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BMP4-mediated autophagy is involved in the metastasis
of hepatocellular carcinoma via JNK/Beclinl signaling

Xueqin Li*", Lei Gao?", Linjing Zheng?, Jing Shi?, Junli Ma*

Departments of *Oncology, 2Emergency, Affiliated Hospital of Jining Medical University, Jining 272029, Shandong,

China. “Equal contributors.

Received December 31, 2019; Accepted June 4, 2020; Epub June 15, 2020; Published June 30, 2020

Abstract: The role of autophagy in tumor development is complicated. More signaling mechanisms of bone morpho-
genetic protein 4 (BMP4) involving in hepatocellular carcinoma (HCC) are needed to be clarified. The present study
aimed to identify whether BMP4 contributes to the regulation of autophagy in the progression of HCC. We found that
increased BMP4 expression was significantly correlated with TNM stage and metastasis. BMP4 treatment promoted
HCC cells invasion and induced autophagy. Blocking autophagy by 3-MA or silenced Beclinl attenuated BMP4-
induced autophagy and cell invasion. Further study revealed that JNK/Beclin1 pathway participated in the process
of autophagy and JNK inhibitor SP600125 could attenuate autophagy and reduce the invasive ability of HCC cells in-
duced by BMP4. In a word, BMP4-induced autophagy facilitates invasion of HCC by JNK/Beclinl signaling pathway.
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Introduction

Hepatocellular carcinoma (HCC) is one of the
most common cancers, with increasing global
incidence [1]. HCC is extremely heterogeneous
and resistant to chemotherapy. The long-term
prognosis of HCC patients is still unsatisfactory
due to tumor recurrence and metastasis. HCC
involves in a multistep carcinogenesis process,
so it is of great significance to understand the
molecular mechanisms underlying HCC inva-
sion and metastasis.

Bone morphogenetic protein 4 (BMP4), a mem-
ber of the transforming growth factor-beta
(TGF-B) superfamily, can regulate cell prolifera-
tion, differentiation and motility. BMP4 per-
forms its biological functions by combining with
the BMP receptors complex to initiate phos-
phorylation-dependent activation of Smadl/
5/8 [2], which has been reported to implicate in
multiple malignancies [3-5]. BMP4 expression
increases in chronic liver disease and plays an
important role in chronic liver injury, cirrhosis
and even HCC [6]. However, in HCC, BMP4
exerts complicated influences, which are yet to
be fully elucidated. BMP4 was reported to be

abnormally expressed in HCC and closely asso-
ciated with the prognosis of patients [7, 8]. As a
potential biological marker of HCC progression,
the exact role and molecular mechanism of
BMP4 in HCC need to be explicated.

Autophagy encapsulates degradable contents
of cytoplasm and then transports them to the
lysosomes for degradation to maintain energet-
ic homeostasis. It is closely related to many dis-
eases, including cancer [9, 10]. Autophagy
occurs frequently during tumorigenesis and
progression and exerts complicated functions
in cancer metastasis. It is reported that autoph-
agy has both pro-metastatic and anti-metastat-
ic roles, which can switch during different peri-
ods of tumor progression [11]. In the early stage
of cancer metastasis, autophagy may exert an
inhibitory effect by alleviating cell senescence,
while in the advanced stage, autophagy can
promote cancer progression [12]. It is suggest-
ed that there is a potential relationship between
autophagic cell death and cancer metastasis
[13]. The characteristics of autophagy have
been extensively investigated, however, the
specific roles and mechanism of it in HCC are
still not well known. Therefore we carried out
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this study to investigate the effects of autopha-
gy on BMP4-influenced cell invasion and the
involved molecular mechanisms in HCC.

Materials and methods
Patients and tissue specimens of HCC

The tumor tissues were randomly collected
from 102 patients with HCC between January
2014 and March 2015. They were all histologi-
cally confirmed as HCC by pathological or com-
bined imageological examination. Exclusion
criteria were as follows: previous liver trans-
plantation, anticancer treatment prior to sur-
gery, not enough liver function reservation,
severe cardiopulmonary disease or other sys-
tematic diseases.

