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The transforminggrowth factor-beta (TGF-b) signaling pathway
is the predominant cytokine signaling pathway in the develop-
ment and progression of hepatocellular carcinoma (HCC).
Bone morphogenetic protein (BMP), another member of the
TGF-b superfamily, has been frequently found to participate in
crosstalk with the TGF-b pathway. However, the complex inter-
action between the TGF-b and BMP pathways has not been fully
elucidated in HCC. We found that the imbalance of TGF-b1/
BMP-7 pathwayswas associatedwith aggressive pathological fea-
tures and poor clinical outcomes in HCC. The induction of the
imbalance of TGF-b1/BMP-7 pathways in HCC cells could
significantly promote HCC cell invasion and stemness by
increasing inhibitor of differentiation 1 (ID1) expression. We
also found that the microRNA (miR)-17-92 cluster, originating
fromthe extracellular vesicles (EVs)ofM2-polarized tumor-asso-
ciated macrophages (M2-TAMs), stimulated the imbalance of
TGF-b1/BMP-7 pathways in HCC cells by inducing TGF-b
type II receptor (TGFBR2) post-transcriptional silencing and in-
hibiting activin A receptor type 1 (ACVR1) post-translational
ubiquitylation by targeting Smad ubiquitylation regulatory fac-
tor 1 (Smurf1). In vivo, short hairpin (sh)-MIR17HG and
ACVR1 inhibitors profoundly attenuated HCC cell growth and
metastasis by rectifying the imbalance of TGF-b1/BMP-7 path-
ways. Therefore, we proposed that the imbalance of TGF-b1/
BMP-7 pathways is a feasible prognostic biomarker and recov-
ering the imbalance of TGF-b1/BMP-7 pathways might be a po-
tential therapeutic strategy for HCC.

INTRODUCTION
Liver cancer is the sixth most commonly diagnosed cancer and the
fourth leading cause of cancer-related death worldwide, and its inci-
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dence and mortality rates have increased in recent years. Hepatocel-
lular carcinoma (HCC) accounts for 75%�85% of primary liver can-
cers.1 Surgical resection,2 radiofrequency ablation,3 and traditional
Chinese medicine4,5 have improved the survival of HCC patients;
however, tumor recurrence and metastasis still limit their long-term
survival. Thus, efforts should be made to explore the molecular mech-
anism that governs HCC progression to facilitate the development of
novel diagnostic markers and anti-HCC therapies.

HCC is an extraordinarily heterogeneous malignant disease, and
studies have illuminated that microenvironment discrepancies can
affect the cell plasticity and heterogeneity of HCC,6 which is due
to the interaction between cancer cells and their microenvironment
components.7 The regulation of HCC induced by the local microen-
vironment is mainly based on multiple pleiotropic growth factors
and cytokine signaling. Dysregulation of ligands, receptors, and
their downstream signaling pathway components in the HCC tumor
microenvironment has been recognized as an important accelerator
of tumor progression with potential therapeutic significance.8
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Transforming growth factor-beta (TGF-b) signaling represents the
predominant cytokine signaling pathway between tumor cells and
the microenvironment involved in the development and progression
of HCC. TGF-b, a superfamily of cytokines, controls proliferation,
cellular differentiation, migration, and other functions. TGF-b1, a
core member of the TGF-b signaling pathway, is known to inhibit he-
patocyte proliferation and suppress the progenitor properties of hepa-
tocyte-initiating cells by binding to TGF-b type II receptor
(TGFBR2)- and activating TGF-b type I receptor (TGFBR1)-down-
stream Smad2/3 transcription factors under physiological circum-
stances.9 However, TGF-b1 signaling aggravates tumor progression
by promoting metastasis and angiogenesis under pathological condi-
tions.10 Studies have reported that high TGF-b1 expression
(TGF-b1hi) and low TGFBR2 expression (TGFBR2lo) predict a poor
disease prognosis in HCC.11,12 Therefore, the disparity in TGF-b1-
initiated biological functions between different circumstances
indicates the complexity of the TGF-b signaling pathway in HCC
development and progression.

Coulouarn et al.13 described two different TGF-b-specific gene signa-
tures in HCC. The first, termed the “early TGF-b signature,” is asso-
ciated with longer survival and TGFBR2hi, whereas the second,
termed the “late TGF-b signature,” is associated with shorter survival
and TGFBR2lo.14 Cells with the early TGF-b1 signature retain sensi-
tivity to the antiproliferative effects of TGF-b1 and display an epithe-
lial phenotype, whereas those with a late TGF-b1 signature do not
display TGF-b1-dependent cytostasis and present a distinct mesen-
chymal phenotype.15,16 Studies have shown that the proliferative
response to TGF-b1 is TGFBR2 dependent and that TGFBR2 down-
regulation is beneficial for HCC cell evasion of TGF-b1 antiprolifer-
ative control.17 Therefore, the expression of TGFBR2 seems to be a
key to shifting from TGF-b1-dependent proliferation inhibition to
disease progression.14 Consistently, a previous study showed that
compared to patients with high expression, patients with TGFBR2lo

in HCC cells had significantly higher recurrence and death rates,12

and this downregulation of TGFBR2 significantly contributed to the
acquisition of a more invasive phenotype.12,14 The effects of TGFBR2
expression on tumors are closely related to the tumor environmental
background.18,19 However, the effect of TGFBR2 and the mechanisms
involving the HCC microenvironment have not yet been fully
disclosed.

Dysregulation of growth factor signaling is a common event in HCC
patients and can cooperate with TGFBR2 inactivation to promote the
progression of some cancers. TGF-a overexpression has been demon-
strated to cooperate with TGFBR2 inactivation to promote HCC for-
mation by increasing cell proliferation.20 Moreover, the expression
levels of TGFBR2 and human epidermal growth factor receptor-2
(HER2) have a highly significant positive correlation in breast cancer,
and the absence of TGFBR2 is an unfavorable prognostic factor in
HER2-negative breast tumors.21 A previous study documented the
opposing roles of TGFBR2 and bone morphogenetic protein type II
receptor (BMPR2) in prostate carcinogenesis:22 TGFBR2 ablation in-
creases the BMP signaling pathway and promotes the stemness of
2068 Molecular Therapy Vol. 29 No 6 June 2021
prostate cancer cells.23 BMP proteins are also members of the TGF-
b superfamily and have downstream signal transduction pathways
similar to those of TGF-b1; these proteins bind to the BMPR2 and
BMPR1 on the cell surface and phosphorylate Smad1/5/8 down-
stream to exert further functions.24 The crosstalk of the TGF-b and
BMP pathways has been widely studied in the contexts of kidney dis-
ease and bone formation, and the outcomes of these diseases are
related to the tuned balance between TGF-b and BMP signaling.25

Therefore, we proposed that the imbalance of TGF-b and BMP path-
ways is probably involved in the progression of HCC.

In this study, the gene-expression profiles of 359 HCC samples from
The Cancer Genome Atlas (TCGA) and 197 primary HCC tissues
from Tianjin Medical University Cancer Institute & Hospital
(TJMUCH) were included to explore the interactive network between
TGF-b and BMP pathways in HCC, and microarray analysis of 64
cases of total RNA samples was used to investigate core factors
orchestrating the interaction between the TGF-b and BMP pathways.
Finally, the imbalance of TGF-b1/BMP-7 pathways was identified in
HCC; it dominated the interactive communication between cancer
cells and M2-polarized tumor-associated macrophages (M2-TAMs)
to foster a protumoral microenvironment in HCC, and restoring
this imbalance fully attenuated M2-TAM-induced HCC progression
in vivo and vitro, which sheds new light on developing potential ther-
apies for HCC.

RESULTS
The imbalance of TGF-b1/BMP-7 pathways was detected at the

mRNA level in HCC and was associated with poor clinical

outcomes

The RNA sequencing (RNA-seq) data of 359 HCC samples were
downloaded from TCGA database. We found that either TGF-b1hi

or TGFBR2lo correlated with a worse prognosis than TGF-b1lo or
TGFBR2hi expression in HCC patients, whereas the other key compo-
nents of the TGF-b1 signaling pathway, such as TGFBR1, SMAD2,
SMAD3, and SMAD4, displayed little influence on the overall survival
(OS) of HCC patients (Figure S1A). In addition, the OS of patients
with TGF-b1loTGFBR2hi status was apparently longer than that of
patients with TGF-b1hiTGFBR2lo, TGF-b1loTGFBR2lo, and TGF-
b1hiTGFBR2hi status (p < 0.05) (Figure S1B). The paradoxical effects
of TGF-b1 and the corresponding receptor TGFBR2 on clinical
outcome indicated the complexity of the TGF-b1 signaling pathway
in HCC progression.

