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Background and aims: Inflammatory factors play significant roles in the development and occurrence of
hepatocellular carcinoma (HCC). However, the tumor-protective functions of growth differentiation
factors (GDFs) in HCC are yet to be clarified. In this study, we aimed to evaluate the expression levels of
10 GDFs in tumor and paratumor tissues from patients with HCC and perform in vitro and in vivo ex-
periments to elucidate the role of GDF7 in regulating the proliferation and metastasis of HCC.
Methods: The gene expression of 10 GDFs was compared between HCC and paratumors using The Cancer
Genome Atlas dataset and patient-derived tissues. A tumor microarray containing 108 HCC tissue
samples was used to explore the prognostic value of GDF7 expression. Loss-of-function experiments
were also performed in vitro and in vivo to investigate the role of GDF7 in HCC.
Results: The mRNA and protein levels of GDF7 were significantly lower in HCC tumors than in para-
tumors (P < 0.001). KaplaneMeier analysis showed that decreased GDF7 expression in HCC was asso-
ciated with worse overall survival (5-year rate: 61.8% vs. 27.5%, P < 0.001) and increased recurrence risk
(P < 0.001). Multivariate Cox regression analysis demonstrated that low GDF7 expression, the presence of
microvascular invasion, and elevated alpha-fetoprotein (AFP) levels were independent risk factors for
tumor recurrence and poor survival. Downregulation of GDF7 also increased the tumor growth in HCC
cells and in an HCC xenograft model. GDF7 knockdown promoted migration and invasion via epithelial
emesenchymal transition. Meanwhile, a negative correlation between JunB proto-oncogene (JUNB) and
GDF7 was observed in HCC tissues. Modulating JUNB levels altered GDF7 protein expression.
Conclusions: GDF7 is a potential biomarker for predicting superior outcomes in patients with HCC. GDF7
amplification is a potential therapeutic option for HCC.
© 2024 The Third Affiliated Hospital of Sun Yat-sen University. Publishing services by Elsevier B. V. on
behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hepatocellular carcinoma (HCC) is the most common type of
primary liver cancer and ranks as the third leading cause of cancer-
related mortality worldwide.1 The majority of HCCs occur in cases
of chronic liver diseases characterized by hepatic inflammation,
such as hepatitis B or C virus infection, alcohol abuse, and non-
alcoholic fatty liver disease.2 In the malignant environment, liver
inflammatory cells release various soluble factors, including cyto-
kines, chemokines, growth factors, prostaglandins, and proangio-
genic factors, creating the tumor microenvironment that serves a
dual function, having directly and indirectly promote or inhibit
tumors.3,4 However, the exact role of certain inflammatory factors
in HCC has not been explored.

Growth differentiation factors (GDFs) belong to the trans-
forming growth factor-beta (TGF-b) superfamily and play essential
roles in cell differentiation, phenotype, and function.5 To date, 10
GDFs have been reported, namely, GDF1, GDF2, GDF3, GDF5, GDF6,
GDF7, GDF9, GDF10, GDF11, and GDF15.6 Several GDFs have been
shown to promote tumor survival. For example, Ratnam et al.7

demonstrated that the depletion of pancreatic adenocarcinoma-
derived GDF15 suppressed tumor development in Kras-induced
tumor xenografts by inhibiting the cytotoxic activity of macro-
phages. In addition, Cheng et al.8 reported that GDF1 over-
expression in HCC significantly enhanced tumor metastatic
abilities, despite the inhibitory effect on tumor proliferation.
However, whether GDFs exert tumor-inhibiting functions has not
yet been clarified.