Immunohistochemistry (IHC)

After de-paraffinization, dehydration and anti-
gen retrieval, the paraffin-embedded sections
were incubated with 10% goat serum for 30
minutes and followed by the primary antibodies
against BMP4 (1:300 dilution, Abcam, Cam-
bridge, UK) and Beclinl (1:200 dilution, Abcam)
respectively at 4°C overnight. The slides were
subsequently incubated with the correspond-
ing secondary antibodies (Zhongshan Gold-
enbridge Biotechnology, Beijing, China). The
negative control sections were probed with
phosphate buffered saline (PBS) instead of the
primary antibodies under the same experimen-
tal conditions. The IHC staining was scored
according to the percentage of positive-stain-
ing cells and staining intensity. The positive cell
percentage of cells was scored as O to 4. The
staining intensity was classified as: 1 = weak, 2
= moderate and 3 = strong. Immunoreactive
score (IS) of each specimen was determined by
multiplication of these two scores listed above.
Negative (IS < 2) or positive (IS>2) was defined
according to IS.

Cell culture

Human HCC cell lines of HepG2 and HCCLM3
were cultured in high glucose DMEM medium
supplemented with 10% fetal bovine serum
(FBS) (Gibco, Grand Island, NY) at 37°C in a the
incubator with 5% CO,,.

Migration and invasion assays

Cell migration and invasion were assessed in
the 24-well 8-uym pore plates (Corning, Te-
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wksbury, MA). Transwell chambers, pre-coated
with or without growth factor-reduced matrigel,
would be applied to evaluate HCC cells’ mi-
gration and invasion abilities respectively.
According to the manufacturer’s instructions,
HCC cells were re-suspended in the serum-free
medium and seeded in the upper chamber at a
density of 1x10* cells/100 ul/well, while the
lower chambers were covered with 600 pl 10%
serum-containing medium. After incubation for
24 h, the residual unpenetrated cells were
removed, and the lower surface which covered
with the migrated or invaded cells was fixed
with 4% paraformaldehyde and stained with
0.1% crystal violet for 20 minutes. The stained
cells were counted under an inverted mi-
croscope.

Western blot

The treated cells were trypsinized and collect-
ed. The total protein samples were extracted
using cell lysis buffer, separated by 10% sodi-
um dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto the
PVDF membrane (Millipore, Bedford, MA). The
membranes were blocked in 5 mg/ml skim milk
at room temperature for 2 hours and incubated
with the primary antibodies at 4°C overnight.
After being exposed to HRP-conjugated sec-
ondary antibody for 1 hour at 37°C, the protein
bands were obtained by the enhanced chemilu-
minescence kit (Millipore). GAPDH protein
expression was used as an internal control.

Quantitative real-time PCR (QRT-PCR)

Total RNA was extracted from HCC cells by
Trizol reagent (Invitrogen, Carlsbad, CA) and the
cDNA was synthetized using PrimeScript™ RT
reagent Kit (TaKaRa Bio Inc., Otsu, Japan)
according to the manufacturer’s protocol. The
specific primers for Beclinl were as follows: for-
ward primer: 5-TCCGGGCTCCCGAGG-3’; re-
verse primer: 5'-GGGGGATGAATCTGCGAGAG-3'.
GAPDH was used as an internal control, with
forward primer: 5-CTGGGCTACACTGAGCACC-3’
and reverse primer: 5-AAGTGGTCGTTGAGG-
GCAATG-3'. Amplifications were carried out with
the following cycling parameters: 95°C for 2
min and subsequent 40 cycles comprising of
annealing at 95°C for 15 sec and 60°C for 60
sec. Relative mRNA expression levels were cal-
culated based on Ct values as: 2t [ACt = Ct
(targeting gene) - Ct (GAPDH)] and normalized
to the internal control.
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MRFP-GFP-LC3 adenovirus transfection and
autophagic flux analysis

