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Abstract
Early studies indicated that the androgen receptor (AR) might play important roles in the regulating of the initiation and
progression of hepatocellular carcinoma (HCC), but its linkage to the surrounding macrophages and their impacts on
the HCC progression remain unclear. Here we found that macrophages in liver cancer might function via altering the
microRNA, miR-92a-2-5p, in exosomes to decrease liver cancer cells AR expression, which might then lead to increase the
liver cancer cells invasion. Mechanism dissection revealed that miR-92a-2-5p from the exosomes could target the 3′UTR of
AR mRNA to suppress AR translation, altering the PHLPP/p-AKT/β-catenin signaling to increase liver cancer cells
invasion. Preclinical studies demonstrated that targeting this newly identified signaling with miR-92a-2-5p inhibitors led to
suppress liver cancer progression. Together, these findings suggest that macrophages in the liver cancer tumor
microenvironment may function via exosomes to regulate liver cancer progression, and targeting this newly identified
macrophages/exosomes-miR-92a-2-5p/AR/PHLPP/p-AKT/β-catenin signaling may help in the development of novel
treatment strategies to better suppress liver cancer progression.

Introduction

Primary liver cancer (PLC) is one of the most important
public health issues facing the world. Among which,
hepatocellular carcinoma (HCC) accounts for more than
90% of PLC. HCC is the fifth most commonly diagnosed
tumor and the second leading cause of cancer death in the
world [1]. In the past 30 years, the incidence of HCC has
almost tripled in the United States, making it the fastest
rising incidence of cancer in both women and men [2].
According to an epidemiological survey of the US popu-
lation, the incidence of HCC was at least 6 per 100,000 in
2010 [3]. Worldwide incidence of HCC is more than twice
as high in males as in females. In 2019, there were 42,030
estimated new liver and intra hepatic bile duct cancer cases
and 31,780 estimated deaths in the USA. Among which, the
incidence rate of men will be probably three times higher
than that of women, and the male patients with HCC usually
have a poorer prognosis than female patients [4].

The apparent male prevalence of HCC incidence suggests
that sex hormones (androgens and estrogens) may be involved
in the regulation of HCC initiation, progression, and metastasis
[5]. The androgen receptor (AR) roles in regulating HCC
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initiation and progression have been examined and the results
appear to be complex, as AR can promote HCC initiation and
progression at early stage, yet suppress its invasion in the later
stages [6–8].

Tumor initiation, progression, and metastasis are sig-
nificantly influenced by the tumor microenvironment, and
infiltration of inflammatory cells, including macrophages,
has been proven to be one of the key factors [9, 10].
Macrophages are the most common immune-related cells
and can be broadly divided into two subtypes, M1 type
(classical) and M2 type (alternative), under different
environments [11]. M2 macrophages can secrete multiple
types of cytokines and growth factors as well as being
involved in extracellular matrix remodeling, angiogenesis,
and immunosuppression, which are typical features impor-
tant for promoting tumor growth and metastasis. Tumor-
associated macrophages (TAMs), which exhibit the M2
phenotype, have been proven to be related to the progres-
sion and metastasis of many tumors [12].

Exosomes are secreted by a variety of cells, including
macrophages, and can migrate from macrophages to tumor
cells to promote tumor progression, invasion, and metastasis
[13–15]. Studies have shown that exosomes can create an
immunosuppressive environment through the signaling
between stromal cells and tumor cells to impact tumor
progression.

Here, we found that macrophages can promote liver cancer
cells invasion through secretion of the exosomes containing
the microRNA (miR), miR-92a-2-5p, to liver cancer cells via
regulating AR/PHLPP/p-AKT/β-catenin signaling. Thus, we
delineated a novel pathway for macrophages’ effects on liver
cancer progression, as well as provided mechanistic expla-
nations for seemingly contrasting roles of AR in liver cancer
development and progression.

Materials and methods

Cell culture and co-culture

Human liver cancer SK-HEP-1 and Hep G2 cell lines,
human HEK 293 T-cell line, monocytic leukemia cell line
THP-1, and mouse HCC Hepa 1-6 cell lines were purchased
from ATCC. The HA22T cell line (BCRC No. 60168) was
a gift from Professor Yuh-Shan Jou (Academia Sinica,
Taiwan). SK-HEP-1, HA22T, Hep G2, Hepa 1-6, and HEK
293 T cells were cultured in DMEM. THP-1 cells were
cultured in RPMI-1640 media. To induce differentiation
into macrophages, THP-1 cells were cultured with 100 ng/
ml PMA (Sigma) for 48 h.

