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Abstract

Background: Hepatocellular carcinoma (HCC) is one of the most prevalent malignancies worldwide because of
rapid progression and high incidence of metastasis or recurrence. Accumulating evidence shows that CD73-expressing
tumor cell is implicated in development of several types of cancer. However, the role of CD73 in HCC cell has not been
systematically investigated and its underlying mechanism remains elusive.

Methods: CD73 expression in HCC cell was determined by RT-PCR, Western blot, and immunohistochemistry staining.
Clinical significance of CD73 was evaluated by Cox regression analysis. Cell counting kit-8 and colony formation assays
were used for proliferation evaluation. Transwell assays were used for motility evaluations. Co-immunoprecipitation,
cytosolic and plasma membrane fractionation separation, and ELISA were applied for evaluating membrane localization
of P110B and its catalytic activity. NOD/SCID/yc(null) (NOG) mice model was used to investigate the in vivo functions
of CD73.

Results: In the present study, we demonstrate that CD73 was crucial for epithelial-mesenchymal transition (EMT),
progression and metastasis in HCC. CD73 expression is increased in HCC cells and correlated with aggressive
clinicopathological characteristics. Clinically, CD73 is identified as an independent poor prognostic indicator for
both time to recurrence and overall survival. CD73 knockdown dramatically inhibits HCC cells proliferation, migration,
invasion, and EMT in vitro and hinders tumor growth and metastasis in vivo. Opposite results could be observed when
CD73 is overexpressed. Mechanistically, adenosine produced by CD73 binds to adenosine A2A receptor (A2AR) and
activates Rap1, which recruits P11003 to the plasma membrane and triggers PIP3 production, thereby promoting AKT
phosphorylation in HCC cells. Notably, a combination of anti-CD73 and anti-A2AR achieves synergistic depression
effects on HCC growth and metastasis than single agent alone.
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HCC management.

Conclusions: CD73 promotes progression and metastasis through activating PI3K/AKT signaling, indicating a novel
prognostic biomarker for HCC. Our data demonstrate the importance of CD73 in HCC in addition to its immunosuppressive
functions and revealed that co-targeting CD73 and A2AR strategy may be a promising novel therapeutic strategy for future
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Introduction

Hepatocellular carcinoma (HCC) is one of the most
prevalent malignancies worldwide and the second most
common cause of cancer-related death [1, 2]. Although
great improvements in treatment have been made, the
prognosis of HCC remains unfavorable, with an approxi-
mate 30% overall 5-year survival rate even after curative
resection [3—-5]. Recurrence or metastasis is the major
reason for the poor survival of HCC patients [6, 7], but
the precise regulatory mechanisms of invasion and me-
tastasis remain elusive. Therefore, identification of crit-
ical molecules that contribute to the invasive phenotype
of HCC and clarification of the underlying mechanism
are urgently needed to improve HCC prognosis.

CD73, an AMP hydrolyzing enzyme that regulates the
conversion of extracellular ATP into adenosine, functions
as a powerful immunosuppressor for maintaining tissue
homeostasis and preventing immune responses during in-
flammation [8]. Accumulating evidence demonstrates the
vital role of CD73 in tumor [9, 10]. Hematopoietic CD73
overexpression within the tumor microenvironment is ob-
served in a variety of cancers, and these CD73-expressing
cells hamper the immune reaction towards cancer cells
and disable the cytotoxic antitumor immune response by
producing high levels of adenosine [11-14]. CD73
expressed on hematopoietic cells can also function as a
co-stimulatory molecule in human T cells to block CD8"
T cell activation [15]. Recent reports also demonstrated
that CD73 overexpression is involved in migration, inva-
sion, and angiogenesis [15-18]. Moreover, clinical data
demonstrated that CD73 is a biomarker of poor prognosis
in solid cancers [19-21]. These investigations suggested
that CD73 could be a critical regulator that promotes
tumor progression in an immune-independent manner. A
preliminary study reported that CD73 was overexpressed
in HCC cells and was positively correlated with EGFR ex-
pression [22]. However, whether CD73 could promote
HCC progression and metastasis and the underlying regu-
latory mechanism still needs to be elucidated.

Here, we report that CD73 expression is positively cor-
related with metastasis in HCC and is an independent
indicator for predicting prognosis. CD73 overexpression
enhanced HCC progression and metastasis in the ab-
sence of an immunological environment in vitro and in

vivo. Adenosine produced by CD73 binds to adenosine
A2A receptor (A2AR) and activates Rapl, which recruits
P110pB to the plasma membrane and triggers PIP3 pro-
duction, thereby promoting AKT phosphorylation. Im-
portantly, the combination of CD73 and A2AR
inhibitors provided more synergistic tumor inhibition
than either regimen alone in HCC.

Methods and materials

Clinical specimens and follow-up

Four groups of patients were recruited in the present
study. In group I, frozen tumor tissues with paired para-
tumor normal tissues from 25 HCC patients receiving
curative resection in October 2010 in Zhongshan
Hospital were collected for comparisons of CD73 ex-
pression between matched tumor and paratumor tissues
by RT-PCR and Western blot (WB) assays. In group II,
eight recurrent HCC patients receiving curative resec-
tion from April to November 2014 in Zhongshan Hos-
pital were enrolled, and matched frozen paratumor,
primary tumor, and recurrent tumor tissues were col-
lected for further WB assays. In group III, 10 HCC pa-
tients suffered lung metastasis after curative resection
from 2011 to 2015 in Zhongshan hospital were enrolled,
and matched paraffin sections of paratumor, primary
tumor, and metastatic tumor tissues were collected for
further immunohistochemical staining. In group IV, 189
HCC patients receiving curative resection in Zhongshan
Hospital from March 2012 to September 2013 were en-
rolled, and paratumor and tumor specimens were col-
lected for tissue microarrays (TMA) establishment.
Enrollment criteria were according to a previous study
[7]. HCC diagnosis was based on histopathology accord-
ing to the American Association for Study of Liver
Disease guidelines. The Barcelona Clinic Liver Cancer
(BCLC) staging system was used to assess tumor stage
[23]. Approval for the use of human subjects was ob-
tained from the research ethics committee of Zhongshan
Hospital, and informed consent was obtained from each
individual. Follow-up ended on December 2016. Time to
recurrence (TTR) was defined as the interval between
treatment and intrahepatic recurrence or extrahepatic
metastasis. Overall survival (OS) was defined as the
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interval between treatment and death of any cause or
the last observation date.