To observe the autophagic flux, mRFP-GFP-LC3
adenovirus (HanBio Technology Co., Shanghai,
China) were transfected into the HCC cells
seeded onto 96-well plates with an optimal
multiplicity of infection (MOI) of 30 TU/mL. 4
hours later, the adenovirus was removed and
the treated cells were fixed with 4% paraformal-
dehyde in the dark. Puncta that appear ye-
llow when merged, indicate autophagosomes.
Opera High Content Screening System (Perkin-
Elmer) was used to capture and analyze the
imaging of autophagic flux.

Beclin1 siRNA and transfection

siRNA sequences targeting Beclinl gene were
designed as follows: sense 5-GUGGAAUGG-
AAUGAGAUUATT-3' and antisense 5-UAAUC-
UCAUUCCAUUCCACTT-3’ and transfected to the
cells (covered 80% of the petri dish) using
Lipofectamine® RNAIMAX Transfection Rea-
gent (Invitrogen) according to the manufactur-
er’s instructions. The down-regulated expres-
sion of Beclinl acquired by siRNA was con-
firmed by qRT-PCR and Western blot.

Statistical analysis

Statistical analysis was performed by SPSS
software (Version 17.0, SPSS Inc, Chicago, IL)
and GraphPad Prism 5.0. The relationship
between BMP4 expression and clinicopatho-
logic parameters was analyzed using the
Pearson X? test. The differences between
groups were analyzed using Student’s t-test
when there were only two groups, or assessed
by one-way ANOVA when there were more than
two groups. Statistical tests in the study were
two-sided and the value of P < 0.05 was consid-
ered to be statistically significant.

Results

Expression of BMP4 was associated with ad-
vanced stage and metastasis of HCC

BMP4 expression was determined by IHC stain-
ing. The results indicated that HCC patients at
stage Il or lll/IV exhibited higher BMP4 expres-
sion levels in tumor than those at stage | (4.368
+ 0.629 versus 2.571 + 0.585; 4.667 + 0.677
versus 2.571 + 0.585; P < 0.05, respectively).
BMP4 expression levels were statistically high-
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er in HCC with intrahepatic or extrahepatic
metastasis than those without metastasis
(4.362 + 0.468 versus 2.364 + 0.431, P <
0.01, Figure 1A). There was no statistically sig-
nificant association between BMP4 expression
levels and other clinicopathologic parameters,
such as age, gender, liver cirrhosis, serum AFP,
tumor diameter and tumor number (Table 1).

Overexpression of BMP4 promoted migration
and invasion of HCC cells

The HCC cells HepG2 and HCCLM3 were
respectively treated with recombinant human
BMP4 (100 ng/ml) or its receptor antagonist of
Noggin (200 ng/ml). Transwell assays were per-
formed to investigate the migration and inva-
sion abilities of HCC cells subjected to BMP4.
The results indicated that BMP4 increased the
rates of cell migration and invasion, while
Noggin blocked these changes with less migrat-
ed and invaded cells (Figure 1B, 1C).

BMP4 induced autophagy in HCC cell lines

In order to investigate the role of autophagy in
BMP4-mediated migration and invasion of HCC
cells, we treated HCC cells with 100 ng/ml
BMPA4 for 24 hours and investigated the expres-
sion of autophagy related markers (LC3, p62
and Beclinl) by Western blot. The results
showed an increased conversion of LC3-l to
LC3-Il after BMP4 treatment. The LC3-Il/
GAPDH ratio, which was calculated to reflect
autophagy activity, was significantly increased
in the BMP4 group. Consistent with the change
of LC3-II, the expression of autophagy related
gene Beclinl was increased in HCC cells being
exposed to BMP4, while the level of autophagic
protein p62 was reduced (Figure 2A, 2B). To
observe and analyze the autophagy flux,
HCCLM3 and HepG2 cells were transfected
with the mRFP-GFP-LC3 adenovirus. Puncta
that appeared yellow when merged, indicated
autophagosomes. In the Figure 2C, after treat-
ment with BMP4 for 24 h, we observed an
increased accumulation of fluorescent cells
with LC3 dots as compared with the control
groups (P < 0.01, respectively).