We used 0.4-μm-pore-size transwell chambers (Corning
Life Science) for the co-culture system. 1 × 105 induced
THP-1 cells in 1.5 ml media were added to the upper

chambers, and 1 × 105 liver cancer cells in 2.5 ml media
were added to the bottom chambers of the six-well plates.
For the control group, we only added 1.5 ml of the media to
the upper chamber, and both groups were treated with the
same conditions. After 48 h of co-culture, the liver cancer
cells were collected for further experiments.

Exosomes isolation and identification

THP-1 cells were cultured with 100 ng/ml PMA in normal
RPMI-1640 media for 48 h, after which the media was
refreshed with RPMI-1640 containing 10% FBS with exo-
somes removed. After 3 days, the cell culture media was
collected and centrifuged at 300 × g for 10 min, 16,500 × g
for 20 min, and then filtered through a 0.22 μm filter to
remove residual cells and debris. The pellet was collected
by ultracentrifugation at 120,000 × g for 70 min (Beckman
Coulter) and then resuspended in 50–100 μl PBS. The
protein markers, CD9 and CD63, were used to identify
exosomes by western blot analysis.

Quantitative real-time PCR

Total RNA was extracted by Trizol reagent (Invitrogen) and
reverse transcription was performed using 2 μg of total
RNA. The mRNA or miRNA expression levels were con-
ducted and calculated by the Bio-Rad CFX96 system.
Expression levels were normalized to GAPDH (for mRNA)
or U6 (for miRNA) and relative expression was assessed by
ΔΔCt values. All primers were purchased from Integrated
DNA Technologies Company. The primers we used for
PCR are listed in Supplementary Table 1.

Western blot assay

Cells or exosomes were lysed in RIPA lysis buffer and
30 µg protein was run on SDS/PAGE gels and then trans-
ferred to PDVF membranes (Millipore). After blocking for
1 h and rinsed with TBST three times, the membranes were
incubated in relevant primary antibodies at 4 °C for over-
night. Thereafter, the membranes were rinsed three times
and incubated with secondary antibodies, and finally
imaged by the ECL system (Thermo Fisher Scientific). The
AR (N-20), GAPDH (6c5), CD9 (C-4), CD63 (E-12),
β-catenin (E-5), and p-AKT primary antibodies were pur-
chased from Santa Cruz Biotechnology, the PH domain
leucine-rich repeat protein phosphatase (PHLPP) primary
antibody was purchased from Bethyl Laboratories.

Cell invasion assay

Transwell chambers (Corning Life Science) at 8 μm pore size
were used for invasion assay in 24-well plates. First, the upper
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chamber was filled with 100 μl of diluted Matrigel (1:20
dilution) and incubated for 2 h at 37 °C. Then, 150 μl of
serum-free media containing 5 × 104 liver cancer cells was
added to the upper chambers, while 750 μl of media con-
taining 10% FBS was added to the lower chambers. The

noninvasive cells were then removed and invaded cells were
fixed with methanol and stained with 0.1% crystal violet for
30 min after 24 h of incubation and six random fields were
counted under a microscope. Each sample was run in tripli-
cate and repeated three times.

Fig. 1 The invasion capacity of liver cancer cells increases after co-
culture with macrophages. a THP-1 cells were cultured with phor-
bol-12-myristate-13-acetate (PMA) for 48 h. Representative images of
the two groups (THP-1, THP-1+PMA) were shown. b CD68 (mac-
rophages marker) expression was checked by qRT-PCR assay.
c Schematic diagram of co-culture and invasion system. d The qRT-
PCR was used in macrophages to check M2 markers (Arginase-1,

CD163, TGFβ, CD206) and M1 markers (CD86, NOS2, TNFα,
CCR7) expression levels after co-culture with SK-HEP-1 and HA22T.
e, f Invasion capacity was measured in SK-HEP-1 and HA22T
after co-culture compared with controls (ctrl), quantitations are at
the right. Data are presented as mean ± SD. *p < 0.05; **p < 0.01;
***p < 0.001.
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Luciferase assay

The 2000 bp wild-type or mutant 3′UTR region of AR was
inserted into psiCHECK2-basic vector (Promega) and
transduced into pLKO/miR-92a-2-5p inhibitor and pLKO/
oemiR-92a-2-5p stable cells using Lipofectamine 3000
(Invitrogen). Luciferase activities were measured 48 h after
transfection by a Dual-Luciferase Assay (Promega). The
sequence for AR 3′UTR wild type and mutant plasmids is
listed in Supplementary Table 1.