Statistical analysis
Statistical analyses were performed using SPSS 20.0 soft-
ware (IBM, Chicago, IL, USA). Experimental values for
continuous variables were expressed as the mean + stand-
ard error of the mean. The chi-squared test, Fisher’s exact
probability tests, and the Student’s ¢ test were used as ap-
propriate to evaluate the significance of differences in data
between groups. If variances within groups were not
homogeneous, a nonparametric Mann—Whitney test or a
Wilcoxon signed-rank test was used. Prognostic value was
evaluated by Kaplan—Meier survival curves, log-rank tests,
and Cox proportional hazards models. A P value less than
0.05 was considered significant.

Further details of materials and methods are described
in Additional file 1.

Results
CD73 is overexpressed in HCC tissues and correlates with
poor prognosis
CD73 expression was markedly higher in 55% of HCC
tissues than paired adjacent normal liver tissues
(Additional file 2: Figure S1A). WB assays confirmed the
RT-PCR findings (Fig. 1b). Moreover, immunohisto-
chemistry (IHC) staining was conducted with 189 HCC
patients receiving curative resection, and results showed
that HCC tissues expressed higher level of CD73 than
adjacent non-cancerous liver tissues, according to the
criteria of CD73 expression levels (Fig. 1c). These data
revealed the potential oncogenic role of CD73 in HCC.
Next, the correlation between CD73 and HCC progno-
sis was evaluated. Samples from eight recurrent patients
were collected. WB assays showed that expression levels
of CD73 in matched non-tumor, primary tumor, and re-
currence lesions exhibited an escalating pattern in most
patients (Fig. 1d). For patients with metastasis, the CD73
expression level of metastasis foci was also significantly
elevated according to IHC results (n = 10, Fig. 1e). More-
over, we found patients with high CD73 were prone to
show incomplete tumor encapsulation, microvascular in-
vasion, and poor differentiation (all P < 0.050, Table 1).
Median TTR was significantly shorter in patients with
high CD73 expression (median 25.73 months vs. not
reached, P <0.001, Fig. 1f), and the recurrence rate was
also higher in these patients (70.45% vs. 45.54%, Fig. 1g).
Similarly, patients with high CD73 expression had sig-
nificantly shorter OS (median 38.88 months vs. not
reached, P<0.001) and a higher death rate (57.95% vs.
21.78%). Furthermore, CD73 retained its prognostic
prediction value in early-stage and low-AFP subgroups
(all P<0.050, Additional file 2: Figure SIA-D). Notably,
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multivariate analysis demonstrated high CD73 expres-
sion on HCC cell and was an independent indicator for
predicting both TTR [HR 2.82 (1.87-4.26), P < 0.001] and
OS [HR 3.35 (2.01-5.52), P < 0.001, Tables 2 and 3].

Intriguingly, patients with high CD73 had significantly
higher pre-treatment circulating tumor cell (CTC) load
(P<0.001, Fig. 1h). Using 0.80 as the cutoff value for
CTC load [24], a higher proportion of patients in the
CD73"€" group had high CTC loads (Fig. 1h). Notably,
CD73 showed elevated expression in MHCC97H and
HCCLM3 cells, which have higher invasive and meta-
static potentials (Fig. 1i). In comparison, cell lines with
lower invasive and metastatic capacities such as
SMMC7721 and MHCC97L showed relatively low CD73
levels. Collectively, our data demonstrated the clinical
significance of CD73 and suggested it as a potential pro-
moter for HCC metastasis/recurrence.

CD73 promotes HCC progression in vitro

CD73 expression in HCC cell lines was manipulated by
ectopic expression or short hairpin RNA (shRNA)
knockdown. Two distinct shRNAs were designed to
knock down CD73 expression in two CD73"8" HCC cell
lines, HCCLM3 and Hep3B cells. Knockdown effects
were validated by RT-PCR and WB assays (Fig. 2a,
Additional file 3: Figure S2A). Stable ectopic expression
of CD73 in a CD73'" HCC cell line, SMMC7721, was
also confirmed by RT-PCR and WB assays. We found
CD73"P HCCLMS3 cells exhibited significantly decreased
proliferation potential compared with controls according
to CCK-8 and colony formation assays (Fig. 2b and c).
Similar reduced proliferation was observed in Hep3B
cells (Additional file 3: Figure S2B). In contrast, overex-
pression of CD73 in SMMC7721 cells increased their
proliferation in CCK-8 assays and clonogenicity capacity
(Fig. 2b and c). Cell cycle assays demonstrated that
CD73 knockdown resulted in GO/G1 arrest in HCC cells
(Fig. 2d, Additional file 3: Figure S2C), while CD73 over-
expression accelerated the cell cycle in SMMC7721 cells
(Fig. 2d). Apoptosis assays further showed that CD73
knockdown greatly induced apoptosis in HCC cells,
while CD73 overexpression protected SMMC7721 cells
from a serum-free environment (Fig. 2e, Additional file 3:
Figure S2D). Transwell assays showed that CD73 knock-
down HCC cells had significantly fewer migrating and
invading cells than parental cells, while CD73°F
SMMCY7721 significantly higher migratory and invasive
capacities (Fig. 2f, Additional file 4: Figure S3A and B).
Moreover, wound healing assays confirmed the findings
of Transwell assays that knockdown of CD73 greatly
hindered HCC migration, while overexpression of CD73
promoted migratory potentials (Fig. 2g, Additional file 4:
Figure S3C). Importantly, we also conducted CD73
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Fig. 1 CD73 is overexpressed in HCC and indicates poor prognosis. a RT-PCR analysis of CD73 expression levels in 25 HCC tissues and paired
non-tumor liver tissues. b Western blot (WB) analysis of CD73 expression levels in 25 HCC tissues and paired non-tumor liver tissues. n = 25;
paired t test was used. ¢ Representative immunohistochemistry (IHC) staining of CD73 expression, and comparison of the IHC score between
cancerous and non-cancerous tissues (asterisk indicated P < 0.050, n = 189, non-parametric test was used). d WB analysis of CD73 expression levels
in matched paratumor, primary-tumor, and recurrent tumor tissues from the same case (n = 8). e Representative IHC staining of CD73 expression
in matched paratumor, primary-tumor, and metastatic tissues from the same case (left); comparisons of the IHC score were shown at the right
panel (n = 10; non-parametric test was used). f Kaplan—-Meier analysis of TTR (left) and overall survival (right) of HCC patients after curative resection
according to CD73 expression level. g Recurrence (left) and death (right) incidences of HCC patients according to CD73 expression level. h Circulating
tumor cell (CTQ) load level of HCC patients according to CD73 expression level (left), and incidence of high CTC load in patients according to CD73
expression levels (right). (i) Expression level of CD73 in different HCC cell lines