Therefore, the differentially expressed genes between TGFBR2hi and
TGFBR2lo HCC samples were compared. A total of 3,373 differen-
tially expressed genes were filtered, and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) Orthology Based Annotation System
(KOBAS) tool was used for gene set enrichment analysis (GSEA) of
the differentially expressed genes between TGFBR2hi and TGFBR2lo

HCC samples.26 Among the top 10 enriched pathways (Figure 1A),
the BMP signaling pathway was significantly upregulated; this
pathway activates Smad1/5/8 proteins downstream. Among the
differentially expressed genes in the BMP signaling pathway with



Figure 1. The imbalance of TGF-b1/BMP-7 pathways was detected at the mRNA level in HCC and was associated with poor clinical outcomes

(A) The KOBAS toolwas used for pathway enrichment analysis of the differential gene between TGFBR2hi and TGFBR2loHCC tissues in TCGA. (B) Differential expression of BMP-

8B, BMP-7, GREM2, NOG, FSTL1, and SMAD6 of the BMPpathway between TGFBR2hi and TGFBR2lo HCC tissues in TCGA. (C) Core genes of the TGF-b and BMP pathways

were used for unsupervised clustering, and 359 patients fromTCGAcohortwere divided into two groups: cluster 1 and cluster 2. (D) The consistency of TGF-b andBMP signaling

combination groups was compared with clusters 1 and 2. (E) The OS was compared between the imbalanced group and the balanced group for 359 HCC samples. (F) GSEA

identified greater enrichment of gene sets related to EMT, liver cancer survival, and proliferation in the imbalanced group compared with the balanced group. For all panels, *p <

0.05, **p < 0.01, ***p < 0.001.

(legend continued on next page)
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fold change >1.5, BMP-7 and BMP-8B were significantly upregulated,
but the antagonists of the BMP pathway—GREM2, NOG, FSTL1,
SMAD6, and CHRDL1—were significantly downregulated in
TGFBR2lo HCC samples versus TGFBR2hi HCC samples (Figures
1B and S1C), indicating that the inhibition of TGF-b1 signaling
was accompanied by the activation of BMP signaling in HCC.

Since there is a strong correlation between TGF-b and the BMP
pathway, we wondered whether the combination of the two pathways
had an effect on the prognosis of HCC. With the use of unsupervised
clustering of the expression value of the core genes of the TGF-b and
BMP pathways from 359 HCC samples, we identified 2 clusters with
different prognoses, indicating that the HCC cohort related to the
TGF-b and BMP pathways comprises 2 molecular subtypes with
distinct clinical outcomes. Cluster 1 was associated with a shorter
OS time, younger age, higher alpha fetoprotein (AFP) levels, higher
incidence of cirrhosis-related disease, and more advanced histological
grade than cluster 2 (Figures 1C and S1D; log rank p = 0.008). The
gene sets related to epithelial-mesenchymal transition (EMT), liver
cancer survival, and proliferation were significantly enriched and
overexpressed in cluster 1 but not in cluster 2 (Figure S1E). In addi-
tion, 18 genes were upregulated, and 20 genes were downregulated in
cluster 1 compared with cluster 2 (p < 0.05). Interestingly, genes that
participate in activation of the TGF-b pathway, such as TGFBR2,
STRAP, MYC, ZFYVE9, UBE2D3, and CDK9, were significantly
downregulated, whereas genes involved in inhibition of the TGF-b
pathway, such as PMEPA1, CBL, Smad ubiquitylation regulatory fac-
tor-2 (SMURF2), and SKIL, were significantly upregulated in cluster 1
compared with cluster 2 (Figure S1F). In contrast to the patterns
observed for the TGF-b pathway, genes involved in the activation
of the BMP pathway, such as BMP-7, BMP8A, AMH, and BMPR1A,
were significantly upregulated, and genes related to inhibition of the
BMP pathway, such as SMAD6, FST, and GREM2, were significantly
downregulated in cluster 1 compared with cluster 2 (Figure S1G). It
revealed that the TGF-b pathway was attenuated, whereas the BMP
pathway was enhanced in cluster 1.

To explore the key modulators of poor prognosis in cluster 1, the key
genes along either the TGF-b pathway or the BMP pathway were
separated into 2 groups by the clustering method. We found that
TGFBR2 combined with activin A receptor type 1 (ACVR1) or
BMP-7 could classify 359 HCC samples into similar subgroups
with high consistency compared with cluster 1 and cluster 2, and
the combination of TGFBR2 and ACVR1 had the highest consistency
(consistency ratio = 0.73; Figure 1D). ACVR1 is an indispensable type
I receptor of the BMP-7 pathway,27,28 which implies that the imbal-
ance of TGF-b1 and BMP-7 pathways induced by TGFBR2 downre-
gulation and ACVR1 upregulation might be the main explanation for
the discrepancy between cluster 1 and 2. As we assumed, 2 subgroups
clustered by 359 HCC samples, according to the expression of
TGFBR2 and ACVR1, presented different prognoses, of which
TGFBR2 and ACVR1 showed different expression levels (Fig-
ure S1H). Patients in the group with TGFBR2loACVR1hi status
were defined as the imbalanced group, and patients in the other group
2070 Molecular Therapy Vol. 29 No 6 June 2021
were defined as the balanced group. HCC patients in the imbalanced
group suffered from shorter survival than those in the balanced group
(Figure 1E). Also, the balanced group was separated into 3 subgroups
with different TGFBR2 and ACVR1 expressions: TGFBR2hiACVR1lo,
TGFBR2loACVR1lo, and TGFBR2hiACVR1hi. The Kaplan-Meier sur-
vival analysis showed that OS in patients with TGFBR2hiACVR1lo

was apparently longer than those in patients with TGFBR2loACVR1lo

or TGFBR2hiACVR1hi (Figure S1I).

In addition, the imbalanced group showed higher AFP levels, higher
histologic grade, higher pathological stage and American Joint Com-
mittee on Cancer (AJCC) stage, more distant metastasis and vascular
invasion (Table S1), and greater enrichment of EMT-, liver cancer
survival-, and proliferation-related genes (Figure 1F). The results
indicate that imbalance of TGF-b1/BMP-7 pathways indicates a
more aggressive HCC subtype with a poor prognosis.

The imbalance of the TGF-b1/BMP-7 pathways was validated at

the protein level in HCC and was associated with aggressive

pathological features and poor clinical outcomes

To validate the significance of the imbalance of TGF-b1 and BMP-7
pathways in HCC progression at the protein level, 2 cohorts of pa-
tients providing 197 primary HCC tissues from TJMUCH were
enrolled. Patients in cohort I provided a total of 64 primary HCC tis-
sues that were used to detect key proteins along the TGF-b1 pathway
(including TGF-b1, TGFBR2, and TGFBR1) and BMP-7 pathway
(including BMP-7, BMPR2, and ACVR1) by immunohistochemistry
(IHC) staining (Figures 2A and 2B), and OS was compared according
to the expression of various proteins. The patients with TGFBR2lo,
ACVR1hi, TGF-b1hi, and BMP-7 hi expression had shortened OS
times compared to those in the alternative expression groups (p <
0.05; Figure 2C). In addition, we found that TGFBR2 expression
was significantly, negatively correlated with ACVR1 expression (r =
�0.242, p = 0.047; Figures S2A and S2B). Patients with
TGFBR2loACVR1hi status were considered the imbalanced group,
and other patients were considered the balanced group. Kaplan-Meier
survival analysis indicated that HCC patients in the imbalanced group
suffered from worse clinical outcomes than those in the balanced
group (Figure S2C).

Patients in cohort II provided a total of 133 primary HCC tissues that
were used to detect the expression pattern of TGFBR2 and ACVR1 in
situ by multispectral immunofluorescence (IF) staining (Figure 2D).
Spearman’s rank correlation test showed a significant inverse correla-
tion between TGFBR2 levels and ACVR1 expression in HCC cells (r =
�0.582, p < 0.001) (Figure 2E). Kaplan-Meier survival analysis
showed that the OS rates and disease-free survival (DFS) rates of
the imbalanced group were significantly lower than those of the
balanced group (Figures 2F and 2G). Furthermore, univariate anal-
ysis, followed by a subsequent multivariate Cox proportional hazards
analysis, was conducted in cohort II, which indicated that the imbal-
ance of TGF-b1/BMP-7 pathways was a risk factor and an indepen-
dent prognostic factor for OS (hazard ratio [HR] 1.848; 95% confi-
dence interval [CI] 0.986–3.466; p = 0.055) and DFS (HR 1.506;



Figure 2. The imbalance of TGF-b1/BMP-7 pathways was

validated at the protein level in HCC and was associated with

aggressive pathological features and poor clinical outcomes

(A and B) Representative images of IHC staining for TGF-b1/BMP-7

pathway components in cohort I. Scale bars, 50 mm. (C) Kaplan-Meier

survival analysis showing survival rates based on the expression of

TGF-b1/BMP-7 pathway components in cohort I. (D) Representative

HCC tumor samples showing the expression of 40,6-diamidino-2-

phenylindole (DAPI), hepatocyte paraffin antigen 1 (HepPar-1),

TGFBR2, and ACVR1 by multispectral IF staining in cohort II. Scale

bars, 50 mm. (E) Scatterplot depicting the correlation between

TGFBR2 levels and ACVR1 levels in HepPar-1+ HCC cells in cohort II.

(F and G) Kaplan-Meier survival analysis showing OS rates and DFS

rates between the imbalanced group and balanced group in cohort II.
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95% CI 0.961–2.360; p = 0.074; Table S2). Importantly, larger tumor
size, more microvascular invasion, lower differentiation score, and
higher advanced Barcelona Clinic Liver Cancer (BCLC) grade were
observed in the imbalanced group than in the balanced group (p <
0.05) (Table S3). The above results indicate that the imbalance of
TGF-b1/BMP-7 pathways was associated with aggressive patholog-
ical features and poor clinical outcomes in HCC.