Here, we analyzed the expression levels of these 10 GDFs in HCC
tumor and paratumor tissues. GDF7, also known as bone morpho-
genic protein 12, is one of the most significantly downregulated
molecules in HCC tumors. It has been suggested to be involved in
tendon repair and regeneration, osteogenic differentiation, and
immune regulation.9e11 However, the role of GDF7 in tumors re-
mains unclear. Therefore, we evaluated the expression of GDF7 in
tumor and paratumor tissues from patients with HCC and per-
formed in vitro and in vivo experiments to elucidate the role of
GDF7 in regulating the proliferation and metastasis of HCC.
2. Methods

2.1. Ethical approval

This study was approved by the Ethics Committee of Shulan
(Hangzhou) Hospital (No. KY2021014) and The First Affiliated
Hospital, Zhejiang University School of Medicine (No. 2018-768),
and was conducted following the tenets of the Declaration of Hel-
sinki. All patients provided written informed consent before the
study. All animal procedures were performed in accordance with
the Guide for the Care and Use of Laboratory Animals from the USA
National Institutes of Health (NIH), and the protocols were
approved by the Animal Experiment Ethics Committee of Zhejiang
University School of Medicine (No. ZJU2022-24131).
2.2. Specimen collection

Thirty paired primary tumor tissues and corresponding normal
tissues were collected from patients with HCCwho underwent liver
transplantation at Shulan (Hangzhou) Hospital between October
2021 and March 2022. The tumor microarray cohort included 108
patients with HCCwho underwent liver transplantation at The First
Affiliated Hospital, Zhejiang University School of Medicine, be-
tween January 2015 and December 2017, as previously described.12

The follow-up ended on December 31, 2021.
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2.3. Immunohistochemistry (IHC)

Tumor tissue microarray sections were obtained in our previous
study.12 The slides were deparaffinized, dehydrated, and retrieved
in citrate buffer. The next day, the slides were incubated with pri-
mary antibodies against GDF7 (#ab189928, Abcam, Cambridge, MA,
USA), JunB proto-oncogene (JUNB, #3753T, Cell Signaling Tech-
nology, Danvers, MA, USA), E-cadherin (#3195T, Cell Signaling
Technology, Danvers, MA, USA), N-cadherin (#13116T, Cell
Signaling Technology, Danvers, MA, USA), Vimentin (#5741T, Cell
Signaling Technology, Danvers, MA, USA), and Ki67 (#ab21700,
Abcam, Cambridge, MA, USA). The slides were subjected to 3,30-
diaminobenzidine (DAB) staining prior to visualization.

IHC staining was scored by two independent pathologists blin-
ded to the clinical characteristics of the patients. A semiquantitative
scoring system (no staining ¼ 0, weak staining ¼ 1, moderate
staining ¼ 2, strong staining ¼ 3) and percentages of positive cells
(<5%¼ 0, 5%e25%¼ 1, 26%e50%¼ 2, 51%e75%¼ 3, >75%¼ 4) were
used to estimate the results, as previously described.13 The final
immune reactivity score was calculated by multiplying the in-
tensity score by the percentage score, ranging from 0 to 12. Ac-
cording to the final immune reactive score, the IHC result was
classified as 0e6, negative (�) or 7e12, positive (þ).

2.4. Cell culture

Human HCC cell lines, Hep3B and SK-Hep-1, were obtained from
the Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). The cell lines were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Genom, Hangzhou, China)
supplemented with 10% fetal bovine serum (FBS) (Gibco, Grand
Island, NY, USA) and 1% penicillin/streptomycin (Solarbio, Beijing,
China) in a 5% CO2 incubator (Thermo Fisher Scientific, Waltham,
MA, USA) at 37 �C.

2.5. Quantitative real-time polymerase chain reaction (qPCR)

Total RNAwas extracted from HCC samples using an RNA-Quick
Purification Kit (#RN001, YiShan Biotech, Shanghai, China) and
used as a template to generate cDNA using a Reverse Transcription
Kit (#RR233-01, Vazyme, Nanjing, China). qPCR was performed
using QuantStudio5 (Thermo Fisher Scientific, Waltham, MA, USA).
All primer sequences are listed in Supplemental Table 1.