overexpression in HCCLM3 cells to confirm that the dif- migration, and invasion capacities in HCCLM3 cells
ference observed above was not due to the variability = (Additional file 5: Figure S4B—D). However, no significant
between cell lines. CD73 expression was greatly in- alteration of apoptosis and cell cycle was observed after
creased after plasmid transfection in HCCLM3 cells CD73 overexpression (Additional file 5: Figure S4E and F).
(Additional file 5: Figure S4A). Similar to the effects of Taken together, our data indicated that CD73 promotes
CD73 overexpression on SMMC7721 cells, forced expres- HCC cell proliferation, migration, and invasion capacities
sion of CD73 also significantly promoted proliferation, and prevents apoptosis in vitro.
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Table 1 Correlation between clinicopathological parameters of
patients enrolled

Page 5 of 17

Table 1 Correlation between clinicopathological parameters of
patients enrolled (Continued)

Clinical characteristics  No. of patients CD73 low CD73 high P

Clinical characteristics  No. of patients CD73 low CD73 high P

(n=189) (n=189)
Age, years BCLC stage
<50 79 35 44 0.033 0+A 158 86 72 0.537
>50 110 66 44 B+C 31 15 16
Sex ALT alanine aminotransferase, AST aspartate transaminase, AFP a-fetoprotein,
BCLC Barcelona Clinic Liver Cancer
Female 38 16 22 0.117 Bold indicated statistical significance
Male 151 85 66
Child-Pugh score CD73 promotes HCC growth and metastasis in vivo
A 179 9% 83 0823  Since shCD73-1 exhibited more efficiency in knocking down
B 10 5 5 CD73 expression and resulting in more significant biological
Liver cirrhosis alterations, further in vivo experiments and mechanism in-
vestigation were conducted using this ShRNA. To minimize
No 42 20 22 0.391 . . .
the impact of the immune system, NOG mice were used.
ves 147 81 66 Model mice were sacrificed after 6 weeks, and analyses of
ALT, U/L liver orthotopic xenograft tumors showed that CD73 knock-
<40 134 71 63 0845  down greatly inhibited tumor growth, whereas CD73 over-
> 40 55 30 25 expression promoted tumor growth in vivo (Fig. 2h).
AST UL Moreover, tumor tissues with high CD73 expression also ex-
hibited high proliferating cell nuclear antigen levels (Add-
<40 135 73 62 0.782 .. . . . .
itional file 6: Figure S5A). Metastatic foci were examined
>40 4 28 % based on their tissue structure and cell morphology by two
AFP, ng/ml senior histopathologists to evaluate the effects of CD73 on
<400 140 74 66 0786  HCC metastasis. Both the intrahepatic and pulmonary me-
> 400 49 27 2 tastasis rates in mice with tumors generated from CD73"P
No. of tumors HCCLMS3 cells were lower than in mice with tumors de-
, rived from parental HCCLMS3 cells (Fig. 2i, Additional file 6:
Single 169 92 77 0424 . . .
. Figure S5B and C). In contrast, both intrahepatic and pul-
Multiple 20 0 1 monary metastasis rates were increased in tumors derived
Tumor size, cm from CD73°F SMMC7721 cells compared with parental
<5 119 62 57 0631 SMMC7721 cells. Collectively, our data demonstrated that
>5 70 39 31 CD73 promotes HCC proliferation and metastasis in vivo.
Tumor encapsulation
Complet 123 5 o 0.040 CD73 triggers epithelial-mesenchymal transition in HCC
omplete A . .
P We further examined whether CD73 contributes to EMT.
None 6 42 2 Through phalloidin staining, we found CD73*® HCCLM3
Satellite lesion cells showed an epithelial cobblestone phenotype with less
No 171 88 83 0093  pseudopod, whereas CD73°F SMMC7721 cells trans-
Yes 18 13 5 formed into a spindle-like shape with more pseudopods
Macrovascular invasion (Fig. 3a). Moreover, CD73 knockdown resulted in an
epithelial-like molecular phenotype, while CD73 overex-
No 175 94 81 0.784 . . .
pression induced a mesenchymal-like molecular phenotype
ves 14 / / according to RT-PCR and WB results (Fig. 3b and c). Con-
Microvascular invasion sistently, immunofluorescence analysis confirmed these
No 107 64 43 0.045 findings (Fig. 3d). Moreover, xenograft tumors generated
Yes ) 37 45 from CD73"® HCCLMS cells exhibited an epithelial-like
. . OE
Edrmondson stage phenotype, while tumors derived ﬁ9m CD73
SMMC7721 cells showed a mesenchymal-like phenotype
-1l 126 74 52 0.039 . .. . .
according to IHC staining (Fig. 3e). We next examined the
-V 63 27 36

correlation between CD73 and EMT in a clinical cohort.
IHC staining in HCC consecutive sections indicated that
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Table 2 Univariate Cox proportional regression analysis of factors associated with recurrence and overall survival
Variables Recurrence Overall survival