In vivo studies

Male nude mice at 5–7 weeks old were purchased from
NCI and we randomly divided the animals into three
groups according to the random number table (eight in
each group) for xenografting as follows, (Group 1) SK-
HEP-1-Luc co-injected with Matrigel, (Group 2) SK-
HEP-1-Luc co-injected with THP-1-plko cells, (Group 3)
SK-HEP-1-Luc cells co-injected with THP-1-plko-miR-
92a-2-5p inhibitor. All cells were injected into left lobe of
the liver. Tumor growth and metastasis were monitored
weekly via in vivo imaging system (IVIS) analysis. Eight
weeks later, we sacrificed the mice, removed tumors and
metastases for counting, and further studies for statistical
analysis. The animal experiments were approved and
conducted under the supervision of the University Com-
mittee on Animal Resources of University of Rochester
Medical Center.

Immunohistochemical (IHC) staining

Mice liver tumor tissues were embedded in paraffin after
24 h of fixation in 4% paraformaldehyde. The tissues were

cut to a thickness of 5 μm and dewaxed in a 65 °C incu-
bator for 30 min and then dewaxed in xylene. After that,
the tissues were hydrated in ethanol, then tissues were
placed in sodium citrate (pH= 6) for half an hour in a
microwave for antigen retrieval, and then 3% H2O2-
methanol was used to inactivate endogenous peroxidase.
After blocking for 30 min in goat serum, tissues were
incubated with primary antibody overnight at 4 °C, then
rinsed with PBS, incubated with secondary antibody, and
then incubated with the enzyme conjugate horseradish
peroxidase-streptavidin and detected by DAB (Zymed).
Finally, the tissues were counterstained with hematoxylin
and mounted with aqueous mounting gel. After the sealant
dried, positive cells in the tissues were observed and
calculated under a microscope.

Statistics analysis

Experiments were performed at least three separate times
with data points in triplicate. SPSS 19.0 software (SPSS
Inc) was used to perform statistical analyses. The experi-
mental results were showed as the mean ± SD. Differences
in different groups were analyzed by Student’s t test or one
way ANOVA. P values ≤ 0.05 were considered statistically
significant.

Results

The invasion capacity of liver cancer cells increases
after co-culture with macrophages

To study the potential impact of infiltrating macrophages
on the liver cancer progression, we first applied 100 ng/
ml PMA to induce the macrophages in THP-1 cells
(Fig. 1a), which are characterized by the expression of
recognized macrophage marker CD68 (Fig. 1b). We then
applied a co-culture system to culture THP-1 macro-
phages together with liver cancer cells (Fig. 1c) for 48 h.
The results revealed that the co-culture led to increase the
M2 markers (CD206, CD163, TGFβ, Arginase-1) in
macrophages (Fig. 1d), and the invasion capacity of liver
cancer SK-HEP-1 and HA22T cells was also increased
(Fig. 1e, f). At the same time, to exclude the role of
proliferation in invasion process, we performed MTT
assay, and the results showed that the proliferation of
liver cancer cells decreased in response to macrophage
co-culture, therefore it is unlikely that increased invasion
is due to increased proliferation (Supplementary
Fig. S3a).

Together, the data from Figs. 1a–f and S3a indicate that
infiltrating macrophages can increase liver cancer cells
invasion.

Fig. 2 Mechanism dissection of how macrophages increase liver
cancer cells invasion: via altering the AR expression. a Expression
of AR in liver hepatocellular carcinoma (LIHC) based on different
sample types (normal and primary tumor) in TCGA database. b Cor-
relation between AR expression and tumor stage in LIHC patients
from the database. c AR protein expression was checked by western
blots in SK-HEP-1 and HA22T cells after co-culture compared with
controls (ctrl). d AR expression was detected by western blots after
overexpressing AR in SK-HEP-1 cells and knocking down AR in
HA22T cells. e Chamber-transwell invasion assays were performed
using SK-HEP-1 cells (left) transfected with AR-cDNA (oeAR) and
pWPI control vector and HA22T cells (right) transfected with AR-
shRNA (shAR) and pLKO control vector after co-culture with mac-
rophages for 48 h compared with ctrls. f AR protein expression (left)
and invasion capacity (middle) were measured in Hep G2 cells after
co-culture with macrophages for 48 h, quantitation at right. g AR
protein expression (left) and invasion capacity (middle) were measured
after overexpressing AR or pWPI in Hep G2 cells in co-culture system
compared with ctrls. For (e–g) quantitations are at the right. Data are
presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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Mechanism dissection of how infiltrating
macrophages can increase the liver cancer cells
invasion: via altering the AR expression

To dissect the mechanism of how infiltrating macrophages
can increase liver cancer cells invasion, we focused on the
AR signaling, as recent studies indicated that AR might
play a key role to alter the liver cancer progression. We first
analyzed the clinical significance of AR in HCC samples
through UALCAN (http://ualcan.path.uab.edu/) and GEPIA
(http://gepia.cancer-pku.cn/) websites and clinical data from
TCGA database samples showed a decrease in AR
expression in the primary tumors (Fig. 2a), with a decreased
AR expression as tumor staging increased (Fig. 2b). We
also collected tumors from ten male HCC patients that went
under surgical resection and were diagnosed Stage II after
surgery, the IHC assay showed that AR expression was
lower in tumor tissues than in para-tumor tissues (Supple-
mentary Fig. S3b).

