid.org/0000-0001-

Alberto Monroy-Garcia
Jorge Herndndez-Montes
Christian Azucena Don-Lépez
5857-3440

Benny Weiss-Steider " http://orcid.org/0000-0003-4893-530X
Juan José Montesinos-Montesinos http://orcid.org/0000-0002-
1042-3205

Gabriela Molina Castillo "= http://orcid.org/0000-0001-5699-8920
Rommel Chacén-Salinas http://orcid.org/0000-0002-4500-0253
http://orcid.org/0000-0002-9532-3472
http://orcid.org/0000-0002-2818-8522

http://orcid.org/0000-0001-

Luis Vallejo-Castillo
Sonia Mayra Pérez-Tapia
Maria de Lourdes Mora-Garcia
7989-0162

REFERENCES

1. Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020:
GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin. 2021;71(3):209-249.
doi:10.3322/caac.21660

2. Crosbie EJ, Einstein MH, Franceschi S, Kitchener HC. Human
papillomavirus and cervical cancer. Lancet. 2013;382(9895):
889-899. doi:10.1016/50140-6736(13)60022-7

3. Westrich JA, Warren CJ, Pyeon D. Evasion of host immune defenses
by human papillomavirus. Virus Res. 2017;231:21-33. doi:10.1016/j.
virusres.2016.11.023

4. Allard B, Allard D, Buisseret L, Stagg J. The adenosine pathway in
immuno-oncology. Nat Rev Clin Oncol. 2020;17(10):611-629. doi:10.
1038/s41571-020-0382-2

5. Di Virgilio F. Purines, purinergic receptors, and cancer. Cancer Res.
2012;72(21):5441-5447. doi:10.1158/0008-5472.CAN-12-1600

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Yang H, Yao F, Davis PF, Tan ST, Hall SRR. CD73, tumor plasticity
and immune evasion in solid cancers. Cancers (Basel).
2021;13(2):177. doi:10.3390/cancers13020177

Antonioli L, Yegutkin GG, Pacher P, Blandizzi C, Hasko G. Anti-CD73
in cancer immunotherapy: awakening new opportunities. Trends
Cancer. 2016;2(2):95-109. doi:10.1016/j.trecan.2016.01.003
Bahreyni A, Samani SS, Ghorbani E, et al. Adenosine: an endogenous
mediator in the pathogenesis of gynecological cancer. J Cell Physiol.
2018;233(4):2715-2722. doi:10.1002/jcp.26056

Robson SC, Sevigny J, Zimmermann H. The E-NTPDase family of
ectonucleotidases: structure function relationships and pathophy-
siological significance. Purinergic Signal. 2006;2(2):409-430. doi:10.
1007/s11302-006-92003-5

Zimmermann H, Zebisch M, Strater N. Cellular function and
molecular structure of ecto-nucleotidases. Purinergic Signal.
2012;8(3):437-502. doi:10.1007/s11302-012-9309-4

Bours MJ, Swennen EL, Di Virgilio F, Cronstein BN, Dagnelie PC.
Adenosine 5'-triphosphate and adenosine as endogenous signaling
molecules in immunity and inflammation. Pharmacol Ther.
2006;112(2):358-404. doi:10.1016/j.pharmthera.2005.04.013
Fredholm BB, AP 1J, Jacobson KA, Klotz KN, Linden J (2001).
International Union of Pharmacology. XXV. Nomenclature and
classification of adenosine receptors. Pharmacol Rev, 53(4),
527-552. https://www.ncbi.nlm.nih.gov/pubmed/11734617
Linden J. Molecular approach to adenosine receptors: receptor-
mediated mechanisms of tissue protection. Annu Rev Pharmacol
Toxicol. 2001;41:775-787. doi:10.1146/annurev.pharmtox.41.1.775
Vessoni AT, Filippi-Chiela EC, Lenz G, Batista LFZ. Tumor propagat-
ing cells: drivers of tumor plasticity, heterogeneity, and recurrence.
Oncogene.  2020;39(10):2055-2068.  doi:10.1038/s41388-019-
1128-4

Shibue T, Weinberg RA. EMT, CSCs, and drug resistance: the
mechanistic link and clinical implications. Nat Rev Clin Oncol.
2017;14(10):611-629. doi:10.1038/nrclinonc.2017.44

Mani SA, Guo W, Liao MJ, et al. The epithelial-mesenchymal
transition generates cells with properties of stem cells. Cell.
2008;133(4):704-715. doi:10.1016/j.cell.2008.03.027