2.6. Transfection

Small interfering RNA (siRNA), short hairpin RNA (shRNA), and
lentiviral particleswere constructed by Guannan Co., Ltd. (Hangzhou,
China). JetPRIME (#101000046, Polyplus Transfection, Illkirch,
France) was used for the transient transfection of siRNAs or shRNAs
into cells, in accordance with the manufacturer’s instructions. Lenti-
viral particles were produced and transfected into the cells to obtain
stable clones. The sequences for the siRNAs targeting JUNB (siJUNB)
were as follows: siJUNB#1, 50-ACAAGGUGAAGACGCUCAA-30,
siJUNB#2, 50-GCCUCUCUCUACACGACUA-30, siJUNB#3, 50-GCAU-
CAAAGUGGAGCGCAA-30. The sequences for the shRNAs targeting
GDF7 (shGDF7) were as follows: shGDF7#1, 50-GCAGAGGAAAGA-
GAGCTTATT-30, shGDF7#2, 50-GAGAGCTTATTCCGGGAGATC-30,
shGDF7#3, 50-CGCACGCAGAGGAAAGAGATT-30.

2.7. Western blotting

Cells were lysed with radioimmunoprecipitation assay (RIPA)
buffer containing proteinase inhibitors at the indicated time points.
Cell lysates were quantified using a BCA Protein Assay Kit (#23225,
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Thermo Fisher Scientific, Waltham, MA, USA). Protein lysates were
electrophoresed and transferred to polyvinylidene fluoride (PVDF)
membranes (Merck Millipore, Darmstadt, Germany). Then, the
membranes were incubated with primary antibodies against b-
actin (#81115-1-RR, Proteintech, Wuhan, China), GDF7
(#ab189928, Abcam, Cambridge, MA, USA), E-cadherin (#3195T,
Cell Signaling Technology, Danvers, MA, USA), N-cadherin
(#13116T, Cell Signaling Technology, Danvers, MA, USA), Vimentin
(#5741T, Cell Signaling Technology, Danvers, MA, USA), Snail
(#3879T, Cell Signaling Technology, Danvers, MA, USA), and JUNB
(#3753T, Cell Signaling Technology, Danvers, MA, USA).

2.8. Cell viability and colony formation assay

Cultured cells were seeded in 96-well plates at a density of
103 cells/well. At the indicated time points, the cells were incubated
with 10 mL/well of cell counting kit-8 (CCK-8) reagent (#HY-K0301,
MedChem Express, Monmouth Junction, NJ, USA). After 2 h of in-
cubation, optical density (OD) values were determined using a
microplate reader (BioTek, Winooski, VT, USA) at a wavelength of
450 nm.
Fig. 1. Identifying the tumor-protective growth differentiation factor (GDF) genes. (A)
adjacent tissues in The Cancer Genome Atlas (TCGA) data and (B) comparison of differenti
The red block indicates increased expression in tumor, whereas the blue block indicates dec
GDF2, GDF6, and GDF7 in the paired HCC and tumor-adjacent tissues (n ¼ 30). Compared b
survival and recurrence-free survival in terms of differential expression groups based on (D
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For the colony formation assay, cultured cells were seeded in
six-well plates at a density of 103 cells and cultured for 14 days. Cell
colonies were fixed and stained with 0.1% crystal violet. Colony
numbers were counted using ImageJ software (the National In-
stitutes of Health, USA).
2.9. Transwell assay