We then examined the co-culture’s influence on the AR
expression, and found that AR protein expression in the SK-
HEP-1 and HA22T cells decreased after co-culture with
THP-1 macrophages (Fig. 2c).

To examine the potential impact of altered AR on the
liver cancer cells invasion, we found that increasing AR
via adding AR-cDNA decreased the infiltrating
macrophages-increased liver cancer cells invasion
(Fig. 2d, e, left). In contrast, decreasing AR via adding
AR-shRNA led to increase more significantly the liver
cancer cells invasion (Fig. 2d, e, right). Similar results
were also obtained when we replaced SK-HEP-1 cells
with the HCC Hep G2 cells (Fig. 2f, g). Moreover, this
enhanced liver cancer cell invasion can also be found in
another co-culture system using mouse macrophages
(Raw 264.7) and mouse HCC cells (Hepa 1–6) (Supple-
mentary Fig. S1).

Together, the data from Figs. 2a–g, S1, and S3b indicate
that infiltrating macrophages may increase the liver cancer
cells invasion via suppressing liver cancer cells AR
expression.

Mechanism dissection of how infiltrating
macrophages can decrease the AR expression in the
liver cancer cells: via altering the miRNAs

As shown in Fig. 2c, AR overexpression in liver cancer
cells could partly reverse co-culture’s function, therefore we
examined AR expression in liver cancer oeAR cells, the
results showed that co-culture still resulted in a decrease of
AR expression in liver cancer oeAR cells (Fig. 3a, b). The
AR mRNA level was also decreased in SK-HEP-1 and SK-
HEP-1 oeAR cells after co-culture (Fig. 3c). To exclude the
possibility that a decreased AR was due to a decreased
protein stability, we examined AR protein level in response
to cycloheximide to block de novo protein synthesis in liver
cancer cells, and results showed that there is no difference
between control (not co-cultured) and co-culture groups,
both in SK-HEP-1 and SK-HEP-1 oeAR cells (Fig. 3d, e).
These results suggest that macrophages may regulate liver
cancer cells AR mRNA level either through transcriptional
or posttranscriptional regulation.

As the exogenous AR expression was controlled by a
promoter that is different than the endogenous chromosomal
AR locus, it is more likely that macrophages may impact
AR expression in liver cancer cells through posttranscrip-
tional regulation. Particular miRNAs that could target both
endogenous and vector-expressed AR mRNA could be used
to mediate this process. The bioinformatic analysis led to
candidate miRNAs that are capable of doing so.

Further testing of their expression in response to co-
culture showed that miR-92a-2-5p, miR-3153, miR-589-5p
increased after co-culture in liver cancer cells (Fig. 3f).
Inhibition of these miRNAs by vector-based miRNA inhi-
bitors indicated that miR-92a-2-5p and miR-3153 could
reverse co-culture’s impact on AR (Fig. 3g), as well as the
invasion capacity of liver cancer cells after co-culture
(Fig. 3h).

Together, the data from Fig. 3a–h indicate that macro-
phages may function via increasing miR-92a-2-5p and miR-
3153 expression to decrease AR expression of liver
cancer cells.

Mechanism dissection of how macrophages increase
miRNAs expression in liver cancer: via
transportation by exosomes from macrophages to
liver cancer cells

To dissect the mechanism how macrophages increase
miRNAs expression in liver cancer, we focused on

Fig. 3 Mechanism dissection of how macrophages decrease AR
expression in liver cancer cells: via altering the miRNAs. a The
qRT-PCR and western blot were used to detect the efficiency of
overexpressing AR (oeAR) in SK-HEP-1 cells. b Western bolt was
used to detect the AR expression in SK-HEP-1 oeAR cells in non co-
culture control (crtl) and co-culture groups. c The qRT-PCR was used
to show AR mRNA expression in SK-HEP-1 and SK-HEP-1 oeAR
cells both in ctrl and co-culture groups. d Western blots were used to
determine AR protein stability in SK-HEP-1 cells in ctrl and co-culture
groups. eWestern blots were used to check AR protein stability in SK-
HEP-1 oeAR cells in ctrl and co-culture groups. f The qRT-PCR was
used to show the seven miRNAs expression in SK-HEP-1 cells in ctrl
and co-culture groups. g AR expression was checked by western blot
after transducing pLKO-miR-589-5p/pLKO-miR-3153/pLKO-miR-
92a-2-5p inhibitor into SK-HEP-1 cells in ctrl and co-culture groups. h
Invasion capacity of SK-HEP-1 cells was measured after transducing
pLKO-miR-3153/pLKO-miR-92a-2-5p inhibitor in ctrl and co-culture
groups, quantitation at right. Data are presented as mean ± SD. ns not
significant. *p < 0.05; **p < 0.01.
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exosomes, as recent studies indicated that miRNAs can be
transported by exosomes from macrophages to neighboring
tumor cells [16]. Indeed, the miR-92a-2-5p and miR-3153