HR (95% CI) P HR (95% Cl) P
Age (> 50 years versus < 50 years) 0.73 (0.50-1.07) 0.104 0.64 (041-1.02) 0.060
Sex (male versus female) 0.76 (0.48-1.21) 0.249 1.16 (0.69-1.95) 0.563
Liver cirrhosis (yes versus no) 1.52 (0.92-2.49) 0.099 1 (0.63-1.96) 0.712
ALT (>40 U/L versus <40 U/L) 1.57 (1.06-2.34) 0.025 1.8 (0.85-2.24) 0.190
AST (> 40 U/L versus <40 U/L) 1.78 (1.20-2.64) 0.004 149 (0.92-241) 0.101
AFP (> 400 ng/ml versus <400 ng/ml) 1.86 (1.25-2.78) 0.002 149 (0.91-243) 0117
No. of tumors (multi versus single) 1.81 (1.06-3.08) 0.030 1.57 (0.84-3.02) 0.157
Tumor size (> 5cm versus <5cm) 235 (1.60-343) <0.001 1.59 (0.99-2.48) 0.056
Tumor encapsulation (none versus complete) 1.15 (0.78-1.69) 0452 1.03 (0.64-1.67) 0.903
Satellite lesions (yes versus no) 1.67 (0.96-2.88) 0.069 0.78 (0.33-1.76) 0.528
Macrovascular invasion (yes versus no) 230 (1.28-4.12) 0.005 9 (1.13-4.28) 0.021
Microvascular invasion (yes versus no) 2.08 (1.42-3.04) <0.001 1(1.21-3.04) 0.006
Edmondson stage (Ill-IV versus I-Il) 178 (1.21-261) 0.003 1.50 (0.94-2.39) 0.087
BCLC stage (B + C versus 0+ A) 1.98 (1.27-3.09) 0.003 1.72 (1.01-2.94) 0.045
ALBI grade (Il versus 1) 1.23 (0.80-1.89) 0.344 1.86 (1.12-3.09) 0.017
CD73 (high versus low) 233 (1.59-342) <0.001 3.64 (2.20-6.01) <0.001

Bold indicated statistical significance

high CD73 expression was correlated with low level of
E-Cadherin but high level of N-Cadherin, and vice versa in
HCC tissue with low CD73 expression (Fig. 3f). Notably,
correlation analysis revealed that high CD73 expression
was positively correlated with N-Cadherin but negatively
correlated with E-Cadherin expression in clinical HCC
samples (Fig. 3g). Collectively, our results suggested that
CD?73 is a critical regulator of EMT in HCC.

CD73 promotes HCC progression and EMT by activating
the PI3K-AKT signaling pathway

To identify the underlying signaling of CD73 in HCC,
Cignal Finder RTK signaling 10-Pathway Reporter Array

was used and results showed that PI3K/AKT signaling ex-
hibited the greatest fold changes due to CD73 expression
manipulation (Fig. 4a). We therefore examined the PI3K/
AKT pathway as a candidate critical signaling pathway.
WB assays in HCC cells with CD73 knockdown con-
firmed that phosphorylation levels of AKT and GSK3p, a
direct substrate of pAKT, were reduced (Fig. 4b). In
addition, expression of FOXO3a, which would undergo
degradation due to AKT activation, was also increased
after CD73 knockdown. In contrast, pAKT and pGSK3p
levels were and increased, while FOXO3a was decreased
with ectopic expression of CD73 in SMMC7721 cells
(Fig. 4b). We next examined whether the effects of CD73

Table 3 Multivariate cox proportional regression analysis of factors associated with recurrence and overall survival

Variables Recurrence Overall survival

HR (95% Cl) P HR (95% Cl) P
ALT (>40 U/L versus <40 U/L) 1.24 (0.78-1.96) 0.369 N.A. N.A.
AST (> 40 U/L versus <40 U/L) 146 (0.93-2.27) 0.099 N.A. N.A.
AFP (> 400 ng/ml versus <400 ng/ml) 1.94 (1.29-2.94) 0.002 N.A. N.A.
No. of tumors (multi versus single) 471 (1.28-17.42) 0.020 N.A. N.A.
Tumor size (>5cm versus <5cm) 2.01 (1.29-3.13) 0.002 N.A. N.A.
Macrovascular invasion (yes versus no) 3.19 (0.83-12.29) 0.092 1.59 (0.95-2.67) 0.078
Microvascular invasion (yes versus no) 1.18 (0.75-1.85) 0471 1.86 (1.16-2.96) 0.009
Edmondson stage (IlI-IV versus I-II) 133 (0.88-2.02) 0.182 0.98 (0.60-1.61) 0.932
ALBI grade (Il versus 1) 1.51 (0.63-3.60) 0.355 1.89 (1.09-3.18) 0.021
CD73 (high versus low) 2.82 (1.87-4.26) <0.001 3.35(2.01-552) <0.001