The imbalance of TGF-b1/BMP-7 pathways dramatically

promoted HCC cell invasion by upregulating EMT and stemness

via increasing inhibitor of differentiation 1 (ID1)

We compared the expression of both TGFBR2 and ACVR1 among 4
well-known HCC cell lines (Figure S3A) and knocked down TGFBR2
(TGFBR2KD) and overexpressed ACVR1 (ACVR1OE) in HepG2 cells
and Hep3B cells separately or simultaneously to interfere with TGF-
b1 or BMP-7 signaling and induce the imbalance of TGF-b1/BMP-7
pathways in vitro. The results showed that TGFBR2KD had no effects
on the expression of ACVR1 or the phosphorylation of Smad1/5/8
(pSmad1/5/8). Similarly, ACVR1OE did not affect the expression of
TGFBR2 or the phosphorylation of Smad2/3. However, the expres-
sion of ID1, the core functional target gene along the BMP-7
pathway,29 was sufficiently induced in HepG2 and Hep3B cells with
simultaneous ACVR1OE and TGFBR2KD (Figures 3A and S3B),
which indicated that the imbalance of TGF-b1/BMP-7 pathways syn-
ergistically promotes the switch from the TGF-b1 pathway to the
BMP-7 pathway and induces full activation of the BMP-7 pathway
in HCC cells.

Next, we detected the mRNA and protein expression of the core EMT
genes and stemness-associated genes and found that the expression of
mesenchymal markers rather than epithelial markers, such as Snail,
Slug, and vimentin, as well as multiple stem cell signature genes,
including OCT4, SRY-box 2 (SOX2), and Nanog homeobox
(NANOG), increased in HepG2 and Hep3B cells with ACVR1OE or
TGFBR2KD alone compared with negative control (NC) cells. Impor-
tantly, these genes were significantly increased in HepG2 and Hep3B
cells with simultaneous ACVR1OE and TGFBR2KD compared with
cells in the other three groups (Figures 3B, C, S3C, and S3D). In addi-
tion, the migration capability of TGFBR2KD and ACVR1OE cells was
enhanced significantly (Figures 3D and S3E), and more TGFBR2KD

and ACVR1OE cells migrated across the Matrigel layer (Figures 3E
and S3F). For further validation, we detected EMT-, proliferation-,
and invasion-related biomarkers in primary HCC tissues from pa-
tients in cohort I (Figure S3G); these include Ki67, E-cadherin, N-
Figure 3. The imbalance of TGF-b1/BMP-7 pathways dramatically promotedHC

differentiation (ID1)

(A) Western blotting of the levels of TGF-b1/BMP-7 pathway components in HepG2 c

overexpression (ACVR1OE). (B) PCR and western blotting of stem cell-related genes, inc

EMT-related genes, including E-cadherin, vimentin, slug, and snail, in HepG2 cells. (D) W

assay after 24 h in HepG2. Scale bars, 200 mm. (F and G) Transwell assay (scale bars

TGFBR2KD and ACVR1OE HepG2 cells after transfection with si-ID1. (H) Luciferase activ

SOX2, NANOG, Snail, and Slug. (I) Transwell assays were performed in TGFBR2KD and

panels, *p < 0.05, **p < 0.01, ***p < 0.001.
cadherin, b-catenin, vimentin, and MMP9. Consistently, the expres-
sion of E-cadherin significantly decreased, whereas that of vimentin
significantly increased exclusively in the imbalanced group (p <
0.05; Figures S3H and S3I). These results implied that the imbalance
of TGF-b1/BMP-7 pathways dramatically stimulated HCC cell inva-
sion by promoting EMT and stemness.

ID1 is well known as a master regulator of cancer stem cells and tu-
mor aggressiveness and can promote tumorigenesis, tumor progres-
sion.30 It was reported that ID1 binds to the promoter regions of
pluripotent marker genes and leads to transcriptional activation in
prostate cancer.23 To investigate whether ID1 was involved in HCC
cell invasion induced by the imbalance of TGF-b1/BMP-7 pathways,
we transfected NC small interfering (si)RNA (si-NC) and si-ID1 into
HepG2 cells with TGFBR2KD and ACVR1OE. The invasion capability
and expression of EMT and stemness genes decreased significantly in
si-ID1 HepG2 cells compared with si-NC cells (Figures 3F and 3G).
Next, luciferase activity assays were used to detected whether ID1
could bind to promoter regions of OCT4, SOX2, NANOG, Snail,
and Slug separately. The results revealed that pcDNA3.1-ID1 trans-
fection significantly increased promoter activity with the pGL3-
OCT4, pGL3-SOX2, pGL3-NANOG, pGL3-Snail, and pGL3-Slug
(Figure 3H). These results indicated that ID1 was potentially respon-
sible for upregulated expression of OCT4, SOX2, NANOG, Snail, and
Slug. To prove that the imbalance of TGF-b1/BMP-7 pathways
promoted HCC cell invasion by upregulating EMT and stemness,
si-SOX2 was transfected into HepG2 cells with TGFBR2KD and ACV-
R1OE, and the invasion capability of si-SOX2 HepG2 cells decreased
significantly compared with that of si-NC cells (Figure 3I). The results
above indicated that the imbalance of TGF-b1/BMP-7 pathways
dramatically promoted HCC cell invasion by upregulating EMT
and stemness induced by ID1.

The imbalance of TGF-b1/BMP-7 pathwayswas regulated by the

microRNA (miR)-17-92 cluster, which promoted cell invasion in

HCC

The frequency of TGFBR2 mutations is approximately 0.5%, and that
of ACVR1 mutations is approximately 2% in HCC.31 Furthermore,
there is rare report about epigenetic modulation of TGFBR2 and
ACVR1. Our previous study found that the competing endogenous
RNA (ceRNA) network could involve in the invasion and metastasis
of HCC.32 MicroRNAs (miRNAs) can inhibit the translation of mul-
tiple proteins by interacting with the 30 untranslated regions (30

UTRs) of the mRNAs of target genes.33 Thus, we proposed that
Ccell invasion by upregulating EMT and stemness via increasing inhibitor of

ells with separate or simultaneous TGFBR2 knockdown (TGFBR2KD) and ACVR1

luding OCT4, SOX2, and NANOG, in HepG2 cells. (C) PCR and western blotting of

ound-healing assay in HepG2 cells at 24 and 48 h. Scale bars, 200 mm. (E) Transwell

, 100 mm) (F) and western blotting (G) of ID1, EMT, and stemness-related genes in

ity assays were applied to assess the effect of ID1 on the promoter activity of OCT4,

ACVR1OE HepG2 cells after transfection with si-SOX2. Scale bars, 100 mm. For all

Molecular Therapy Vol. 29 No 6 June 2021 2073

http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy

2074 Molecular Therapy Vol. 29 No 6 June 2021



www.moleculartherapy.org
miRNAs mediate the imbalance of TGF-b1/BMP-7 pathways by
simultaneously targeting components or related molecules of these
pathways. To examine this possibility, the miRNA expression profiles
were compared between the imbalanced group and balanced group of
the TJMUCH cohort (64 HCC patients, cohort I). 31 miRNAs were
upregulated, and 32 miRNAs were downregulated in the imbalanced
group compared to the balanced group (p < 0.05) (Figure 4A). Among
them, we found that all members of the miR-17-92 cluster, including
miR-17, miR-18a, miR-19a, miR-19b, miR-20a, and miR-92a, were
significantly increased in the imbalanced group.

We compared the correlation between the miR-17-92 cluster and
ACVR1 in both TCGA cohort and the Tianjin cohort I. There is
no significant difference in the expression of the miR-17-92 cluster
between the high ACVR1 and low ACVR1 groups (Figures S4A and
S4B). However, both miR-17-92 clusters significantly increased in
the imbalanced group compared to those in the balanced group
(p < 0.05; Figures S4C and S4D). Furthermore, we found that
most components of the miR-17-92 cluster had direct interactions
with differentially expressed genes related to cell proliferation,
EMT, and poor survival in the imbalanced group (Figure 4B).
Thus, the results implied that the imbalance of TGF-b1/BMP-7
pathways is correlated with dysregulation of the miR-17-92 cluster
in primary HCC tissues.

The levels of MIR17HG and all components of the miR-17-92 cluster
were higher in Hep3B cells than in HepG2 cells. Therefore, we over-
expressed MIR17HG in HepG2 cells (HepG2MIR17HGhi) and knocked
down MIR17HG in Hep3B cells (Hep3BMIR17HGlo) to interfere with
miR-17-92 cluster expression in HCC cells (Figures S4E and S4F).
The results showed that TGFBR2 mRNA, TGFBR2 protein, and
pSmad2/3 protein levels decreased in HepG2MIR17HGhi cells and
increased in Hep3BMIR17HGlo cells. Interestingly, although there was
no detectable change at the mRNA level in other key functional com-
ponents along the BMP-7 pathway, the levels of ACVR1, Smad1,
Smad5, and pSmad1/5/8 proteins were significantly enhanced in
HepG2MIR17HGhi cells and reduced in Hep3BMIR17HGlo cells (Figures
4C and 4D). Moreover, the protein levels of ID1, the expression levels
of EMT and stem cell-associated genes, and the migration and inva-
sion capabilities were increased in HepG2MIR17HGhi but attenuated in
Hep3BMIR17HGlo cells (Figures 4E�4H). The above results indicated
that the miR-17-92 cluster could interfere with the balance of TGF-
b1/BMP-7 pathways at both the RNA and protein levels to enhance
the aggressive potential of HCC cells.
Figure 4. The imbalance of TGF-b1/BMP-7 pathways was regulated by the miR

(A) The miRNA expression was compared in the imbalanced group compared with the b

17-92 cluster and differentially expressed genes between the imbalanced and balanc

pathways in HepG2MIR17HGhi cells compared with HepG2NC and HepG2 cells and in H

blotting for components of the TGFb1 and BMP-7 pathways and for ID1 and EMT genes.