Singh A, Settleman J. EMT, cancer stem cells and drug resistance: an
emerging axis of evil in the war on cancer. Oncogene. 2010;29(34):
4741-4751. doi:10.1038/0nc.2010.215

Aiello NM, Maddipati R, Norgard RJ, et al. EMT subtype influences
epithelial plasticity and mode of cell migration. Dev Cell. 2018;45(6):
681-695. doi:10.1016/j.devcel.2018.05.027

Ma XL, Hu B, Tang WG, et al. CD73 sustained cancer-stem-cell traits
by promoting SOX9 expression and stability in hepatocellular
carcinoma. J Hematol Oncol. 2020;13(1):11. doi:10.1186/s13045-
020-0845-z

Lupia M, Angiolini F, Bertalot G, et al. CD73 regulates stemness and
epithelial-mesenchymal transition in ovarian cancer-initiating cells.
Stem Cell Reports. 2018;10(4):1412-1425. doi:10.1016/j.stemcr.
2018.02.009

Katsuta E, Tanaka S, Mogushi K, et al. CD73 as a therapeutic target
for pancreatic neuroendocrine tumor stem cells. Int J Oncol.
2016;48(2):657-669. doi:10.3892/ij0.2015.3299

Song L, Ye W, Cui Y, et al. Ecto-5'-nucleotidase (CD73) is a
biomarker for clear cell renal carcinoma stem-like cells. Oncotarget.
2017;8(19):31977-31992. doi:10.18632/oncotarget. 16667

Yu J, Liao X, Li L, et al. A preliminary study of the role of extracellular
-5'- nucleotidase in breast cancer stem cells and epithelial-
mesenchymal transition. In Vitro Cell. Dev. Biol.-Animal. 2017;53(2):
132-140. doi:10.1007/s11626-016-0089-y

Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer,
and cancer stem cells. Nature. 2001;414(6859):105-111. doi:10.
1038/35102167


http://orcid.org/0000-0003-1789-4832
http://orcid.org/0000-0002-9733-9013
http://orcid.org/0000-0003-0825-928X
http://orcid.org/0000-0001-5857-3440
http://orcid.org/0000-0001-5857-3440
http://orcid.org/0000-0003-4893-530X
http://orcid.org/0000-0002-1042-3205
http://orcid.org/0000-0002-1042-3205
http://orcid.org/0000-0001-5699-8920
http://orcid.org/0000-0002-4500-0253
http://orcid.org/0000-0002-9532-3472
http://orcid.org/0000-0002-2818-8522
http://orcid.org/0000-0001-7989-0162
http://orcid.org/0000-0001-7989-0162
https://doi.org/10.3322/caac.21660
https://doi.org/10.1016/S0140-6736(13)60022-7
https://doi.org/10.1016/j.virusres.2016.11.023
https://doi.org/10.1016/j.virusres.2016.11.023
https://doi.org/10.1038/s41571-020-0382-2
https://doi.org/10.1038/s41571-020-0382-2
https://doi.org/10.1158/0008-5472.CAN-12-1600
https://doi.org/10.3390/cancers13020177
https://doi.org/10.1016/j.trecan.2016.01.003
https://doi.org/10.1002/jcp.26056
https://doi.org/10.1007/s11302-006-9003-5
https://doi.org/10.1007/s11302-006-9003-5
https://doi.org/10.1007/s11302-012-9309-4
https://doi.org/10.1016/j.pharmthera.2005.04.013
https://www.ncbi.nlm.nih.gov/pubmed/11734617
https://doi.org/10.1146/annurev.pharmtox.41.1.775
https://doi.org/10.1038/s41388-019-1128-4
https://doi.org/10.1038/s41388-019-1128-4
https://doi.org/10.1038/nrclinonc.2017.44
https://doi.org/10.1016/j.cell.2008.03.027
https://doi.org/10.1038/onc.2010.215
https://doi.org/10.1016/j.devcel.2018.05.027
https://doi.org/10.1186/s13045-020-0845-z
https://doi.org/10.1186/s13045-020-0845-z
https://doi.org/10.1016/j.stemcr.2018.02.009
https://doi.org/10.1016/j.stemcr.2018.02.009
https://doi.org/10.3892/ijo.2015.3299
https://doi.org/10.18632/oncotarget.16667
https://doi.org/10.1007/s11626-016-0089-y
https://doi.org/10.1038/35102167
https://doi.org/10.1038/35102167