Bold indicated statistical significance
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Fig. 2 Biological functions of CD73 in HCC. a Efficiencies of CD73 knockdown and overexpression were validated by RT-PCR (left) and WB (right)
assays. b Evaluation of the influence of CD73 on HCC proliferation by CCK-8. ¢ Evaluations of the influence of CD73 on HCC proliferation by colony
formation assays. d Evaluations of the influence of CD73 on cell cycle in HCC cells by flow cytometry. e Evaluations of the influence of CD73 on
apoptosis in HCC cells by flow cytometry. f Evaluations of the influence of CD73 on migration and invasion activities of HCC cells by Transwell assays.
g Evaluations of the influence of CD73 on migration activities of HCC cells by wound healing assays. h Establishment of the orthotopic xenograft
model with NOG mice. Tumor volumes are shown in the right panel. i Incidences of intrahepatic (left) or lung (right) metastasis in indicated orthotopic
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on HCC cell activities were dependent on PI3K/AKT sig-
naling. Treatment of HCCLM3 cells with MK-2206, an
AKT inhibitor, resulted in an epithelial-like molecular
phenotype, which resembled the phenotype of CD73"P
HCCLMS3 cells (Fig. 4c, Additional file 7: Figure S6A).
Treatment of SMMC7721 cells with SC-79, an AKT acti-
vator, resulted in a mesenchymal-like phenotype that
resembled the phenotype of CD73°F SMMC7721 cells.
Importantly, reactivation of AKT signaling in CD73"P

HCCLMS3 cells effectively attenuated the epithelial-induc-
tion effect, while inhibition of AKT signaling in CD73°F
SMMC7721 cells prevented the mesenchymal-induction
effect (Fig. 4c). Also, biological experiments showed that
AKT inhibition hindered proliferation and invasion cap-
acities and promoted apoptosis in CD73"&" HCCLM3
cells to levels observed in CD73 knockdown cells, while
AKT activation promoted proliferation and invasion cap-
acities and prevented apoptosis in CD73'" SMMC7721
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cells to levels observed in cells with CD73 overexpression
(Fig. 4d—f, Additional file 7: Figure S6B—D). Notably, AKT
inhibition abolished the effects of CD73 overexpression
on HCC proliferation and invasion, whereas AKT activa-
tion attenuated the inhibitory effects of CD73 knockdown
on HCC proliferation and invasion. These results indi-
cated that CD73 promotes HCC progression and EMT by
activating PI3K/AKT signaling.

CD73 function in HCC mainly depends on its enzymatic
activity and occurs through adenosine receptor A2A

We next investigated whether the enzymatic activity of
CD73 was required for its function in promoting progres-
sion and metastasis in HCC by using APCP, a CD73 en-
zyme activity inhibitor. APCP treatment of CD73"e"
HCCLMS cells reduced pAKT levels in a dose-dependent
manner (Fig. 4g). Contrarily, exogenous adenosine
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treatment of CD73'°" SMMC7721 cells increased pAKT
in a dose-dependent manner. Notably, adenosine could re-
store the reduction of pAKT caused by CD73 knockdown,
while APCP treatment could partly abolish the increase of
pAKT caused by CD73 overexpression (Fig. 4h). Function-
ally, APCP produced similar inhibitory effects on prolifer-
ation and invasion, induced an epithelial-like phenotype in
HCCLMS3 cells as observed in CD73 knockdown cells,
and abolished the effects of CD73 overexpression (Add-
itional file 8: Figure S7A-C), whereas adenosine promoted
proliferation and invasion, induced a mesenchymal-like
phenotype in SMMC7721 cells as observed in CD73 over-
expression cells, and attenuated the effects of CD73
knockdown (Additional file 8: Figure S7D-F). Collectively,
our data demonstrated that CD73 functions in HCC re-
quire its enzymatic activity.

We next searched for the adenosine receptor involved
in mediating the functions of CD73 in HCC using select-
ive inhibitors targeting adenosine Al (DPCPX), A2A
(KW6002), A2B (CVT6883), and A3 receptors (Rever-
sine). Only KW6002 reduced AKT phosphorylation in
both CD73"&" HCC cell lines (Fig. 4i). Furthermore,
KW6002 inhibited HCC proliferation and invasion to the
maximum extent and induced an epithelial-like phenotype
(Additional file 9: Figure S8A—F). We thus focused on
A2A receptor (A2AR) for further investigation. Inhibition
effects of A2AR on pAKT level could not be rescued by
exogenous adenosine, while APCP failed to abolish the in-
crease of pAKT resulting from using CGS21650, a select-
ive A2AR agonist (Fig. 4j). Importantly, A2AR agonist
could effectively restore the reduction of pAKT caused by
CD73 knockdown, while A2AR antagonist greatly abol-
ished the increase of pAKT resulting from CD73 overex-
pression (Fig. 4j). These data demonstrated that CD73
exerts its function in HCC through A2AR.