HepG2NC and HepG2 cells and in Hep3BMIR17HGlo cells compared with Hep3BNC and

HepG2 cells at 24 and 48 h (left); wound closure was detected in Hep3BMIR17HGlo, Hep3

HepG2MIR17HGhi and Hep3BMIR17HGlo cells compared with that of their controls. The grap

*p < 0.05, **p < 0.01, ***p < 0.001.
ThemiR-17-92 cluster promoted the imbalance of TGF-b1/BMP-

7 pathways by interfering with TGFBR2 mRNA expression and

enhancing ACVR1 protein expression via Smurf1 silencing

With the consideration that the levels of TGFBR2 mRNA and
protein both decreased in HepG2MIR17HGhi cells and increased in
Hep3BMIR17HGlo cells, some members of the miR-17-92 cluster might
directly bind to TGFBR2 at the 30 UTR and thus interfere with TGFBR2
RNA expression at the post-transcriptional level. Therefore, a
commonly used TargetScan algorithm34 was applied to predict the pu-
tative binding sites for each component of miR-17-92 cluster within the
30 UTR of the TGFBR2 gene. The putative binding sites for miR-17/20a
and miR-19a/19b were distinguished, and identical seed sequences
were listed. The luciferase reporter assay revealed that miR-17/20a
significantly repressed the luciferase activity of the TGFBR2-wild-
type (WT) construct compared with the miR-NC construct (Renilla
luciferase activity/firefly luciferase activity [Rluc/fluc]: miR-17:
1.000 ± 0.097 versus 0.521 ± 0.108, p = 0.005; miR-20a: 1.000 ±

0.157 versus 0.556 ± 0.053, p = 0.010). However, miR-19a/19b did
not affect the luciferase activity of the TGFBR2-WT construct
compared with the miR-NC construct (Figure 5A). Thus, these results
demonstrate that the miR-17-92 cluster inhibits the TGF-b1 pathway
by directly interfering with TGFBR2 RNA expression.

However, by contrast, the level of ACVR1 protein rather than
mRNA was enhanced in HepG2MIR17HGhi cells and reduced in
Hep3BMIR17HGlo cells. The TargetScan algorithm failed to predict
the putative binding sites for each member of the miR-17-92 cluster
within the 30 UTR of the ACVR1 gene, which implied that post-trans-
lational protein modification rather than post-transcriptional RNA
interference is involved in miR-17-92 cluster-mediated regulation
of ACVR1 expression in HCC. Smurf1 is a predominant protein regu-
lating the ubiquitylation and degradation of a complex set of func-
tional proteins along the BMP-7 pathway,35 which reduces cellular
responses to BMP-7 by triggering proteasomal destruction of
ACVR1, Smad1, and Smad5.36 Both the mRNA and protein levels
of Smurf1 were significantly decreased in HepG2MIR17HGhi cells and
increased in Hep3BMIR17HGlo cells (Figures 5B and 5C), which sug-
gested that RNA interference of Smurf1 was induced by the miR-
17-92 cluster. The TargetScan algorithm revealed that miR-17,
miR-20a, miR-19a, miR-19b, and miR-92a might directly bind to
Smurf1 mRNA, and the luciferase reporter assay demonstrated that
miR-17/20a, miR-19a/19b, and miR-92a mimics significantly
repressed the luciferase activity of the Smurf1-WT construct
compared with the miR-NC construct (Figure 5D).
-17-92 cluster, which promoted cell invasion and stemness in HCC

alanced group by analyzing the HCC RNA-seq data of cohort I. (B) Networks of miR-

ed groups of 359 HCC patients from TCGA. (C) PCR array of TGF-b1 and BMP-7

ep3BMIR17HGlo cells compared with Hep3BNC and Hep3B cells. (D and E) Western

(F) PCR array for stem cell-associated genes in HepG2MIR17HGhi cells comparedwith

Hep3B cells. (G) Wound closure was detected in HepG2MIR17HGhi, HepG2NC, and

BNC, and Hep3B cells at 48 and 72 h (right). Scale bars, 200 mm. (H) Cell invasion of

hs depict the number of invasive cells after 24 h. Scale bars, 100 mm. For all panels,
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Figure 5. miR-17-92 cluster promoted the imbalance of TGF-b1/BMP-7 pathways by interfering with TGFBR2 mRNA levels and enhancing ACVR1 protein

levels via Smurf1 silencing

(A) Luciferase reporter assays involving different 30 UTRs were used to identify the targeted relationship of the miR-17-92 cluster with TGFBR2. (B and C) PCR array and

western blotting for the mRNA and protein expression of Smurf1 in HepG2MIR17HGhi and Hep3BMIR17HGlo cells compared with their controls. (D) Luciferase reporter assays

involving different 30 UTRs were used to identify the targeting relationship of the miR-17-92 cluster with Smurf1. (E) A PCR array was used to detect the mRNA expression of

TGFBR2 and Smurf1 in HepG2 cells transfected with the miR-17-92 cluster. *p < 0.05, **p < 0.01, ***p < 0.001.
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Furthermore, after transfecting HepG2 cells with miR-17/20
mimics, the mRNA levels of TGFBR2 and Smurf1 were signif-
icantly reduced. However, after transfecting HepG2 cells with
miR-19a/19b or miR-92a mimics, the mRNA level of Smurf1
but not TGFBR2 was reduced (Figure 5E). The results
demonstrate that the miR-17-92 cluster disrupts the balance
2076 Molecular Therapy Vol. 29 No 6 June 2021
of TGF-b1/BMP-7 pathways in HCC at both the post-tran-
scriptional and post-translational levels: miR-17 and miR-20a
inhibit TGFBR2 mRNA expression, whereas miR-17, miR-
20a, miR-19a, miR-19b, and miR-92a silence the Smurf1
gene to inhibit the ubiquitylation and degradation of the
ACVR1 protein.
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M2-TAMs manipulate the imbalance of TGF-b1/BMP-7

pathways in HCC

To determine whether tumor-infiltrating immune cells were involved
in the imbalance of the TGF-b1/BMP-7 pathway, we analyzed the dif-
ferences in the proportions of infiltrating immune cells between the
imbalanced group and balanced group in TCGA cohort using the on-
line tool CIBERSORT;37 we found that the proportions of macro-
phages, neutrophils, regulatory T cells, and follicular helper T cells
were significantly increased, whereas those of monocytes and mast
cells were significantly decreased in the imbalanced group versus
the balanced group (p < 0.05; Figure 6A). Recent studies indicate
that abrogation of TGFBR2 is associated with myeloid cell infiltration
in breast cancer.38 Therefore, we compared the distribution of multi-
ple types of myeloid cells (TAMs and neutrophils) in 64 patients from
TJMUCH cohort I. The numbers of both CD68+ TAMs and CD163+

M2-TAMs increased in the imbalanced group compared to the
balanced group, but no significant difference was detected in the
numbers of neutrophils (Figure 6B). The same result was confirmed
in 133 patients from TJMUCH cohort II: the number of
CD68+CD163+ M2-TAMs dramatically increased in the imbalanced
group compared to the balanced group (Figures 6C and 6D). The
concordance analysis indicated that the number of M2-TAMs was
significantly associated with the expression of TGFBR2 and ACVR1
in HCC tissues; the total amount of M2-TAMs negatively correlated
with the mean fluorescent intensity (MFI) of TGFBR2 (r = �0.467,
p < 0.001) and positively correlated with that of ACVR1 (r =
�0.494 p < 0.001) in HCC cells (Figure 6E). Patients with high M2-
TAM infiltration combined with the imbalance of TGF-b1/BMP-7
pathways presented the worst prognosis in terms of both OS and
DFS (Figure 6F).

Therefore, a Transwell-based indirect coculture system of M2-TAMs
and HCC cells was used to investigate whether M2-TAMs could
manipulate the imbalance of TGF-b1/BMP-7 pathways in HCC cells.
TGFBR2 and Smurf1 mRNA expression was markedly reduced in
HepG2 and Hep3B cells cocultured with M2-TAMs compared to
those cocultured with THP-1 cells or those not cocultured (p <
0.05; Figure 6G). Consistently, the protein levels of TGFBR2, Smurf1,
and pSmad2/3 were remarkably reduced in both HepG2 and Hep3B
cells, whereas those of ACVR1, ID1, Smad1, Smad5, and pSmad1/5
were increased with coculture (Figure 6H). The results revealed that
M2-TAMs stimulate the imbalance of TGF-b1/BMP-7 pathways in
HCC.