BMP4-activated autophagy promoted HCC
cells migration and invasion

Since autophagy could be induced by BMP4,
however, the specific roles of it in BMP4-
promoted migration and invasion need to be
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Figure 1. BMP4 promotes migration and invasion of HCC cells. A. The patients with Il or lll/IV stage exhibited higher
BMP4 expression in tumor tissues than those with stage |; BMP4 expression levels were higher in HCC with intra-
hepatic or extrahepatic metastasis. B, C. The HCC cells HCCLM3 and HepG2 were respectively treated with recom-
binant human BMP4 (100 ng/ml) or its receptor antagonist of Noggin (200 ng/ml). B. Transwell migration assay
indicated that BMP4 treatment increased numbers of migrated cells. C. Transwell invasion assays were performed
to investigate that BMP4 groups had the highest invasion ability. Data are shown as mean + SD and from three
independent experiments. *: P < 0.05, **: P < 0.01, ***: P < 0.001.

clarified. HepG2 and HCCLM3 cells were treat-
ed with BMP4 with or without the administra-
tion of autophagy inhibitor 3-methyladenine
(3-MA) for 24 h, the results of transwell assay
indicated that 3-MA significantly attenuated
the invasion ability promoted by BMP4 (P <
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0.001, respectively, Figure 3A). Further study
found that this invasion ability could also be
inhibited by siRNA targeting Beclinl (Figure
3A). To investigate the role of Beclinl, an
autophagy related gene, in the signal transduc-
tion of autophagy, we used siRNA targeting
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Table 1. Relationship between BMP4 expression and
the clinical and pathological features in HCC patients

ever, the role of SAPK/JNK in BMP4 acti-
vated-autophagy and invasion in HCC

has not been reported. In the present

- - BMP4 expression )
Clinical and pathological indexes Low High b study, we found that p-JNK increased
after BMP4 treatment, while decreased
Age (vears) <ge 734 0108 when the SP600125 (20 uM), a JNK
>52 26 25 pathway inhibitor, was added in two cell
Sex Male 27 37 0.580 lines. Further study was carried out to
Female 16 22 explore the involvement of SP600125 in
HBsAg Negative 20 24 0.350 BMP4 activated-autophagy, as shown in
Positive 23 35 Figure B5A, JNK pathway inhibitor SP-
Albumin <lb g/L 25 34  0.410 600125 decreased the expression of
>35 g/L 14 29 Beclinl anq LC3-II. It is suggested that
Child-Pugh classification A 28 41 0.399 BMP4 activated autophagy by JNK/
Beclinl signaling pathway. The relation-
B 5 18 ship between SAPK/JNK signaling and
AFP sFPOug/L 22 36 0215 BMP4-promoted invasion in HCC cells
>400pg/L 21 23 was investigated by using JNK inhibitor
HBV infection Absent 16 15 0.145 SP600125. The results indicated that
Present 27 44 SP600125 significantly decreased the
Liver cirrhosis Absent 20 25 0.415 number of the invasive cells as com-
Present 23 34 pared with BMP4 groups (P < 0.01,
Tumor size <ucm 57 39  0.445 respectively, Figure 5B), sp it is suggest-
ed that JNK was responsible for BMP4-
>5cm 16 20 . .
) induced autophagy and consequential
Tumor number Single 22 36 0.215 invasion.
Multiple 21 23
Tumor differentiation -1 34 36 0.041 Discussion
-V 9 23 _
Distant metastasis stage MO 30 28 0.020 It was 'repo.rted that the functlon§ of
M1 13 31 TGF-B signaling cascade were complicat-

Beclinl to block autophagy. As shown in Figure
3B, siRNA3 was determined to be si-Beclinl.
We found that reduced Beclinl expression
could attenuate LC3-II conversion promoted by
BMP4, while increased P62 expression (Figure
3C), suggesting the involvement of Beclinl in
BMP4-induced autophagy regulation.