expression in THP-1 macrophages were higher than in the
liver cancer cells (Fig. 4a). When we inhibited the two
miRNAs separately in macrophages and co-cultured these
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macrophages with liver cancer cells, results showed that it
could reverse the co-culture impact on liver cancer cells
(Fig. 4b).

To directly implicate exosomes from macrophages in
regulating liver cancer cell invasion, we cultured the mac-
rophage with addition of DMSO to promote the M2
polarization, and we collected the media from these M2-
type macrophages (Fig. 4c), added them to liver cancer
cells, and found that macrophages exosomes led to a
reduction of AR expression in liver cancer cells (Fig. 4d)
and an increase of cell invasion (Fig. 4e, f). Furthermore, if
exosomes secretion in macrophages was inhibited by an
inhibitor (GW4869) in the co-culture system, macrophages
lost the ability to impact both SK-HEP-1 and HA22T cells
(Fig. 4g, h).

As it was shown in Fig. 4b, inhibition of the two miR-
NAs separately in macrophages can reverse co-culture’s
function, so we checked the miRNA expression in exo-
somes after transducing pLKO-miR-92a-2-5p inhibitor or
pLKO-miR-3153 inhibitor, the results showed that the miR-
92a-2-5p in exosomes was lower in the THP-1 miR-92a-2-
5p inhibitor group than in the THP-1 pLKO control group,
but the miR-3153 level was higher than that in THP-1
pLKO control groups (Fig. 4i), suggesting that exosomes
can transport miR-92a-2-5p from macrophages to liver
cancer cells, but not miR-3153. When we added pLKO-
miR-92a-2-5p inhibitor into macrophages, the invasion
capacity of liver cancer cells also can be reversed (Fig. 4j).
Furthermore, when we overexpressed miR-92a-2-5p in

macrophages and co-cultured with liver cancer cells, the
results showed decreased AR expression and increased
invasion capacity of HA22T cells (Fig. 4k, l).

Together, results from Fig. 4a–l suggest that macro-
phages decrease AR expression of liver cancer cells to
increase invasion capacity likely via transporting miR-92a-
2-5p from macrophages to liver cancer cells through
exosomes.

Mechanism study of how miR-92a-2-5p alters the AR
expression under the co-culture condition: via
directly targeting the 3′UTR of AR mRNA

To dissect the mechanism of how macrophages/exosomes/
miR-92a-2-5p can decrease the AR expression, we searched
the website (http://www.targetscan.org/vert_72/) to identify
some potential targeting sites of miR-92a-2-5p that are
located on the 3′UTR of AR mRNA. We then constructed a
wild-type 3′UTR or a mutant with deletion of target sites of
miR-92a-2-5p into psiCHECK2 vector (Fig. 5a). Results
from luciferase report assay showed that when transfected
with the wild-type AR 3′UTR, the luciferase activity was
increased in HA22T cells after inhibiting miR-92a-2-5p and
decreased in SK-HEP-1 cells after addition of miR-92a-2-
5p. But when transfected with the mutant AR 3′UTR, the
luciferase activity had no significant differences (Fig. 5b, c).
We also tested knocking down miR-92a-2-5p in the SK-
HEP-1 cells, and the results were consistent with those in
HA22T cells (Fig. 5b, d), suggesting that miR-92a-2-5p can
directly target the 3′UTR of AR mRNA to suppress its
protein expression.

Mechanism dissection of how macrophages/
exosomes/miR-92a-2-5p/AR axis alters the invasion
capacity of liver cancer cells: via altering the PHLPP/
p-AKT/β-catenin signaling

To examine the detailed mechanisms underlying AR’s role
in regulating liver cancer cells invasion, we tested the
expression of proteins that have been connected with cancer
cells migration and invasion in both culture alone or in co-
culture. The exploratory experiments led to the focus on
β-catenin as it is mostly consistent with the change in AR
expression induced by co-culture with macrophages
(Fig. 6a, b). At the same time, we constructed the β-catenin
wild type and mutant plasmid, then we conducted luciferase
assay to check β-catenin activation, the result was consistent
with western blot assay (Supplementary Fig. S3c). We also
checked the clinical significance of β-catenin in HCC in the
UALCAN (http://ualcan.path.uab.edu/) website, which
showed an increase in β-catenin expression in primary
tumors (Supplementary Fig. S2a), and a higher β-catenin
expression meant a lower survival rate (Supplementary