M2-TAMs increased the levels of the miR-17-92 cluster in HCC

cells via extracellular vesicles (EVs) to exacerbate the imbalance

of the TGF-b1/BMP-7 pathway

We compared the levels of the MIR17HG and miR-17-92 cluster in
HCC cells cocultured with M2-TAMs and found obvious upregula-
tion of the MIR17HG and miR-17-92 cluster in HepG2 and Hep3B
cells cocultured with M2-TAMs compared to those cocultured with
THP-1 cells or not cocultured (p < 0.05; Figure 7A). To determine
whether the MIR17HG and miR-17-92 cluster in HCC cells was
derived from M2-TAMs, we compared the levels of the MIR17HG
and miR-17-92 cluster in the cell lysates and EVs of M2-TAMs and
found that both expressed higher levels of the MIR17HG and miR-
17-92 cluster than THP-1 cells, and the MIR17HG and miR-17-92
cluster was higher in EVs than in M2-TAM cell lysates (p < 0.05; Fig-
ure S5). Furthermore, after adding different components of M2-
TAM-derived supernatants to HCC cells, EVs in the supernatants
exclusively induced increases in theMIR17HG andmiR-17-92 cluster
in HepG2 cells (p < 0.05; Figure 7B). To confirm that M2-TAM-
derived EVs were taken in HCC cells by phagocytosis, M2-TAM-
derived EVs were labeled using carboxyfluorescein succinimidyl ester
(CFSE) and added to the culture system of HepG2 cells. As predicted,
CSFE-labeled EVs were detected in HepG2 cells (Figure 7C), which
demonstrated that M2-TAMs indeed transmitted the miR-17-92
cluster to HCC cells via EV release. The EV markers CD63,
TSG101, and Alix were detected by western blotting assay; in contrast,
calnexin, a negative marker of EVs, was absent in EVs isolated from
M2-TAMs (Figure 7D). The morphology and size distribution of the
EVs from M2-TAMs were evaluated by transmission electron micro-
scopy (TEM) and nanoparticle tracking analysis (NTA). TEM and
NTA analysis showed that the EVs in the isolated fractions were
oval or bowl shaped with a size range between 75 nm and 200 nm,
which is a typical size range for exosomes (Figures 7E and 7F). There-
fore, the EVs we extracted from M2-TAMs were identified as
exosomes.

Afterward, we investigated whether the miR-17-92 cluster partici-
pated in M2-TAM-induced imbalance of TGF-b1/BMP-7 pathways
in HCC. The western blotting results revealed that the imbalance of
TGF-b1/BMP-7 pathways in HepG2 cells caused by M2-TAMs was
reversed by short hairpin RNA (shRNA) targeting MIR17HG (sh-
MIR17HG), which significantly increased the levels of TGFBR2 and
pSMAD2/3 but decreased the levels of ACVR1, Smad1, Smad5,
pSmad1/5, and ID1. Consistently, after sh-MIR17HG transfection,
the levels of multiple EMT-related proteins and stemness-related
genes and the migration and invasive abilities of HepG2 cells cocul-
tured with M2-TAMs declined compared to those of cells transfected
with nonsense shRNA (Figures 7G�7I). These results implied that
M2-TAMs exacerbate the imbalance of the TGF-b1/BMP-7 pathways
by increasing the levels of the MIR17HG and miR-17-92 cluster in
HCC cells via EV transmission, which further promotes HCC inva-
sion and stemness.

Reversing the imbalance of TGF-b1/BMP-7 pathways effectively

attenuated M2-TAM-abundant HCC xenograft growth and

metastasis in vivo

We injected Hep3B cells with or without M2-TAMs into nonobese
diabetic severe combined immunodeficiency (NOD-SCID) mice to
construct M2-TAM-abundant or M2-TAM-scarce HCC xenograft-
bearing mouse models. M2-TAM-scarce HCC xenograft-bearing
mice were treated with EVs from M2-TAMs at the tumor site after
cell transplantation. The results showed that the tumor volume and
number of metastatic lung nodules increased significantly in M2-
TAM-abundant xenograft-bearing mice compared with M2-TAM-
scarce xenograft-bearing mice. Consistent results were obtained in
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Figure 6. M2-TAMs manipulate the imbalance of TGF-b1/BMP-7

pathways in HCC

(A) The differences in the proportion of infiltrating immune cells between the

imbalanced group and balanced groupwere analyzed by using CIBERSORT

in TCGA cohort. (B) Immunohistochemical (IHC) analysis showed infiltration

of CD68+, CD163+, and CD66b+ cells in tumor sections from cohort I. Scale

bars, 50 mm. Student’s t test was used to analyze the differences in CD68+,

CD163+, and CD66b+ cell infiltration between the imbalanced group and the

balanced group. (C) Representative HCC tumor samples of cohort II

showing the expression of DAPI, CD68, CD163, HepPar-1, TGFBR2, and

ACVR1 via multispectral IF staining. Scale bars, 50 mm. (D) Student’s t test

was used to analyze the difference in CD68+CD163+ M2-TAM infiltration

between the imbalanced group and balanced group in cohort II. (E) Scat-

terplot depicting the statistical correlations between CD68+CD163+ M2-

TAM infiltration and the expression of TGFBR2 in HepPar-1+ HCC cells and

the expression of ACVR1 in HepPar-1+ HCC cells in cohort II. (F) OS curve

and DFS curve for M2-TAM infiltration combined with imbalance of TGF-b1/

BMP-7 pathways. (G and H) PCR array and western blotting to assess the

mRNA and protein expression of TGF-b andBMP-7 pathway components in

HepG2 and Hep3B cells cocultured with M2-TAMs compared to cocultured

THP-1 cells or THP-1 cells alone. *p < 0.05, **p < 0.01, ***p < 0.001.

Molecular Therapy

2078 Molecular Therapy Vol. 29 No 6 June 2021



Figure 7. M2-TAMs increased the levels of the MIR17HG and miR-

17-92 cluster in HCC cells via EVs to exacerbate the imbalance of

the TGF-b1/BMP-7 pathways

(A) PCR array for the expression of the MIR17HG and miR-17-92 cluster in

HepG2 and Hep3B cells cocultured with M2-TAMs compared to THP-1

cells cocultured or cultured alone. (B) The expression of the MIR17HG and

miR-17-92 cluster in HepG2 cells was detected by PCR after treatment

with EVs from M2-TAMs or EV-free supernatant from M2-TAMs or condi-

tioned media from M2-TAMs. (C) HepG2 cells were treated with CSFE-

labeled EVs secreted by M2-TAMs, and HepG2 cells were visualized by

staining with DAPI and actin. Scale bars, 50 mm. (D) Western blotting of

specific membrane proteins from control cells and EV lysates from M2-

TAMs. (E) NTA of EVs from M2-TAMs. (F) TEM for EVs from M2-TAMs.

Scale bars, 200 mm. (G�I) HepG2 cells cocultured with M2-TAMs were

treated with sh-MIR17HG, and western blotting of TGF-b1 and BMP-7

pathway components and EMT genes was performed. PCR assays of

stemness genes and migration (scale bars, 200 mm) and invasion (scale

bars, 100 mm) abilities were performed. *p < 0.05, **p < 0.01, ***p < 0.001.
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M2-TAM-scarce HCC xenograft-bearing mice treated with EVs from
M2-TAMs (Figures 8A and 8B). IHC staining indicated that TGFBR2
decreased and ACVR1 increased both in M2-TAM-abundant xeno-
grafts and M2-TAM-scarce xenografts treated with EVs from M2-
TAMs. Furthermore, an increase of ID1 and vimentin expression
and a decrease of E-cadherin expression were detected in M2-
TAMs-scarce xenografts treated with EVs from M2-TAMs. Thus, it
revealed that M2-TAMs induced the imbalance of TGF-b1/BMP-7
pathways via EVs and promoted HCC growth and metastasis in vivo
(Figure 8C).

M2-TAM-abundant xenograft-bearing mice were administered an
intratumoral injection of sh-MIR17HG lentivirus or TGFBR2 lenti-
virus or an intraperitoneal injection of the ACVR1 inhibitor
DMH1. No significant difference in body weight was detected among
variably treatedmice and controls, which implied no severe toxicity of
the treatments. As predicted, sh-MIR17HG lentivirus reduced the tu-
mor volume and number of lung metastatic nodules in M2-TAM-
abundant xenograft-bearing mice (Figures 8D and 8E, d versus e),
increased the TGFBR2 expression, and reduced the ACVR1 expres-
sion. Similarly, sh-MIR17HG reduced expression of ID1 and vimen-
tin and increased expression of E-cadherin (Figure 8F, d versus e).
Consistently, either treatment with TGFBR2 lentivirus (Figures
8D�8F, g versus h) or ACVR1 inhibitor DMH1 (Figures 8D�8F, b
versus f) dramatically reduced the tumor volume and number of
lung metastatic nodules in M2-TAM-abundant xenograft-bearing
mice, as well as the expression of ID1 and vimentin. These results
indicate that reversing the imbalance of TGF-b1/BMP-7 pathways
effectively attenuates M2-TAM-abundant HCC xenograft growth
and metastasis in vivo.