Up-regulation of Beclin1 was associated with
BMP4 expression in clinical specimens of HCC

To explore the role of autophagy in HCC further,
we compared the expression of BMP4 and
Beclinl at protein level in human HCC tissue.
The result revealed a significantly positive cor-
relation between BMP4 and Beclinl expres-
sions in these specimens (Spearman’s P =
0.432, P < 0.001, Figure 4).

JNK/Beclin1 signaling played an important
role in BMP4-activated autophagy

Earlier literature confirmed SAPK/JNK pathway
participated in the process of autophagy, how-
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ed and might play opposing roles in
tumorigenesis and metastasis depend-
ing on tumor types and cellular context [14,
15]. Our previous studies have found that
BMP4 was increased in HCC and facilitated
HCC proliferation and chemoresistance [7, 8].
Furthermore, in this study, we firstly investigat-
ed the involvement of BMP4 on autophagy-reg-
ulated HCC progression.

BMP4 promotes cancer cell invasion and
metastasis by employing different signal path-
ways. Epithelial-mesenchymal transition (EMT)
is a well known mechanism contributing to
tumor metastasis [16, 17]. BMP4 can also act
as one of the regulatory factors functioning on
cancer microenvironment. BMP4-mediated im-
munosuppression in tumors promotes cancer
progression [18]. For example, BMP4 secretion
by bladder cancer cells provides the M2 signal
necessary for a protumoral immune environ-
ment and favors tumor progression in bladder
cancer [3]. Differently, our research found that
BMP4 enhanced invasiveness of liver cancer
cells by autophagy. The research indicated that
BMP4 treatment increased LC3-ll conversion

Am J Transl Res 2020;12(6):3068-3077
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Figure 2. BMP4 induced autophagy in HCC cell lines. A, B. BMP4 treatment
increased LC3-Il conversion and Beclinl expression, while reduced p62 ex-
pression. The LC3-1I/GAPDH ratio was significantly increased in the BMP4
groups (P < 0.001). C. After treatment with BMP4 for 24 h, an increased ac-
cumulation of fluorescent cells with LC3 dots as compared with the control
groups was observed (P < 0.01, respectively). Data are shown as mean *
SD and from three independent experiments. **: P < 0.01, ***: P < 0.001.
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The role of autophagy in HCC
is not unchangeable but
dynamic. During the dysplas-
tic phase in hepatocytes, au-
tophagy acts as a tumor sup-
pressor, however, once the
tumor is established, unbal-
anced autophagy will contrib-
ute to HCC development [19].
Elevated autophagy was found
in many malignant tumors and
may be responsible for cancer
progression. LC3 was associ-
ated with lymph node metas-
tasis and reduced survival
rate in human breast cancer,
colorectal cancer and pancre-
atic cancer [20-22]. It is sug-
gested that autophagy in-
volves in metastasis by dis-
seminating circulating tumor
cell (CTC) and promoting the
survival of dormant tumor
cells, specifically the stem-like
subpopulations of tumor cells
that drive invasion and treat-
ment resistance [23]. Auto-
phagy can direct induce tumor
cell motility and invasion by
promoting a stem cell pheno-
type and production of auto-
phagy-dependent secreted fa-
ctors [24]. In addition to the
direct role, autophagy could
modulate the invasiveness of
tumor cell through the regula-
tion of EMT. Detachment of
ECM induces autophagy and
protects disseminating cancer
cells from anoikis [12, 25].
Autophagy participates active-
ly in tumor growth also by reg-
ulating the interactions bet-
ween tumor stroma and other
kinds of cells to modulate
tumor microenvironment and
promoting tumor cell escap-
ing. What’s more, by blocking
tumor immune surveillance,
autophagy could involve in
cancer development [27]. All