The CD73-A2AR axis induces Rap1 activation and promotes
its membrane recruitment

Adenosine A2AR belongs to the G-protein-coupled recep-
tor family, which is closely associated with the activation
of Rapl [25]. Previous studies showed that Rapl is a crit-
ical regulator of PI3K activity [26, 27]. We therefore hy-
pothesized that the CD73-A2AR axis might activate PI3K/
AKT signaling by inducing Rapl activation. We first
assessed the effects of the CD73-A2AR axis on Rapl acti-
vation. CD73 knockdown or A2AR antagonist greatly re-
duced the level of Rapl-GTP, an active form of Rapl,
while A2AR agonist restored the reduction of Rapl-GTP
level caused by CD73 knockdown in HCCLM3 cells
(Fig. 5a). Conversely, CD73 overexpression or A2AR
agonist increased Rap1-GTP, while A2AR antagonist abol-
ished the increase of Rapl-GTP level resulting from CD73
overexpression.
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We next determined the role of Rapl activation in
AKT phosphorylation via manipulating Rapl expression
(Fig. 5b). In HCCLM3 cells, Rapl knockdown dramatically
decreased pAKT levels, which could not be rescued by
CGS21680 treatment (Fig. 5c). However, transfection of
RaplG12V, a constitutively active mutant, attenuated the
reduction of pAKT level caused by CD73 knockdown or
A2AR antagonist. Moreover, transfection of RaplS17N, a
dominant negative mutant, failed to restore the inhibitory
effects of Rapl knockdown on pAKT levels (Fig. 5¢). In
SMMC7721 cells, transfection of RaplGI12V greatly in-
creased pAKT levels, which could not be abolished by
A2AR antagonist. However, CD73 overexpression or A2AR
agonist showed no effects on pAKT level when Rapl was
knocked down. In addition, Rap1G12V expression rescued
the inhibition of AKT activation caused by Rapl knock-
down (Fig. 5¢). Importantly, through analyzing cytosolic
and plasma membrane fractions, we found that the majority
of Rapl was recruited to the membrane after activation by
the CD73-A2AR axis (Fig. 5d), which was consistent with a
previous study [28]. These results indicate that Rapl serves
as a key downstream regulator of the CD73-A2AR axis and
that activation of Rap1 is essential for CD73-A2AR axis me-
diating AKT phosphorylation in HCC.

The CD73-A2AR axis promotes Rap1-P110f interaction
Previous studies reported that Rapl could bind to Class I
PI3Ks to promote PIP3 production, resulting in AKT acti-
vation [26, 27]. Thus we hypothesized that CD73-A2AR
axis activates AKT signaling via promoting interaction be-
tween Class I PI3K member and Rapl. First, to identify
the key involved Class I PI3K member, we silenced two
major Class I PI3Ks, P110a, and P110p, in HCCLM3 cells
and found that P110B knockdown resulted in a dramatic
reduction of pAKT levels (Additional file 10: Figure S9A).
Similar results were observed in Hep3B cells
(Additional file 10: Figure S9B). These results suggested a
critical role for P110B in CD73-mediated AKT activation
in HCC. Next, Co-IP experiments in 293T cells
co-transfected with HA-P110pB and either Flag-Rap1G12V
or Flag-Rap1S12N showed that only activated form Rapl
could interact with P110p (Fig. 5e). Notably, level of intra-
cellular PIP3 and pAKT only elevated when Rapl binding
to P110B, implying a requirement for this interaction in
promoting catalytic activity of P110p (Additional file 10:
Figure S9C, D).

Above data demonstrated the significance of the inter-
action between Rapl and P110f in regulating AKT acti-
vation. Next, the role of CD73-A2AR axis in promoting
endogenous Rapl-P110p interaction was further vali-
dated by co-IP assays. CD73 knockdown or A2AR antag-
onist greatly hindered the Rapl-P110p interaction,
whereas A2AR agonist successfully rescued the inhib-
ition of Rapl-P110p interaction caused by CD73



Ma et al. Journal of Hematology & Oncology

(2019) 12:37

Page 11 of 17

P
A HCCLM3 c HCCLM3 D E
Rap1-GTP [ ] PAKT [ —— — HCCLM3 SMMC7721
Totaapt Pl s oo rop rogore 4 - -
cg:;_;n + : ol pactin 0.63 0.65 0.60 0.64 0.62 0.62 g Na-K';T:::: - - - - ,ﬁ‘ Flag-Rap1S12N - + -
Kweo02 - - 4+ - > O S ey & | e FlagRap1G12v -
cosmemn ;m;wc;n: &, v@‘?ﬁjﬁi@"i‘;"é % rapt [ HAPIOB + + +
Rap1-GTP \,19‘0}9‘ ¢ 2 Na-KATPase o e ml =
Total-Rap1 AP $ pactin E— 2
wsee 111 S 2 ] e | v I F'“EI
Ces21680 - - + - 0.18 0.76 0.40 0.16 0.09 046 @ Na-KATPase: _ a4
KWe002 - - - s 2|
SMMC7721 HCCLM3 p-actin o> *_0 v Y o> 9@ @Q v
=] SO SO LS a“e«“"@ 3 S S
B-actin [ —] S T S S FEEE
CF L POt o o
et s &S & ¢
F HCCLM3 G HccLm3 SMMC7721
196 1P: Rap1 1 1 1 1 1 1
—_— PUI0B s o o | o [ [ P110B
|B:Rap1E’ oo
o Na-KATPase e e pess jems e e o Na-K ATPase
; & - - e B-actin
e e -
g L L | B
=|1s: P11ns AKT - TITI | NO H  N AT
EEE R
§85%§ VI Pitop
¢ E NaKATPase = lem lemleml el I NaK ATPasE
=} 1 ! 1 1 1 1
X 2 B-actin e N N L L ), B-actin
g o
© 1———l———
SMmMC7721 © Priop (T 1A 0 O PH10p
1g6___1P:Rapt § Na-K ATPase S o T Na-K ATPase
[ 3 p-actin e :-:—:-—:—:.— - p-actin
otolget . 1R 1L 1zlizol "
- IB:Rap1 o & 'l B K 1 ' P
3 @ g o8 IR N O o<
R 3 f os MMl Rl BN RN 3 f
L S R R
°°88% 00
O w S O & O & D Q
Q E S F
° '5*9 '5"9 &
S «F‘p
HCCLM3 SMMC7721
Rap1 P1108 DAPI Merge Rap1 P1108 DAPI Merge
: 2
5 - - - - §- - -
€ 8
3 3 N
8¢
23 -
38 8¢
ad ge
g2 g%
Fig. 5 CD73-A2AR axis activates PI3K/AKT signaling by inducing Rap1-mediated membrane localization of P110B. a Rap1 activation status was
detected in the indicated HCC cells. b Rap1 expression was silenced via using shRNA in HCCLM3 and SMMC7721 cells and was confirmed by WB
assays. ¢ pAKT levels in the indicated HCCLM3 (upper) or SMMC7721 cells (lower) by WB assays. d Cytosolic and plasma membrane fractions were
isolated from the indicated HCCLM3 (left) or SMMC7721 cells (right), followed by WB assays with antibody against Rap1. Na*-K* ATPase was used
as an internal control for membrane fractions, and B-actin was used as an internal control for cytosolic fractions. e Co-immunoprecipitation of HA-P1100
and Flag-Rap1G12V or Flag-Rap1S12N in SMMC7721 cells. f Effects of the CD73-A2AR axis on promoting Rap1-P110 interaction in co-IP assays. g
Cytosolic and plasma membrane fractions were isolated from the indicated HCCLM3 (left) or SMMC7721 cells (right), followed by WB assays with
antibody against P110B. pAKT level and PIP3 concentrations were also detected. ELISA experiments for PIP3 determination were conducted in triplicate.
h Immunofluorescence staining of Rap1 (green) and P110 (red) with specific antibodies in indicated HCCLM3 (left) or SMMC7721 cells (right). DAPI was
used for nuclear staining; scale bar 50 um. Asterisk indicated P < 0.050 when compared with control group, t tests were used
A\