DISCUSSION
In this study, we identified a specific HCC subtype with the imbalance
of TGF-b1/BMP-7 pathways, indicated by TGFBR2lo and ACVR1hi;
this phenotype significantly promoted HCC invasion and predicted
poor clinical outcomes. Systemic bioinformatics analysis of primary
HCC samples from TCGA revealed that the imbalanced group
showed higher AFP levels, larger tumor sizes, poor differentiation sta-
tus, and higher metastasis potential than the balanced group. More-
over, expression localization analysis by multispectral IF staining
revealed that the imbalance of TGF-b1/BMP-7 pathways was a risk
factor and an independent prognostic factor for OS and DFS and
was significantly associated with large tumor size, microvascular inva-
sion, portal vein tumor thrombus (PVTT), poor differentiation, and
advanced BCLC grade. Thus, the imbalance of TGF-b1/BMP-7 path-
ways plays a key role in HCC invasion andmetastasis, and the specific
subtype of HCC with the imbalance of TGF-b1/BMP-7 pathways
should be distinguished from other types since patients of the former
type have a poor prognosis and a highly aggressive phenotype.

It has been extensively reported that TGF-b1 and BMP-7 signaling
can counterbalance the effects of each other. The reciprocal shift of
TGF-b1 and BMP-7 signaling is a critical factor in determining the
differentiation and development of multiple cell types, such as
2080 Molecular Therapy Vol. 29 No 6 June 2021
mucosal Langerhans cells,39 myoblasts,40 and embryonic stem cells.41

The imbalance of TGF-b1/BMP-7 pathways is greatly involved in the
progression of kidney disease,42 bone-related disease,43 and some
fibrotic-related diseases.44 Moreover, in gastric cancer, the expression
of TGFBR2 and ACVR1 indicates different prognoses.45 BMP-7
signaling in TGFBR2-deficient stromal cells provokes epithelial carci-
nogenesis to elicit squamous cell carcinoma in the forestomach.46

However, whether the dynamic transformation of TGF-b1 signaling
to BMP-7 signaling participates in the regulation of HCC develop-
ment and progression is still unknown. In our study, the interference
with the balance of TGF-b1/BMP-7 pathways by simultaneously
knocking down TGFBR2 and overexpressing ACVR1 promoted the
switch from the TGF-b1 pathway to the BMP-7 pathway and induced
full activation of the BMP-7 pathway in HCC cells, significantly exac-
erbating the aggressiveness and stemness of HCC cells. Therefore, our
findings reveal a feasible biomarker for predicting the clinical
outcome of HCC patients and demonstrate a novel molecular mech-
anism for this highly metastatic HCC subtype.

Studies have revealed the antagonistic mechanisms of the TGF-b1
and BMP-7 pathways at different levels of ligand-receptor interac-
tion, pSmad, and target gene transcription in different cell types.25

We demonstrated that TGFBR2KD did not affect downstream
BMP-7 at the protein level in HCC cells. It was reported that activa-
tion of the TGF-b1 pathway can suppress the expression of ID1 by
upregulating SnoN, a transcriptional repressor with no interaction
with Smad1/5/8.47 Therefore, we presumed that TGFBR2KD might
increase ID1 expression by inhibiting SnoN without affecting the
activating step for Smad1/5/8. We next detected SnoN gene tran-
scription in HepG2 and Hep3B cells with TGFBR2KD and confirmed
that SnoN significantly decreased, and ID1 accordingly increased
compared with those NC-treated cells (Figure S6). Furthermore, it
has been reported that miRNA-related post-transcriptional regula-
tion and protein modification-related post-translational regulation
also participate in the regulation of the TGF-b1 and BMP-7 path-
ways.25 In our study, the miR-17-92 cluster was identified to induce
the imbalance of TGF-b1/BMP-7 pathways by synergistically and
concurrently inhibiting TGFBR2 and stimulating ACVR1 expres-
sion by mediating both post-transcriptional regulation and post-
translational modification mechanisms. miR-17-92 is an oncogenic
miRNA cluster, including 6 mature miR-17-92 miRNAs derived
from long noncoding RNA (lncRNA) MIR17HG at 13q31.3, and
this cluster is frequently dysregulated in malignancy and plays an
important role in the cell cycle, proliferation, apoptosis, and inva-
sion. A previous study reported that the miR-17-92 cluster is highly
expressed in HCC tissues compared to nontumorous liver tissues
and that forced overexpression of the miR-17-92 cluster in cultured
HCC cells enhanced tumor cell colony formation and invasiveness
in vitro, but the mechanisms have not yet been clearly elucidated.48

In this study, we found that the miR-17-92 cluster directly decreased
TGFBR2 mRNA levels by binding its mRNA 30 UTR and indirectly
increased ACVR1 protein levels by interfering with Smurf1-medi-
ated ubiquitination to induce the imbalance of TGF-b1/BMP-7
pathways and thus to promote cell invasion and stemness in



Figure 8. Reversing the imbalance of TGF-b1/BMP-7 pathways

effectively attenuated M2-TAM-abundant HCC xenograft growth

and metastasis in vivo

(A) The tumor volume, tumor growth curve, tumor weight, and weight

curve of the mice are shown. (B) Pulmonary metastatic nodules were

detected by hematoxylin and eosin (H&E) staining (scale bars, 100 mm).

(C) IHC staining (scale bars, 50 mm) of TGFBR2, ACVR1, ID1, E-cadherin,

and vimentin was analyzed under the following conditions: engraftment of

Hep3B cells, engraftment of Hep3B cells cocultured with M2-TAMs, and

engraftment of Hep3B cells treated with EVs from M2-TAMs. (D) The

tumor volume, tumor growth curve, tumor weight, and weight curve of the

mice are shown. (E) Pulmonary metastatic nodules were detected by H&E

(scale bars, 100 mm). (F) IHC (scale bars, 50 mm) staining of TGFBR2,

ACVR1, ID1, E-cadherin, and vimentin was analyzed under the following

conditions: engraftment of Hep3B cells cocultured with M2-TAMs + in-

jection of sh-NC lentivirus, engraftment of Hep3B cells cocultured with

M2-TAMs + injection of sh-MIR17HG lentivirus, engraftment of Hep3B

cells cocultured with M2-TAMs, engraftment of Hep3B cells cocultured

with M2-TAMs + injection of DMH1, engraftment of Hep3B cells cocul-

tured with M2-TAMs + injection of NC lentivirus, and engraftment of

Hep3B cells cocultured with M2-TAMs + injection of TGFBR2 lentivirus.

*p < 0.05, **p < 0.01, ***p < 0.001.
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HCC. Therefore, we proposed a novel multilevel regulatory mecha-
nism by which the miR-17-92 cluster promotes the development
and progression of HCC.

The microenvironment plays a crucial role in carcinogenesis and
HCC progression, and multiple inflammatory cells within the micro-
environment contribute to the inappropriate activation of a series of
oncogenic signaling pathways and aggressive phenotypes of malig-
nant cells. EVs provide an effective transportation method for the
shuttling of biomolecules among various cell types in the tumor
microenvironment and play a critical role in regulating cancer cell
biology. EVs are common membrane-bound nanovesicles that
contain diverse biological molecules, such as lipids, proteins, and nu-
cleic acids. EVs are derived from cells through exocytosis, are ingested
by target cells, and can transfer biological signals between local or
distant cells.49 Some studies have found miR-17-92 cluster members
in the EVs of monocytes and macrophages,50 but the mechanism by
which the miR-17-92 cluster mediates the interaction between HCC
cells and macrophages is not clear. Here, our findings revealed that
M2-TAMs in the HCC inflammatory environment could release
and transmit EVs containing MIR17HG and miR-17-92 cluster com-
ponents to HCC cells to induce the imbalance of TGF-b1/BMP-7
pathways and promote HCC progression (Figure S7).

Studies have indicated that M2-TAMs are protumoral inflammatory
cells that correlate with a poor prognosis in HCC.51 M2-TAMs could
promote HCC progression through transferring the exosome-derived
aMb2 integrin52 and secreting protumoral cytokines interleukin
(IL)-653 or growth factor hepatocyte growth factor (HGF).54 Many
studies have confirmed that M2-TAMs can promote cancer invasion
by stimulating EMT in HCC cells with a late TGF-b1 signature.51,55

Here, we demonstrated an alternative mechanism by which M2-
TAMs re-educate HCC cells to switch from the early TGF-b1 signature
to the late TGF-b1 signature by inducing the imbalance of TGF-b1/
BMP-7 pathways via the miR-17-92 cluster to confer more aggressive
phenotypes. Our findings implied that M2-TAMs are the predominant
coordinators in the microenvironment that facilitate the communica-
tion between oncogenic signaling pathways to mediate the transforma-
tion of malignant phenotypes, which finally determines the behavior
and fate of HCC in vitro and in vivo. Accordingly, targeting either
MIR17HG or ACVR1 effectively inhibited the growth and metastasis
of HCC in TAM-abundant tumor-bearing mouse models, which pro-
vides new insights for the development of potential therapies for HCC.