GARCIA-ROCHA ET AL

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Zhang J, Zhang Y, Cheng L, et al. (2018). Enrichment and
characterization of cancer stem-like cells in ultra-low concentra-
tion of serum and non-adhesive culture system. Am J Transl
Res, 10(5), 1552-1561. https://www.ncbi.nIlm.nih.gov/pubmed/
29887968

Ma XL, Shen MN, Hu B, et al. CD73 promotes hepatocellular
carcinoma progression and metastasis via activating PI3K/AKT
signaling by inducing Rapl-mediated membrane localization of
P110beta and predicts poor prognosis. J Hematol Oncol. 2019;12(1):
37. doi:10.1186/s13045-019-0724

Mora-Garcia ML, Avila-lbarra LR, Garcia-Rocha R, et al. Cervical
cancer cells suppress effector functions of cytotoxic T cells through
the adenosinergic pathway. Cell Immunol. 2017;320:46-55. doi:10.
1016/j.cellimm.2017.09.002

Garcia-Rocha R, Monroy-Garcia A, Hernandez-Montes J, et al.
Cervical cancer cells produce TGF-betal through the CD73-
adenosine pathway and maintain CD73 expression through the
autocrine activity of TGF-betal. Cytokine. 2019;118:71-79. doi:10.
1016/j.cyt0.2018.09.018

Goodell MA, Brose K, Paradis G, Conner AS, Mulligan RC. Isolation
and functional properties of murine hematopoietic stem cells that
are replicating in vivo. J Exp Med. 1996;183(4):1797-1806. doi:10.
1084/jem.183.4.1797

Allard B, Longhi MS, Robson SC, Stagg J. The ectonucleotidases
CD39 and CD73: novel checkpoint inhibitor targets. Immunol Rev.
2017;276(1):121-144. doi:10.1111/imr.12528

Papageorgis P. TGFbeta signaling in tumor initiation, epithelial-to-
mesenchymal transition, and metastasis. J Oncol. 2015;2015:587193.
doi:10.1155/2015/587193

Zhao Y, Ma J, Fan Y, et al. TGF-beta transactivates EGFR and
facilitates breast cancer migration and invasion through canonical
Smad3 and ERK/Sp1 signaling pathways. Mol Oncol. 2018;12(3):
305-321. doi:10.1002/1878-0261.12162

Padua D, Massague J. Roles of TGFbeta in metastasis. Cell Res.
2009;19(1):89-102. doi:10.1038/cr.2008.316

Bierie B, Moses HL. Transforming growth factor beta (TGF-beta) and
inflammation in cancer. Cytokine Growth Factor Rev. 2010;21(1):
49-59. doi:10.1016/j.cytogfr.2009.11.008

Miyazono K, Katsuno Y, Koinuma D, Ehata S, Morikawa M.
Intracellular and extracellular TGF-beta signaling in cancer: some
recent topics. Front Med. 2018;12(4):387-411. doi:10.1007/s11684-
018-0646-8

Zhu H, Luo H, Shen Z, Hu X, Sun L, Zhu X. Transforming growth
factor-betal in carcinogenesis, progression, and therapy in cervical
cancer. Tumour Biol. 2016;37(6):7075-7083. doi:10.1007/s13277-
016-5028-8

Principe DR, Doll JA, Bauer J, et al. TGF-beta: duality of function
between tumor prevention and carcinogenesis. J Natl Cancer Inst.
2014,;106(2):369. doi:10.1093/jnci/djt369.

lancu IV, Botezatu A, Goia-Rusanu CD, et al. TGF-beta signalling
pathway factors in HPV-induced cervical lesions. Roum Arch
Microbiol Immunol. 2010;69(3):113-118. Retrieved from https://
www.ncbi.nlm.nih.gov/pubmed/21434587

Wrzesinski SH, Wan YY, Flavell RA. Transforming growth factor-
beta and the immune response: implications for anticancer therapy.
Clin Cancer Res. 2007;13(18 Pt 1):5262-5270. doi:10.1158/1078-
0432.CCR-07-1157

Comerci JT Jr., Runowicz CD, Flanders KC, et al. Altered expression
of transforming growth factor-beta 1 in cervical neoplasia as an early

biomarker in carcinogenesis of the uterine cervix. Cancer.
1996;77(6):1107-1114. https://www.ncbi.nlm.nih.gov/pubmed/
8635131

Daniel CW, Robinson SD. Regulation of mammary growth and
function by TGF-beta.Mol Reprod Dev. 1992;32(2):145-151. doi:10.
1002/mrd.1080320210

CELL BIOCHEMISTRY & FUNCTIONg%YA| LEY—m

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

57.