knockdown in HCCLM3 cells (Fig. 5f). Contrarily, CD73  the effects of CD73 overexpression on promoting
overexpression or A2AR agonist promoted the Rap1-P110f  Rapl-P110f binding in SMMC7721 cells. Our findings in-
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the Rapl-P110p interaction, resulting in PIP3 production
and AKT phosphorylation.

The CD73-A2AR axis promotes Rap1-mediated membrane
localization of P110B and PIP3 production

As our results showed that activated Rapl was recruited
to the membrane, and Rapl binds to P110p, we further
evaluated whether CD73-A2AR could induce P110f
membrane localization, a critical process for its catalytic
function [29], in a Rapl-dependent manner. Through
analyzing cytosolic and plasma membrane fractions by
WB assays, we found that, similar to the effect of Rapl
knockdown, CD73 knockdown or A2AR antagonist
greatly reduced the plasma membrane localization of
P110B in HCCLMS3 cells, and this could be rescued by
Rap1G12V expression (Fig. 5g). On the other hand, con-
sistent with the results of Rap1G12V transfection, CD73
overexpression or A2AR agonist promoted plasma mem-
brane localization of P110p in SMMC7721 cells, and this
was greatly abolished by Rapl knockdown. Notably,
higher PIP3 concentrations and pAKT levels were ob-
served when the majority of P110p localized on plasma
membrane (Fig. 5g), indicating abundant catalytic activ-
ity of P110P under these circumstances. Assays were fur-
ther performed and results further confirmed the
membranous co-localization of Rapl-P110B due to
CD73-A2AR axis regulation, which was consistent with
the results of WB assays (Fig. 5h). These data demon-
strated that the CD73-A2AR axis activates AKT by indu-
cing Rapl-mediated membrane localization of P110p.

CD73 is negatively regulated by miR-193b

Previous studies revealed miRNA was responsible for
the dysregulation of CD73 expression [30, 31]. We fur-
ther investigated the potential upstream miRNA of
CD73 in HCC. Seven microRNAs were predicted by two
bioinformatics algorithms (TargetScan and miRanda) to
be potential upstream regulators of CD73 according to
StarBase database [32] (Additional file 11: Figure S10A).
Among these potential miRNAs, two homologous miR-
NAs, miR-193a and miR-193b were selected for further
study, as previous studies reported them as tumor sup-
pressors in HCC [33, 34]. A putative binding site of
miR-193a/miR-193b and 3'UTR of CD73 was identified
(Fig. 6a). Transfection of miR-193b mimics significantly
reduced CD73 expression in two CD73™&" cell lines
(Fig. 6b). However, miR-193a mimics failed to exert
similar effects (Additional file 11: Figure S10B), and
thus, miR-193b was identified as the potential regulator
for CD73 expression in our study. To validate its regula-
tory role, dual luciferase reporter assays were firstly per-
formed and results revealed that miR-193b markedly
inhibited the activity of a luciferase vector containing
the wild-type CD73 3'UTR, but not the mutant 3'UTR
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(Fig. 6c). Moreover, miR-193b expression was signifi-
cantly downregulated in HCC tissues compared to
paratumor tissues (Fig. 6d) and reversely correlated
with CD73 mRNA in clinical HCC samples (r=-0.83,
P <0.001, Fig. 6e). Functional assays demonstrated that
transfection of miR-193b could significantly inhibit HCC
proliferation, migration, and invasion, and these inhibitory
effects could be rescued by CD73 re-expression (Fig. 6f-h,
Additional file 11: Figure S10C and D). Additionally, in-
duction of epithelial-like phenotype and downregulation
of phosphorylation of AKT caused by miR-193b mimic
transfection could also be reversed by re-expression of
CD73 (Fig. 6i). Taken together, our data identified
miR-193b as a novel negative regulator of CD73 expres-
sion in HCC.

Co-inhibition of CD73 and A2AR shows therapeutic
potential in vitro and in immunodeficient mice

We examined whether targeting CD73 in combination
with A2AR inhibition would inhibit HCC growth inde-
pendent of the immune system. Colony formation assays
showed that co-treatment with inhibitors against CD73
and A2AR dramatically reduced cell proliferation in
CD73"8" HCCLMS3 cells, while inhibiting CD73 or
A2AR alone showed moderate inhibition effects (Fig. 7a).
Moreover, co-targeting strategy induced more apoptosis
in HCCLM3 cells than targeting CD73 or A2AR alone
(Fig. 7b). Targeting CD73 or A2AR alone in NOG mice
caused moderate suppression of tumor growth in vivo.
However, dramatic and more durable responses were ob-
served in mice co-treated with both CD73 and A2AR in-
hibitors (Fig. 7c). Similarly, Targeting CD73 or A2AR
alone caused moderate suppression of lung metastasis,
while co-targeting strategy exerted a synergistic effect,
resulting in maximal suppression of lung metastasis.
(Fig. 7d). Our findings revealed co-targeting CD73 and
A2AR exhibited potentials for preventing HCC progres-
sion and metastasis.