Cell migration and invasion assays were performed in 24-well
plates with Transwell inserts (Corning Inc., Corning, NY, USA),
with or without Matrigel (#356234, BD Biocoat, Corning, NY, USA).
In each assay, 105 cultured cells were suspended in 200 mL of
serum-free DMEM (Genom, Hangzhou, China) in the upper cham-
ber of the wells and 1000 mL of DMEM (Genom, Hangzhou, China)
with 10% FBS (Gibco, Grand Island, NY, USA)was placed in the lower
chamber. The cells were incubated for 24e48 h, and the cells on the
lower membrane surface were fixed and stained with 0.1% crystal
violet. Cells were counted in five randomly selected fields under a
microscope (Olympus, Tokyo, Japan).
The gene expression of 10 GDFs between hepatocellular carcinoma (HCC) and tumor-
al expression of every GDF gene in HCC and tumor-adjacent tissues using TCGA data.
reased expression in tumor. T, tumor; N, nontumor. (C) The mRNA expression levels of
y paired Student’s t-test. **P < 0.01, ***P < 0.001. KaplaneMeier analysis of the overall
) GDF2, (E) GDF6, and (F) GDF7. Analyzed by GEPIA (http://gepia.cancer-pku.cn/).

http://gepia.cancer-pku.cn/
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2.10. In vivo growth assay

Four-week-old, male, nude mice were purchased from Gem-
Pharmatech (Nanjing, China). All mice were acclimated to a 12-h
light/dark cycle under specific pathogen-free conditions.

The cultured cells were resuspended at a density of 5� 107 cells/
mL in a 1:1 volumetric mixture of serum-free DMEM (Genom,
Hangzhou, China) and Matrigel (BD Biocoat, Corning, NY, USA). The
cells were then injected subcutaneously into the upper left flank of
4-week-old nude mice. The tumor size was estimated twice a week
using a digital caliper. The tumor volumewas calculated as follows:
(maximum diameter) � (minimum diameter) � (minimum diam-
eter)/2. When the tumor size exceeded 2000 mm3 or the animal’s
weight dropped by >20%, the mice were sacrificed.
2.11. Luciferase reporter assays

The GDF7 promoter was constructed into a pGL3-reporter
plasmid (Hangzhou Aoqian Biosystems Co. Ltd, Hangzhou, China)
for the luciferase reporter assay. HCC cells overexpressing JUNB or
control were transiently transfected with a GDF7 luciferase re-
porter using the jetPRIME transfection reagent (#101000046, Pol-
yplus Transfection, Illkirch, France). Two days after transfection, the
cells were collected and lysed and the extracts were assayed in
technical triplicates for firefly and Renilla luciferase activity using
the dual-luciferase reporter assay (#E1910, Promega, Madison, WI,
USA), in accordance with the manufacturer’s instructions.
Fig. 2. Decreased expression of growth differentiation factor 7 (GDF7) is associated w
sentative images of GDF7 expression in HCC tissues and corresponding adjacent tissues, as
semiquantitative GDF7 score in HCC tissues and corresponding paratumor tissues (n ¼ 108).
high GDF7 expression in HCC tissues, as detected by IHC. Scale bars, 400 mm. KaplaneMeier s
low (n ¼ 74) and high GDF7 expression (n ¼ 34). Compared by log-rank test.
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2.12. Statistical analysis

Statistical analyses were performed using SPSS version 23 (IBM
Corp, Armonk, NY, USA) and GraphPad Prism version 6 (La Jolla, CA,
USA). Relationships with clinicopathological characteristics were
analyzed using chi-squared test, and the KaplaneMeier method,
followed by the log-rank test, was used for survival analysis. Cox
regression was used to estimate hazard ratios with 95% confidence
intervals (CIs). The measured values were expressed as the
mean ± standard deviation. Unless otherwise indicated, all statis-
tical analyses in the experiments were performed using unpaired
two-tailed Student’s t-tests. Differences were considered signifi-
cant at P-value <0.05.
3. Results