Fig. 4 Mechanism dissection of how macrophages increase miR-
NAs level in liver cancer: via exosomes secretion from macro-
phages to liver cancer cells. a The qRT-PCR was used to show the
miR-3153 and miR-92a-2-5p expression in SK-HEP-1, HA22T, and
THP-1 cells. b Western bolt was used to determine AR expression
after transducing miR-3153/miR-92a-2-5p inhibitor into THP-1 cells
in no co-culture (ctrl) and co-culture groups. c Exosomes markers
(CD9 and CD63) were detected by western blot, and treatment with
GW4869 (exosomes inhibitor) was used as a control group to check
the extraction efficiency of exosomes. d Western blots were used to
determine AR expression in liver cancer cells in ctrl group and
exosomes group. Invasion capacity of SK-HEP-1 (e) and HA22T
(f) cells was measured in ctrl groups and exosomes groups. g Western
blots were used to determine AR expression after treating with exo-
somes inhibitor (GW4869) with/without co-culture. h Invasion capa-
city of liver cancer cells after treating with exosome inhibitor
(GW4869) with/without co-culture. i The qRT-PCR was used to show
the miR-92a-2-5p and miR-3153 levels in exosomes after transducing
related miRNA inhibitors in macrophages. j Invasion capacity of liver
cancer cells was measured after transducing miR-92a-2-5p inhibitor
into macrophages with/without co-culture. k AR expression was
checked by western blot after overexpressing miR-92a-2-5p into
macrophages with/without co-culture. l Invasion capacity of liver
cancer cells was measured after overexpressing miR-92a-2-5p in
macrophages with/without co-culture. For (e, f, h, j, l) quantitations
are at the right. Data are presented as mean ± SD. ns not significant.
*p < 0.05; **p < 0.01.
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Fig. S2b). A survey of literature indicated that AR could
transcriptionally regulate PHLPP that can inactivate AKT
through dephosphorylation to increase invasion capacity
of prostate cancer [17], while p-AKT/β-catenin signaling
was related to tumor progression [18]. Indeed, similar
results were found in liver cancer cells when we examined
the p-AKT and PHLPP levels after co-culture, with
increased p-AKT expression in HA22T cells (Fig. 6c), and a
decrease of PHLPP level in both cell lines after co-culture
(Fig. 6d).

To directly implicate the role of miR-92a-5p in these
regulations, we also checked the impact of knocking down/

overexpressing miR-92a-2-5p in liver cancer cells in the co-
culture system. The results revealed that knocking down the
miRNA could reverse macrophages’ influence on liver
cancer cells and overexpressing the miRNA could
strengthen macrophages’ impact (see Figs. 3h, 6e–g,
and S2c). Furthermore, changing the miR-92a-5p expres-
sion in macrophages resulted in similar changes in liver
cancer cells in invasion as well as protein expression (see
Figs. 4j–l, 6h, and S2d). Consistent with the pivotal role of
AKT in this process, when we treated the co-culture system
with the AKT inhibitor, MK-2206, the impact of macro-
phages on liver cancer cells was blocked (Figs. 6i, j

Fig. 5 Mechanism dissection of how miR-92a-2-5p alters the AR
expression under the co-culture condition: via direct targeting of
the 3′UTR of AR mRNA. a Sequence of 2000 bp wild-type and
mutant AR 3′UTR. Luciferase reporter activity was measured after
transfection of wild-type or mutant AR 3′UTR in HA22T cells
transduced with pLKO or miR-92a-2-5p inhibitor (b) and SK-HEP-1

cells transduced with pLKO or oemiR-92a-2-5p (c). d Luciferase
reporter activity was measured after transfection of wild-type or
mutant AR 3′UTR in SK-HEP-1 cells transduced with pLKO or miR-
92a-2-5p inhibitor. Data are presented as mean ± SD. ns not sig-
nificant. *p < 0.05; **p < 0.01.
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and S2e, f). Similarly, treatment with an inhibitor of
β-catenin, ICG-001, in the co-culture system resulted in
blocking the effect of co-culture on liver cancer cells
(Supplementary Fig. S2g, h).