We also found that the pathway of amine ligand-binding receptors
was significantly upregulated in TGFBR2hi samples compared with
TGFBR2lo HCC samples. The amine ligands included acetylcholine,
adrenaline, noradrenaline, dopamine, serotonin, and histamine,
which biologically act as neurotransmitters in humans, and some
amine ligands and receptors have been reported to participate in
HCC carcinogenesis.56–60 However, the cross-talk between amine
ligand-binding receptors pathway and the TGF-b pathway has been
barely reported. In the future, we would like to further investigate
2082 Molecular Therapy Vol. 29 No 6 June 2021
the interaction between these 2 signaling pathways in HCC
carcinogenesis.

Moreover, in addition to TAMs and polymorphonuclear leukocytes
(PMNs), there are still a large number of immune cells in the micro-
environment regulating the development and progression of HCC; in
TCGA cohort, we also found that the proportion of T regulatory cells
and T follicular helper cells significantly increased, and that of mast
cells significantly decreased in the imbalanced group compared to
the balanced group. Digital spatial profiling (DSP) technology, a
new tool that enables simultaneous and guided detection of multiple
proteins and mRNAs from a single tumor tissue, should be used to
comprehensively evaluate the interaction between the tumor and
the microenvironment61 and generate a panoramic image of core mo-
lecular events involved in the imbalance of TGF-b1/BMP-7 pathways
in HCC.

However, our study still needs to be further improved since HCC ex-
hibits an inherent high degree of heterogeneity in the tumor and
microenvironment and also exhibits complex etiologic diversity.
Therefore, patient-derived xenograft (PDX) HCC models62 are war-
ranted to further validate the therapeutic efficacy of the imbalance
of TGF-b1/BMP-7 pathways in HCC.

MATERIALS AND METHODS
Patient enrollment and follow-up

Two independent cohorts, together totaling 197 HCC patients, were
enrolled in this study and defined as the TJMUCH cohort. One cohort
(n = 64 patients who provided paraffin-embedded and snap-frozen
tissues) was applied for IHC analysis and whole-genome expression
profiling of tumor and normal adjacent tissues from HCC patients
treated with partial liver resection surgery at the Department of Hep-
atology of TJMUCH between 2007 and 2009. A second cohort (n =
133 patients who provided paraffin-embedded tissues), including tu-
mor tissues from HCC patients undergoing curative resection at the
same department between 2010 and 2013, was applied for multispec-
tral IF staining. All cases were diagnosed as HCC by 2 experienced pa-
thologists separately, and more than 50% of the cancer cell content
was determined for all paraffin-embedded tissues. All patients were
followed up for at least 44 months (44.8�79.9 months), and their
clinical and pathological information was collected for statistical anal-
ysis. This study was approved by the Ethics Committee of Tianjin
Medical University (no. TMUHMEC 2012018), and informed con-
sent was obtained from all patients.

Cell lines and animals

The human HCC lines HepG2 and Hep3B and the human leukemia
monocytic cell line THP-1 were purchased from Guangzhou Saiku
Biotechnology, China. The human HCC lines MHCC97H and HLE
were gifted from Professor Hua Guo from the Laboratory of Cancer
Cell Biology. All cell lines were authenticated using short tandem
repeat (STR) profiling and maintained in a 37�C, 5% CO2 humidified
chamber in 10% fetal bovine serum (FBS) + RPMI 1640/Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco-BRL, USA). Human
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TGF-b1 (5 ng/mL; PeproTech, USA) and BMP-7 (100 ng/mL; Pepro-
Tech, USA) cytokines were used to activate the TGF-b1 and BMP-7
pathways. THP-1 cells were incubated with human IL-8 (PeproTech,
USA) at 37�C for 72 h at 5 ng/mL to induce M2-TAMs, as previously
reported.63 Then, the HCC cells were incubated with M2-TAMs for
72 h (HCC cells:M2-TAMs, 1:1). 4- to 6-week-old NOD- SCID
male mice were obtained from SPF (Beijing, China) Biotechnology
and were maintained under specific pathogen-free conditions. Hu-
mane care of the animals conformed with the Guide for the Care
and Use of Laboratory Animals criteria of the National Academy of
Sciences.

Analysis of HCC data from TCGA

We downloaded data for a total of 418 patients from the Genomic
Data Commons (GDC) TCGA Liver Hepatocellular Carcinoma
(LIHC) dataset from the University of California, Santa Cruz
(UCSC), Xena browser (LIHC: https://xenabrowser.net) and defined
this group as TCGA cohort. The gene expression and survival data
were retrieved. To exclude the influence of age and complications
on survival, we selected samples that met the following criteria: age
at operation less than 85 years, no severe inflammation in the adjacent
tissue, and OS longer than 80 days. Finally, 359 samples were filtered,
and the follow-up time was set to 2,500 days. For the genes mentioned
in the article, themedian gene expression values were taken as the cut-
off to divide the patients into high-expression and low-expression
groups. Kaplan-Meier curves were constructed to evaluate the OS
of all patients. For univariate survival analysis, log-rank tests were
used to explore the differences between two groups.

Functional enrichment analysis of differentially expressedgenes

in the TGFBR2-high/low subgroup of TCGA

The median expression value of TGFBR2 in 418 HCC cases in TCGA
was used as the threshold to divide the samples into two groups:
TGFBR2hi and TGFBR2lo. The 359 filtered patient samples contained
a total of 177 TGFBR2hi samples and 182 TGFBR2lo samples. These
two groups were analyzed for differentially expressed genes (Wil-
coxon test). The screening criteria were a p value <0.05 and a FC in
both the mean andmedium expression values greater than 1.5. A total
of 3,373 differentially expressed genes were obtained.

Enrichment analysis with the Reactome pathway database was per-
formed for 3,373 differentially expressed genes using the online func-
tional enrichment tool KOBAS 3.0 (KOBAS: http://kobas.cbi.pku.
edu.cn/kobas3/?t=1). All signal transduction pathways were further
investigated. The pathways were sorted according to the ratio of the
number of foreground genes to the number of background genes,
and the top 10 pathways with more than 10 foreground genes were
selected for display.

Unsupervised clustering of TCGA data using key genes in the

TGF-b and BMP pathways

A total of 49 key genes in the TGF-b and BMP pathways were selected
to classify 359 TCGA samples, and log2 (fpkm-uq+1) gene-expres-
sion values were retrieved from UCSC Xena and converted to Z
scores. The Ward.D2 method was used for hierarchical clustering.
Next, all combinations of gene pairs—one in the TGF-b pathway
and the other in the BMP pathway—were used to classify the 359
samples into two groups using the unsupervised clustering method
(hclust in R, scale = “column” cluster, method = Ward.D2). The con-
sistency ratio was calculated to compare the classification efficiency of
the two-gene pattern in subgrouping 359 TCGA samples.
Construction of the miRNA-mRNA regulatory network

The target genes of 6 miRNAs of the miR-17-92 cluster, namely, hsa-
miR-17, hsa-miR-18a, hsa-miR-19a, hsa-miR-19b, hsa-miR-20a, and
hsa-miR-92a, were downloaded from the database miRTarBase. A to-
tal of 181 target genes that were differentially expressed (p < 0.05 and
FC > 1.5) in the imbalanced group compared to the balanced group of
359 TCGA HCC samples were visualized in the network. Genes that
were up- and downregulated are indicated by different colors. The
genes involved in pathways related to EMT, poor survival, and prolif-
eration were retrieved from GSEA’s molecular signature database and
are indicated in the network.
Microarray analysis

Sixty-four total RNA samples were obtained from the cancer tissues
and adjacent normal tissues, and genome-wide expression profiling
and miRNA expression profiling were performed as previously
described.32 The profiling data are presented in the Gene Expression
Omnibus (GEO) database (GEO: GSE116174 and GSE116182). Raw
data were processed using GCOS software and analyzed using R2.9.0
software and Bioconductor 2.4. Student’s t test was performed to eval-
uate the differential expression of miRNAs between the imbalanced
group and the balanced group, and a heatmap was generated with
pheatmap software.
IHC

We performed IHC staining using the avidin-biotin-peroxidase com-
plex method, as previously described.63 Primary antibodies and dilu-
tions are listed in Table S4. NCs that omitted the primary antibody
were included in all assays. IHC staining was assessed by 2 indepen-
dent investigators. Cells stained brownish yellow in the cell mem-
brane or in the cytoplasmwere regarded as positive. The stained tissue
sections were then digitally scanned on an Olympus BX51 micro-
scope for image acquisition at 400� magnification. A standard
semiquantitative double-scoring system was applied to evaluate the
intensity and proportion of positive cells stained for TGF-b1,
TGFBR2, TGFBR1, BMP-7, BMPR2, ACVR1, E-cadherin, N-cad-
herin, b-catenin, MMP9, and vimentin. Both the intensity and pro-
portion of positive cells were scored from 0 to 3, and for each sample,
both scores were added together to obtain a final score.When the final
score was less than 4, the samples were included in the negative
expression group; otherwise, the samples were included in the posi-
tive expression group. For Ki67, CD68, CD163, and CD66b staining,
positively stained cells were counted in 5 fields at 200�magnification,
and the total number of positive cells was calculated.
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Multispectral IF staining

We performed multispectral IF staining as previously described.64 In
brief, the slides were heated, deparaffinized using xylene, and rehy-
drated in graded alcohols. After antigen retrieval and blocking, the
primary antibody (Table S5) was applied and incubated at 4�C over-
night. Opal polymer horseradish peroxidase (HRP) was used as the
secondary antibody. The slides were washed, and tyramide signal
amplification (TSA) dye (Opal 7 Color Kit; PerkinElmer, Hopkinton,
MA, USA) was applied. The slides were then microwaved to strip the
primary and secondary antibodies, washed, and blocked again using
blocking solution. Afterward, a second primary antibody and 40,6-di-
amidino-2-phenylindole (DAPI) were applied. Finally, slides were
coverslipped using ProLong Gold Antifade Reagent (Invitrogen,
USA) and inspected using a TissueGnostics automated multispectral
microscope. Five fields at 200� magnification from the single-color
slides were imaged, and StrataQuest Image Analysis software
(v.6.0.1.181) was used to generate a spectral library for unmixing. In-
dex cases stained using the multiplex method were then imaged.
Channels were unmixed using the spectral library, and tissues and
cells were segmented and scored.