and the autophagic flux in HCC cells, while these evidences elucidate that autophagy
Noggin or autophagy inhibitor 3-MA could inhib- mediates anti-tumor effects and participates in
it this phenomenon. various signaling pathways directly or indirectly
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Figure 3. BMP4 activated-autophagy promoted HCC cells migration and invasion. A. HepG2 and HCCLM3 cells were
treated with BMP4 with or without the administration of 3-MA for 24 h, the results indicated that 3-MA significantly
attenuated the invaded cells, which could also be inhibited by siRNA targeting Beclinl (P < 0.001, respectively). B.
Knockdown of Beclinl by siRNAs was confirmed by qRT-PCR and Western blot assays. siRNA3 was named as si-
Beclinl with the highest inhibition efficiency of 75.3%. C. Western blot assay indicated that reduced Beclin1 could
attenuate LC3-Il conversion and increase P62 expression induced by BMP4. Data are shown as mean + SD and
from three independent experiments. ***: P < 0.001.
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Figure 4. Beclinl is positively as-
sociated with BMP4 expression
in clinical specimens of HCC. IHC
staining and scoring of BMP4
and Beclinl protein expression
in human HCC tissues (Original
maghnification: x400). Pearson
correlation revealed a significant
positively correlation between
BMP4 and Beclinl expression
levels.

to involve in the progression of
HCC.

Beclinl, the mammalian or-
thologue of yeast autophagy-
related gene (ATG), is a central
regulator of autophagy. It can
bind to PI3KC3 to assemble
autophagy-inducing complex-
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were determined by Western blot. HepG2 and HCCLM3 cells were pretreated
with JNK inhibitor SP600125 (20 uM) or for 30 min, followed by addition
of BMP4, Western blot was performed to detect the expression of Beclinl
and LC3-II. JNK pathway inhibition by SP600125 significantly attenuated the
BMP4-activated autophagy in HepG2 and HCCLM3 cells. B. HCC cells were
pretreated with JNK pathway inhibitor by SP600125 (20 uM) for 6 h, then co-
cultured with BMP4 for 24 h, cell invasion ability was analyzed by Transwell
assay. SP600125 significantly attenuated cell invasion both in HepG2 and
HCCLM3. Data are shown as mean + SD and from three independent experi-

ments. **: P < 0.01, ***: P < 0.001.

es [28]. Qu X found that a heterozygous muta-
tion could disrupt the Beclinl autophagy gene
to promote hepatocyte tumourigenesis [29].

Accordingly, we found that knockdown of Be-

clinl attenuated LC3-Il conversion and incre-

3075

None.

ased P62 expression promot-
ed by BMP4, suggesting the
involvement of Beclinl in BM-
P4-induced autophagy regula-
tion.

It is necessary to underst-
and the molecular mechanism
and regulatory network of au-
tophagy in cancer invasion
and metastasis. Various stre-
ss conditions stimulation of
autophagy identified the sig-
nal transduction mechanisms.
To sum up, the common regu-
lations are as follows: ER st-
ress stimulates autophagy th-
rough the PERK-elF2a path-
way, the IRE1-JNK1 pathway
and Ca?* release. Hypoxia or
oxidative stress is through
JNK1, DAPK, and BNIP3 indu-
cing autophagy by disrupting
the Bcl-2/Beclinl interaction
[30]. In our study, we found
that enhanced activation of
JNK/Beclinl contributed to
the progression of HCC.

In a word, our study suggests
that BMP4 promotes HCC in-
vasion by autophagy induc-
tion. BMP4-activated JNK/Be-
clinl signaling pathway facili-
tates the progression. BMP4
and autophagy may be potent
therapeutic targets in HCC to
improve the patients’ treat-
ment response and prognos-
is.
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