3.1. GDF7 is significantly downregulated in HCC

We used data from The Cancer Genome Atlas (TCGA) to screen
for GDF genes that are abnormally expressed in HCC. Among this
gene family, four genes, GDF1, GDF3, GDF5, and GDF9, were
significantly upregulated in HCC tumors compared with the levels
in paratumor tissues. Meanwhile, three genes, GDF2, GDF6, and
GDF7, were significantly downregulated in HCC tissues (Fig. 1A and
B). We further investigated 30 paired HCC and corresponding par-
atumor tissues to validate TCGA analysis. The qPCR results showed
that the mRNA expression of GDF2, GDF6, and GDF7 in HCC was
ith worse outcomes in patients with hepatocellular carcinoma (HCC). (A) Repre-
detected by immunohistochemistry (IHC). Scale bars, 400 mm. (B) A scatter diagram of
Compared by paired Student’s t-test. ***P < 0.001. (C) Representative images of low and
urvival curves showing (D) overall survival and (E) recurrence-free survival in HCC with
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significantly reduced, which matched the results of TCGA analysis
(Fig. 1C). The overall survival (OS) and recurrence-free survival
(RFS) of the three downregulated GDFs were further investigated
using GEPIA (http://gepia.cancer-pku.cn/) (Fig. 1DeF). The findings
showed that the differential expression of GDF7 significantly
affected both OS and RFS (Fig. 1E). The other two downregulated
genes GDF2 and GDF6 failed to influence RFS (Fig. 1D and F). These
findings indicate that GDF7 may play a tumor-suppressive role in
HCC.

3.2. Low GDF7 expression is associated with poor prognosis in
patients with HCC

To explore the prognostic role of GDF7 expression in HCC, we
enrolled 108 patients with HCC who underwent liver trans-
plantation. Tumor microarray analysis showed that GDF7 protein
expression in HCC tissues was significantly lower than that in the
paired paratumor liver tissues, which was consistent with the re-
sults at themRNA level (Fig. 2A and B). Based on GDF7 expression in
HCC tissues, patients in the tumor microarray cohort were divided
into low- (n ¼ 74) and high-GDF7 groups (n ¼ 34) (Fig. 2C). The
demographic and clinicopathological features of these groups are
shown in Table 1. Lower GDF7 expression in HCC is associated with
more tumor nodules, hepatitis B infection, elevated alpha-
fetoprotein (AFP) levels, and tumor recurrence.

KaplaneMeier analysis showed that patients with low GDF7
expression had worse OS (P ¼ 0.0004) and RFS (P ¼ 0.0002) than
those with high GDF7 expression (Fig. 2D and E). The 1-, 3-, and 5-
year OS rates in the GDF7-high group were 94.1%, 76.5%, and 61.8%,
Table 1
General information and clinicopathological characteristics of patients with low- and hig

Variables Low-GDF7 group (n ¼ 74)

Age, n (%)
�50 years 36 (48.6)
>50 years 38 (51.4)

Sex, n (%)
Male 70 (94.6)
Female 4 (5.4)

HBsAg presence, n (%)
Yes 71 (95.9)
No 3 (4.1)

Liver cirrhosis, n (%)
Yes 72 (97.3)
No 2 (2.7)

Presurgical TACE, n (%)
Yes 41 (55.4)
No 33 (44.6)

ChildePugh score, n (%)
A/B 56 (75.7)
C 18 (24.3)

Serum AFP, n (%)
�400 ng/mL 39 (52.7)
>400 ng/mL 35 (47.3)

Tumor number, n (%)
�3 42 (56.8)
>3 32 (43.2)

Tumor size, n (%)
�5 cm 36 (48.6)
>5 cm 38 (51.4)

Tumor differentiation, n (%)
Well/moderate 27 (36.5)
Poor 47 (63.5)

Microvascular invasion, n (%)
Yes 37 (50.0)
No 37 (50.0)

Tumor recurrence, n (%)
Yes 51 (68.9)
No 23 (31.1)

Abbreviations: AFP, alpha-fetoprotein; GDF7, growth differentiation factor 7; HBsAg, hep
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whereas they were 69.5%, 38.3%, and 27.5% in the GDF7-low group,
respectively. Moreover, the 1-, 3-, and 5-year RFS rates in the GDF7-
high groupwere 70.6%, 64.7%, and 55.9%, whereas the corresponding
values in the GDF7-low group were 32.2%, 23.8%, and 22.4%,
respectively. Furthermore, multivariate Cox regression analysis
demonstrated that the presence of microvascular invasion, elevated
AFP levels, and low GDF7 levels were independent predictors of high
risk of tumor recurrence and poor OS (Tables 2 and 3).