Together, results from Figs. 6a–j, S2a–h, and S3c sug-
gest that the macrophages/exosomes/miR-92a-2-5p/AR axis
can regulate liver cancer cell invasion via altering the AR/
PHLPP/p-AKT/β-catenin signaling.
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Preclinical studies targeting this newly identified
signaling with miR-92a-2-5p inhibitor with
suppression of liver cancer progression

To test whether the mechanisms that we uncovered in vitro
similarly play a significant role in vivo, we examined
whether the miR-92a-2-5p inhibitor can suppress liver
cancer progression in a xenograft animal model. It was
found that inhibition of miR-92a-2-5p by vector-based
miRNA inhibitor in macrophages could reverse co-culture’s
impact on AR (see Fig. 4b), as well as the invasion capacity
of liver cancer cells after co-culture (see Fig. 4j). We first
generated SK-HEP-1 cells with luciferase reporter gene to
check tumor progression in mice using the noninvasive
IVIS and we also transduced THP-1 cells with pLKO vector
or pLKO-miR-92a-2-5p inhibitor and these SK-HEP-1-Luc
cells were co-injected with/without the prepared THP-1
cells. Then 24 mice were divided into three groups (eight in
each group) for xenografting as follows, (Group 1) SK-
HEP-1-Luc cells diluted 1:1 with Matrigel, (Group 2) SK-
HEP-1-Luc co-injected with THP-1-pLKO cells, and
(Group 3) SK-HEP-1-Luc co-injected with THP-1-pLKO-
miR-92a-2-5p inhibitor. All cells were injected into the left
lobes of liver capsules.

After 8 weeks, 16 of the 24 mice generated tumors, 5 in
Group 1, 6 in Group 2, and 5 in Group 3, with tumor
formation rates at 62.5%, 75%, and 62.5%, respectively.
The results of IVIS scans showed that the tumor growth of
liver cancer cells with macrophages (THP-1 pLKO) group
(Group 2) was significantly faster than that of the control
group (Group 1), and the addition of pLKO-miR-92a-2-5p
inhibitor to macrophages (Group 3) could partially inhibit

tumor growth when compared with the THP-1 pLKO group
(Fig. 7a). We sacrificed the mice after 8 weeks and counted
the metastasis of each mouse (Fig. 7b). The results showed
that the SK-HEP-1-Luc plus THP-1-pLKO co-culture group
had more mice with metastasis than the other two groups
(Fig. 7c). IHC data also confirmed that when macrophages
and liver cancer cells were co-injected into mouse livers,
AR expression in tissues was reduced, which was consistent
with our in vitro data (Fig. 7d).

At the same time, we analyzed miR-92a expression in
HCC clinical samples from TCGA database, the result
showed that miR-92a expression was increased in tumor
tissues when compared with normal tissues (Supplementary
Fig. S3d, left). What is more, the data from ENCORI Pan-
Cancer Analysis Platform (http://starbase.sysu.edu.cn/pa
nCancer.php) also showed that HCC patients with low
miR-92a-2-5p expression had longer survival time than
patients with high miR-92a-2-5p expression (Supplemen-
tary Fig. S3d, right), which also confirmed the importance
of miR-92a-2-5p function in vivo.

In summary, the data in Figs. 7 and S3d demonstrated
that miR-92a-2-5p from macrophages played an important
role in promoting liver cancer progression via altering AR
signaling, and the inhibition of miR-92a-2-5p may suppress
the function of macrophages to liver cancer progression.

Discussion

The apparent male prevalence of HCC occurrence suggests
that HCC may be regulated by sex hormones, both andro-
gen and estrogen, during its initiation, progression, and
metastasis [5]. Studies have shown AR can engage cycle-
related kinase to promote HBV-associated hepatocarcino-
genesis through HBx-AR signaling. More recently, it was
shown that AR signaling can regulate HCC metabolism to
promote tumor initiation [19]. On the other hand, it is
possible that AR at a molecular level may play different
roles during the progression of HCC and AR has been
shown to suppress HCC invasion and metastasis [8]. Our
study is another example where AR can play a suppressive
role for liver cancer invasion and likely tumor metastasis.

More and more evidence demonstrates that the tumor
microenvironment may play important roles in the regula-
tion of tumor progression, metastasis, and drug resistance
[20, 21]. In addition to the influence of the individual’s
genetic background [22, 23], the immune status between
different genders is largely regulated by sex hormones such
as estrogen, androgen, and progesterone. Sex hormones
interact with immune cells such as lymphocytes, mono-
cytes, and dendritic cells through the sex hormone receptors
expressed on immune cells, regulating the release of cyto-
kines and chemokines, thereby affecting the proliferation,