Lentivirus vectors and cell transfection

The following lentivirus vectors were customized by Shanghai Gene-
Chem: ACVR1 expression vector and control vector (Ubi-MCS-
3FLAG-CBh-gcGFP-IRES-puromycin), shRNA-TGFBR2 and NC
vectors (hU6-MCS-ubiquitin-EGFP-IRES-neomycin), MIR17HG
expression vector and control vector (CMV-MCS-IRES-EGFP-
SV40-neomycin), and shRNA-MIR17HG and NC vectors (hU6-
MCS-CMV-GFP-SV40-neomycin). Transduction was performed as
previously described.63

Western blot analysis

Western blotting was performed as previously described.63 Briefly, we
generated total protein from each group by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis and transferred the pro-
teins to polyvinylidene fluoride membranes. The primary antibodies
and dilutions are listed in Table S4. The membranes were incubated
with the primary antibody overnight at 4�C and then incubated with
secondary antibodies specific to the mouse-, rabbit-, or goat-derived
primary antibodies (1:4,000; Santa Cruz Biotechnology, USA) at
room temperature for 1 h. Afterward, the membranes were exposed
using an enhanced chemiluminescence reagent (Chemicon Interna-
tional, USA).

Wound-healing assay

A wound-healing assay was performed as previously described.63

The cells were allowed to grow to confluence and cultured in
serum-free medium for 12 h prior to being scratched with a
sterile pipette tip. The cells were washed twice with PBS to re-
move cell debris and then cultured for the next 24 h (or 48 h)
and 48 h (or 72 h). The migration rate was quantified and
analyzed by measuring the distance between the wound edges
with the IPP 6.0 system at 100� magnification. This assay
was independently repeated three times. Independent duplicates
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were measured in the same manner, and the wound closure
rate was calculated from photographs acquired at 24 h (or 48
h) and 48 h (or 72 h).

Transwell assay

Transwell assays were performed as previously described.63 In brief,
2 � 104 cells were harvested and resuspended in 200 mL serum-
free DMEM before being plated in the upper chamber. The lower
chamber of the Transwell was filled with 500 mL DMEM, supple-
mented with 10% FBS. The cell suspension was applied to the Matri-
gel membrane and incubated at 37�C for 48 h. All experiments were
repeated three times.

Quantitative real-time PCR analysis

Quantitative real-time PCR was performed using a SYBR Premix Ex
Taq Kit (Takara), according to the manufacturer’s instructions. Data
were collected and analyzed using a LightCycler 480 instrument
(Roche). miRNA was reverse transcribed and relatively quantitated
using the TaqMan MicroRNA Reverse Transcription Kit (Thermo
Fisher Scientific, USA). All mRNA primers used in this study are
shown in Table S6, and TaqMan probes were purchased from
Thermo Fisher Scientific. The internal reference gene for mRNA
andMIR17HG was b-actin, and that for miRNA was U6. The relative
expression levels for each sample were calculated based on the
threshold cycle (Ct) value for the target gene normalized to the Ct
value of the internal reference gene using the formula 2 � DCt
(DCt = Ct target gene � Ctb-actin/U6).

30 UTR luciferase reporter assays

TheWT 30 UTR luciferase reporter vectors TGFBR2 and Smurf1 were
constructed and cloned into the XhoI and NotI sites of the psi-
CHECK-2 vector (Hanbio, China). The mutant-type (Mut) TGFBR2
and Smurf1 30 UTRs were generated from the WT construct. Then,
293T cells were cotransfected with 0.8 mg 30 UTR WT/Mut luciferase
reporter plasmid and 5 pmol mmu-miRNA mimics/NC (Hanbio,
China) using transfection reagents (Lipofectamine 2000 Reagent; In-
vitrogen, USA), according to the manufacturer’s instructions. After
48 h, the lysates of the 293T cells were harvested, and the luciferase
activities were measured using a dual-luciferase reporter assay system
(Promega, USA). The data were normalized for transfection efficiency
by dividing the fluc activity by the Rluc activity.

Luciferase assay

The OCT4, SOX2, NANOG, Snail, and Slug promoters were cloned
into the pGL3-basic vector (Hanbio, China). 293T cells were grown
to 60%–80% confluency, after which, the cells were transfected with
the pGL3-promoter, pGL3-control, pcDNA3.1-ID1, or pcDNA3.1-
NC and Rluc construct (20:1 ratio) using Lipofectamine 2000 Reagent
(Invitrogen, USA). The luciferase activities were measured after 48 h
(Promega). The luciferase activity was normalized to Rluc activity.

EV experiments

The culture medium was collected, centrifuged at 3,000 rpm for
10 min at 4�C, and then centrifuged at 10,000 � g for 30 min at
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4�C to remove cellular debris. Next, the supernatant was filtered using
a 0.22-mm filter. EVs were obtained by ultracentrifugation at
100,000 � g for 90 min and then collected and diluted in PBS. For
quantitative real-time PCR, the values for EV-packaged lncRNA
MIR17HG were normalized against those of a synthesized exogenous
reference, l poly(A)+ RNA (Takara). The values for the EV-packaged
miR-17-92 cluster were normalized against those of U6.
NTA

Vesicle suspensions with concentrations between 1� 107/mL and 1�
109/mL were examined using a ZetaView PMX 110 (Particle Metrix,
Meerbusch, Germany) equipped with a 405-nm laser to determine the
size and quantity of the isolated particles. A 60-s video was taken with
a frame rate of 30 frames/s, and particle movement was analyzed us-
ing NTA software (ZetaView 8.02.28).
TEM

10 mL of exosome solution was placed on a copper mesh grid and
incubated at room temperature for 10 min. After washing with sterile
distilled water, the exosomes were incubated with uranyl acetate solu-
tion (a contrast agent) for 1 min. The sample was then dried for 2 min
under incandescent light. The copper mesh was observed and photo-
graphed under a transmission electron microscope (H-7650; Hitachi,
Tokyo, Japan).
Western blot analysis of EVs

The exosome supernatant was denatured in 5 � SDS buffer and sub-
jected to western blot analysis (10% SDS-polyacrylamide gel electro-
phoresis; 50 mg protein/lane) using rabbit polyclonal antibodies
against CD63 (sc-5275; Santa Cruz, CA, USA), Alix (sc-53540; Santa
Cruz, CA, USA), TSG101 (sc-13611; Santa Cruz, CA, USA), and cal-
nexin (10427-2-AP; Promega, Madison,WI, USA). The proteins were
visualized on the Tanon 4600 Automatic Chemiluminescence Image
Analysis System (Tanon, Shanghai, China).
Xenograft animal model

The animal model was generated according to a previous report.65

Hep3B (1 � 106) and M2-TAMs (1 � 106) were mixed with Matrigel
and subcutaneously coinjected into 4- to 6-week-old male NOD-
SCID mice. When masses developed after 14 days, the ACVR1 inhib-
itor DMH1 (S7146; Selleck) (5 mg/kg) was administered to the mice,
and the control group was treated with blank PBS containing 10% (v/
v) DMSO. Moreover, a total of 2 � 108 TU lentivirus-NC, lentivirus-
sh-MIR17HG l, or lentivirus-TGFBR2 lentivirus particles were in-
jected into the tumors at days 14, 21, and 28. Treatment of the
mice with EVs (2 mg EVs per injection at the tumor site) or PBS
occurred twice a week starting 1 day after cell transplantation and
continued until tumor collection. The tumor volume (in cubic milli-
meters) was estimated every 3 days and was calculated by the
following formula: volume = width2 � length/2. After 38 days of im-
plantation, the mice were euthanized. After the tumors were weighed,
they were fixed in 10% buffered formalin for further examinations.
Statistical analysis

The statistical analyses were performed with SPSS 16.0 for Windows.
The data are presented as the mean ± SD of at least three independent
experiments. We used Student’s t test to compare quantitative data
between groups and the chi-square test to compare categorical vari-
ables. Correlations were analyzed among CD68, CD163, TGFBR2,
ACVR1, MIR17HG, and miR-17-92 clusters. The Kaplan-Meier
method was used to calculate OS and cumulative recurrence rates,
and the log-rank test was used to analyze any differences. For univar-
iate and multivariate analyses, the Cox proportional hazards regres-
sionmodel was employed. p values < 0.05 were considered statistically
significant.
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