59.

Wu HS, Li YF, Chou Cl, Yuan CC, Hung MW, Tsai LC. The
concentration of serum transforming growth factor beta-1 (TGF-
betal) is decreased in cervical carcinoma patients. Cancer Invest.
2002;20(1):55-59. doi:10.1081/cnv-120000366

Iser IC, de Andrade Mello P, Davies S, et al. A three-dimensional
microenvironment alters CD73 expression in cervical cancer. Cell
Biochem Funct. 2021;39(6):780-790. doi:10.1002/cbf.3649

Bajaj J, Maliekal TT, Vivien E, et al. Notch signaling in CD66+ cells
drives the progression of human cervical cancers. Cancer Res.
2011;71(14):4888-4897. doi:10.1158/0008-5472.CAN-11-0543
Lopez J, Poitevin A, Mendoza-Martinez V, Perez-Plasencia C, Garcia-
Carranca A. Cancer-initiating cells derived from established cervical
cell lines exhibit stem-cell markers and increased radioresistance.
BMC Cancer. 2012;12:48. doi:10.1186/1471-2407-12-48-7
Synnestvedt K, Furuta GT, Comerford KM, et al. Ecto-5'-
nucleotidase (CD73) regulation by hypoxia-inducible factor-1
mediates permeability changes in intestinal epithelia. J Clin Invest.
2002;110(7):993-1002. doi:10.1172/JCI15337

McMahon S, Charbonneau M, Grandmont S, Richard DE,
Dubois CM. Transforming growth factor betal induces hypoxia-
inducible factor-1 stabilization through selective inhibition of PHD2
expression. J Biol Chem. 2006;281(34):24171-24181. doi:10.1074/
jbc.M604507200

Stagg J, Divisekera U, MclLaughlin N, et al. Anti-CD73 antibody
therapy inhibits breast tumor growth and metastasis. Proc Natl Acad
Sci U S A. 2010;107(4):1547-1552. doi:10.1073/pnas.0908801107
Zhang B. CD73 promotes tumor growth and metastasis.
Oncoimmunology. 2012;1(1):67-70. doi:10.4161/0nci.1.1.18068
Ujhazy P, Berleth ES, Pietkiewicz JM, et al. Evidence for the
involvement of ecto-5'-nucleotidase (CD73) in drug resistance. Int
J Cancer. 1996;68(4):493-500. doi:10.1002/(SIC1)1097-
0215(19961115)68:4%3C493::AlID-1JC15%3E3.0.CO;2-6

Nguyen AM, Zhou J, Sicairos B, Sonney S, Du Y. Upregulation of
CD73 confers acquired radioresistance and is required for main-
taining irradiation-selected pancreatic cancer cells in a mesenchymal
state. Mol Cell Proteomics. 2020;19(2):375-389. doi:10.1074/mcp.
RA119.001779

Rosendo-Chalma P, Antonio-Vejar V, Bigoni-Ordéfez GD, Patifio-
Morales CC, Cano-Garcia A, Garcia-Carrancd A. CDH1 and SNAI1
areregulated by E7 from human papillomavirus types 16 and 18. Int
J Oncol. 2020;57(1):301-313. doi:10.3892/ij0.2020.5039

Reeb AN, Lin RY. Microarray analysis identifies a unique molecular
signature of human thyroid cancer stem cells. J Thyroid Disord Ther.
2014;4(2):1-5. doi:10.4172/2167-7948.1000179

Lehmann C, Jobs G, Thomas M, Burtscher H, Kubbies M. Established
breast cancer stem cell markers do not correlate with in vivo
tumorigenicity of tumor-initiating cells. Int J Oncol. 2012. 41(6).
1932-1942. doi:10.3892/ij0.2012.1654

Bajaj J, Maliekal TT, Vivien E, et al. Notch signaling in CD66+ cells
drives the progression of human cervical cancers. Cancer Res.
2011;71(14):4888-4897. doi:10.1158/0008-5472.CAN-11-0543
Maria Ana Duhagon MA, Hurt EM, Sotelo-Silveira JR, Zhang X,
Farrar WL. Genomic profiling of tumor initiating prostatospheres.
BMC Genomics. 2010;11:324. doi:10.1186/1471-2164-11-324
lhler F, Gratz R, Wolff HA, et al. Epithelial-mesenchymal transition
during metastasis of HPV-negative pharyngeal squamous cell
carcinoma. BioMed Res Int. 2018;2018:7929104. doi:10.1155/
2018/7929104