Fig. 6 Mechanism dissection of how the macrophage/miR-92a-2-
5p/AR axis alters the invasion capacity of liver cancer cells:
through the PHLPP/p-AKT/β-catenin pathway. a Western blots
were used to determine AR downstream genes expression in pLKO/
shAR group and pWPI/oeAR group. b Western blot was used to check
β-catenin expression in HA22T cells after co-culture. c Western blot
was used to check p-AKT expression in HA22T cells with/without co-
culture. d Western blot was performed to check PHLPP expression in
control (ctrl) and co-culture groups. e Western blot was used to
determine β-catenin, p-AKT, and PHLPP expression after transducing
miR-92a-2-5p inhibitor into SK-HEP-1 with/without co-culture.
fWestern blots were used to check β-catenin, p-AKT, AR, and PHLPP
expression after overexpressing miR-92a-2-5p in HA22T cells with/
without co-culture. g Invasion capacity of HCC cells after over-
expressing miR-92a-2-5p in HA22T cells with/without co-culture.
h Western blots were used to check β-catenin, p-AKT, and PHLPP
expression in SK-HEP-1 cells after transducing pLKO-miR-92a-2-5p
inhibitor into macrophages with/without co-culture. i Western blots
were used to determine β-catenin and p-AKT expression in SK-HEP-1
cells after treating with/without AKT inhibitor with/without co-culture.
j Invasion capacity of liver cancer cells after treating with/without
adding AKT inhibitor in SK-HEP-1 cells with/without co-culture. For
(g, j) quantitations are at the right. Data are presented as mean ± SD. ns
not significant. *p < 0.05; **p < 0.01.
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differentiation and maturation of immune cells [24]. The
clinical associations between M2 macrophages and poor
prognosis of tumors have been reported in many tumors,

including M2 macrophages promoting tumor growth and
invasiveness in liver cancer [25]. Despite the reported
clinical significances of TAMs, the intrinsic signaling
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pathways between macrophages and liver cancer cells and
how they influence liver cancer progression remains poorly
understood. In our study, we found that macrophages can
decrease AR expression to increase invasion ability of liver
cancer.

Exosomes are 30–150 nm vesicles and formed in the
process of endocytosis [26]. By transferring genetic con-
tents through intercellular communication, exosomes play
an important role in the progression of many tumors.

The content of exosomes has been shown to include
peptides and nucleic acids, such as ncRNAs including
miRNAs that can regulate gene expression by binding to the
3′UTR of specific target mRNAs to inhibit translation or to
induce degradation. The expression of miRNAs is strictly
controlled and expression dysregulation of miRNAs is
usually associated with cancers. The miR-92a-2-5p belongs
to the miR-106a–363 cluster that can be potentially used as
biomarkers of breast cancer and small cell lung cancer [27].
In this study, we demonstrated that macrophages trans-
mitted miR-92a-2-5p to liver cancer cells through exosomes
to increase the invasion capacity of liver cancer.
Macrophages-derived exosomes (MDE) mediated transfer
of miR-92a-2-5p to increase liver cancer cells invasion,
while transfection of antagomiR-92a-2-5p to liver cancer
cells can partially block the effect of MDE on invasion
capacity, suggesting that MDE might contain additional
molecules that can regulate liver cancer behaviors in addi-
tion to miR-92a-5p, the identity of which remains to be
examined.

The PHLPP is a member of the Serine/Threonine pro-
tein phosphatase family and consists of two isoforms,
PHLPP1 and PHLPP2. PHLPP functions as a negative
regulator of PI3K/Akt and RAF/RAS/ERK signals, mak-
ing it a protective factor in the process of tumor metastasis
and resistance [28, 29]. In addition, PHLPP expression is
significantly associated with differentiation and local
tumor T-stage of lung adenocarcinoma, while low
expression of PHLPP is associated with poor prognosis of
resectable lung adenocarcinoma [30]. In prostate cancer,
inhibition of AR would reduce the expression of FKBP5

and then decrease PHLPP levels to increase phosphor-
ylation of AKT [17, 31]. In our study, we examined the
PHLPP pathway in our liver cancer co-culture system, and
results showed that the AR decreased by co-culture sys-
tem can also go through the PHLPP/p-AKT pathway to
influence the invasion capacity of liver cancer cells.
Consistent with this, using an AKT inhibitor in the co-
culture system could block AR’s capacity to regulate liver
cancer invasion. Consistent with the role of AKT in reg-
ulating Wnt/β-catenin pathway in other tissues [32, 33], in
our co-culture system, we also found that this signaling
pathway was responsible for the change of β-catenin
expression level as well as HCC cells invasion. This
conclusion, as shown in Fig. 7e, was strengthened by the
outcome in response to the β-catenin inhibitor that could
block the biochemical and cell behavior induced by
macrophages in the liver cancer tumor microenvironment.

In conclusion, macrophages transmit miR-92a-2-5p to
liver cancer cells by shuttling exosomes to increase the
invasion capacity of liver cancer, and a potential therapy to
target this newly identified signal may help in the
improvement of treatments to better suppress the liver
cancer progression.
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