Discussion

CD73 plays a vital role in adenosinergic signaling by cata-
lyzing AMP into adenosine [10]. Hence, CD73 has been
mainly studied for its immunosuppression functions and
was identified as a novel immune checkpoint target with
promising potential for suppressing tumor development
[19, 35]. Meanwhile, studies also showed CD73 promotes
tumor growth in an immune-independent manner [16, 17,
30, 31]. Here, functional experiments demonstrated that
CD73 could promote HCC progression and metastasis.
We also confirmed the clinical significance of CD73 as an
independent prognostic indicator of TTR and OS for
HCC patients after curative resection. Moreover, CD73
retained significant prognostic prediction value in
early-HCC and AFP-low patients, whose clinical outcomes
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miR-193b expression level between paratumor and tumor tissues determined by RT-PCR assays; asterisk indicated P < 0.050, n =25, and t tests
were used. e Correlation of miR-193b and CD73 mRNA in clinical HCC samples was analyzed by Spearman’s rank correlation test, n = 25. f
Evaluations of proliferation capacities of indicated HCCLM3 (left) and Hep3B cells (right) by CCK-8 assays; “N.S." indicated not significant; asterisk
indicated P < 0.050, and t tests were used. g Evaluations of migration capacities of indicated HCCLM3 (left) and Hep3B cells (right) by wound
healing assays; asterisk indicated P < 0.050, and t tests were used. h Evaluations of invasion capacities of indicated HCCLM3 (left) and Hep3B cells
(right) by wound healing assays; asterisk indicated P < 0.050, t tests were used. i Evaluations of EMT-related genes and pAKT expression levels of
indicated HCCLM3 (left) and Hep3B cells (right) by WB assays. In vitro experiments were performed in triplicate

were difficult to predict by conventional indexes [24]. Our
findings collaborated with the prognostic significance of
CD73 in TCGA database (Additional file 12: Figure S11)
and indicated that it might serve as an indicator to identify
HCC patients at high risk of recurrence that require fur-
ther interventions in addition to resection to improve
their prognosis.

EMT plays an important role in facilitating HCC metasta-
sis, despite its controversial function during carcinogenesis

[36]. Previous studies reported CD73 as a critical regulator
for the maintenance of mesenchymal traits in mesenchymal
stem cells and ovarian cancer cells [16, 37, 38]. In the
present study, we showed that CD73 expression was essen-
tial for maintaining the mesenchymal-like phenotype in
HCC. Clinical samples confirmed our findings, showing
that CD73 expression significantly correlated with EMT sta-
tus. Therefore, we provide the first evidence demonstrating
that CD73 serves as a trigger for EMT in HCC.
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in vitro experiments were performed in triplicate; and t tests were used

Weeks post HCC cell inoculation

Fig. 7 Co-targeting CD73 and A2AR shows therapeutic potential in HCC. a Colony formation assays in the indicated HCCLM3 cells. b Apoptosis
assays in the indicated HCCLM3 cells. ¢ Tumor growth kinetics in NOG model mice subcutaneously implanted with HCCLM3 cells treated as
indicated. d Incidences of lung metastasis of different administered groups versus controls in NOG model mice intravenously injected with HCCLM3
cells. Asterisk indicated P < 0.050 when compared with controls; number sign indicated P < 0.050 when compared with APCP/KW5002 group alone; all

3 4 5 6

Previous studies reported that CD73 exerted its functions
by both enzymatic-dependent and enzymatic-independent
ways [15]. Here, we found that CD73 exerts its tumor pro-
motion functions mainly through its enzymatic activity due
to the significant changes in HCC cells after APCP or ad-
enosine treatment. However, it should be noted that APCP
showed a weaker effect on cell proliferation and invasion
than CD73, although this difference did not reach a statis-
tical significance. Similar results were observed when
comparing adenosine with CD73 overexpression. These
findings suggested the possibility of other regulatory
mechanisms of CD73 beyond producing adenosine.
Thus, our future work will examine the non-enzymatic
functions of CD73 to elucidate the regulatory network
of CD73 in HCC.

A2AR is a critical receptor that is responsible for the func-
tion of CD73 in cancer immunity, and CD73-expressing
cancer cells are prone to form metastasis loci via activation
of A2AR, which results in exhaustion of natural killer cells
within the tumor microenvironment [8, 13, 14, 19]. Here,
we provided the first evidence that A2AR serves as the key
downstream mediator of CD73 to regulate the progressive
phenotype of HCC, and inhibition of A2AR dramatically
abolished the effects of CD73 on HCC cells. Our data
strongly demonstrate the non-immunosuppressive effects of
A2AR, thus expanding our understanding of the function of
A2AR in HCC development. Based on these findings, we

speculated that co-targeting CD73 and A2AR might achieve
satisfactory treatment effects in HCC. Indeed, CD73 inhib-
ition in combination with A2AR blockade resulted in signifi-
cantly decreased tumor growth as well as metastasis
compared with controls. Since our findings were observed
in immunodeficient mouse models, we hypothesize that this
co-inhibition strategy might achieve more promising treat-
ment response by not only blocking progressive traits of
HCC but also restoring anti-tumor immune function within
the tumor microenvironment.

Abnormal AKT activation is a hallmark of tumor pro-
gression in various cancers, including HCC [39]. In the
present study, Alterations of pGSK3p and pAKT levels
were observed. More importantly, FOXO3a, a
well-established tumor suppressor in HC