Van den Broeck A, Gremeaux L, Topal B, Vankelecom H. Human
pancreatic adenocarcinoma contains a side population resistant to
gemcitabine. BMC Cancer. 2012;12:354. doi:10.1186/1471-2407-
12-354

Hao Y, Baker D, Ten Dijke P. TGF-beta-mediated epithelial-
mesenchymal transition and cancer metastasis. Int J Mol Sci.
2019;20(11):2767. doi:10.3390/ijms20112767


https://www.ncbi.nlm.nih.gov/pubmed/29887968
https://www.ncbi.nlm.nih.gov/pubmed/29887968
https://doi.org/10.1186/s13045-019-0724
https://doi.org/10.1016/j.cellimm.2017.09.002
https://doi.org/10.1016/j.cellimm.2017.09.002
https://doi.org/10.1016/j.cyto.2018.09.018
https://doi.org/10.1016/j.cyto.2018.09.018
https://doi.org/10.1084/jem.183.4.1797
https://doi.org/10.1084/jem.183.4.1797
https://doi.org/10.1111/imr.12528
https://doi.org/10.1155/2015/587193
https://doi.org/10.1002/1878-0261.12162
https://doi.org/10.1038/cr.2008.316
https://doi.org/10.1016/j.cytogfr.2009.11.008
https://doi.org/10.1007/s11684-018-0646-8
https://doi.org/10.1007/s11684-018-0646-8
https://doi.org/10.1007/s13277-016-5028-8
https://doi.org/10.1007/s13277-016-5028-8
https://doi.org/10.1093/jnci/djt369
https://www.ncbi.nlm.nih.gov/pubmed/21434587
https://www.ncbi.nlm.nih.gov/pubmed/21434587
https://doi.org/10.1158/1078-0432.CCR-07-1157
https://doi.org/10.1158/1078-0432.CCR-07-1157
https://www.ncbi.nlm.nih.gov/pubmed/8635131
https://www.ncbi.nlm.nih.gov/pubmed/8635131
https://doi.org/10.1002/mrd.1080320210
https://doi.org/10.1002/mrd.1080320210
https://doi.org/10.1081/cnv-120000366
https://doi.org/10.1002/cbf.3649
https://doi.org/10.1158/0008-5472.CAN-11-0543
https://doi.org/10.1186/1471-2407-12-48-7
https://doi.org/10.1172/JCI15337
https://doi.org/10.1074/jbc.M604507200
https://doi.org/10.1074/jbc.M604507200
https://doi.org/10.1073/pnas.0908801107
https://doi.org/10.4161/onci.1.1.18068
https://doi.org/10.1002/(SICI)1097-0215(19961115)68:4%3C493::AID-IJC15%3E3.0.CO;2-6
https://doi.org/10.1002/(SICI)1097-0215(19961115)68:4%3C493::AID-IJC15%3E3.0.CO;2-6
https://doi.org/10.1074/mcp.RA119.001779
https://doi.org/10.1074/mcp.RA119.001779
https://doi.org/10.3892/ijo.2020.5039
https://doi.org/10.4172/2167-7948.1000179
https://doi.org/10.3892/ijo.2012.1654
https://doi.org/10.1158/0008-5472.CAN-11-0543
https://doi.org/10.1186/1471-2164-11-324
https://doi.org/10.1155/2018/7929104
https://doi.org/10.1155/2018/7929104
https://doi.org/10.1186/1471-2407-12-354
https://doi.org/10.1186/1471-2407-12-354
https://doi.org/10.3390/ijms20112767

&‘—Wl | AG CELL BIOCHEMISTRY & FUNCTION

60.

61.

GARCIA-ROCHA ET AL

Wang Y, Shi J, Chai K, Ying X, Zhou BP. The role of Snail in EMT and
tumorigenesis. Curr Cancer Drug Targets. 2013;13(9):963-972.
doi:10.2174/15680096113136660102

The Cancer Genome Atlas Research Network. Integrated genomic and
molecular characterization of cervical cancer. Nature. 2017;543(7645):
378-384. doi:10.1038/nature21386

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Garcia-Rocha R, Monroy-Garcia A,
Carrera-Martinez M, et al. Evidence that cervical cancer
cells cultured as tumorspheres maintain high CD73
expression and increase their protumor characteristics
through TGF-B production. Cell Biochem Funct.
2022;40:760-772. doi:10.1002/cbf.3742


https://doi.org/10.2174/15680096113136660102
https://doi.org/10.1038/nature21386
https://doi.org/10.1002/cbf.3742