3.3. GDF7 knockdown promotes aggressive phenotypes in HCC

As the loss of GDF7 has been implicated in worse clinical out-
comes in HCC, we assessed whether GDF7 disruption in tumor cells
exacerbated the aggressive phenotypes. We detected the protein
expression levels of GDF7 in HCC cell lines and immortalized normal
liver cell line (LO2) and selected two cell lines with high GDF7
expression (Hep3B and SK-Hep-1) for subsequent experiments
(Fig. 3A). We used shRNA to knock down GDF7 expression in these
cell lines and confirmed the efficiency of GDF7 knockdown using
Western blotting (Fig. 3B). Comparedwith the corresponding control
cells, proliferation and colony formationwere increased in cells with
GDF7 knockdown (Fig. 3C and D). In vivo mouse xenograft experi-
ments showed that Hep3B cells with GDF7 knockdown produced
dramatically larger tumors than the corresponding control cells
(Fig. 3E and F).

We further determined whether loss of function of GDF7 in-
fluences the capacity for tumormetastasis. The data showed that the
rates of migration and invasion were increased in cells with GDF7
knockdown compared with those in the corresponding control cells
h-GDF7 expression in hepatocellular carcinoma tissues.

High-GDF7 group (n ¼ 34) P-value

0.896
17 (50.0)
17 (50.0)

0.503
31 (91.2)
3 (8.8)

0.006
27 (79.4)
7 (20.6)

0.944
33 (97.1)
1 (2.9)

0.535
21 (61.8)
13 (38.2)

0.132
30 (88.2)
4 (11.8)

0.019
26 (76.5)
8 (23.5)

0.010
28 (82.4)
6 (17.6)

0.326
20 (58.8)
14 (41.2)

0.184
17 (50.0)
17 (50.0)

0.087
11 (32.4)
23 (67.6)

0.001
12 (35.3)
22 (64.7)

atitis B surface antigen; TACE, transarterial chemoembolization.

http://gepia.cancer-pku.cn/


Table 2
Univariable and multivariable Cox regression analyses of the variables for overall survival (OS) in 108 patients with hepatocellular carcinoma.

Variables Univariable predictors of OS Multivariable predictors of OS

HR (95% CI) P-value HR (95% CI) P-value

Age �50 years 1
>50 years 0.888 (0.546e1.444) 0.632

Sex Male 1
Female 0.708 (0.284e1.765) 0.458

HBsAg presence No 1
Yes 1.643 (0.597e4.525) 0.336

Liver cirrhosis No 1
Yes 2.675 (0.371e19.294) 0.329

Presurgical TACE No 1
Yes 0.992 (0.606e1.625) 0.974

ChildePugh score A or B 1
C 2.555 (1.491e4.378) 0.001 1.732 (0.987e3.040) 0.056

Serum AFP �400 ng/mL 1
>400 ng/mL 2.422 (1.478e3.969) <0.001 1.857 (1.118e3.082) 0.017

Tumor number �3 1
>3 2.589 (1.581e4.238) <0.001 1.681 (0.998e2.831) 0.051

Tumor size �5 cm 1
>5 cm 1.483 (0.909e2.420) 0.114

Tumor differentiation Well or moderate 1
Poor 1.930 (1.145e3.253) 0.014 1.266 (0.709e2.263) 0.425

Microvascular invasion No 1
Yes 2.822 (1.715e4.644) <0.001 1.931 (1.127e3.309) 0.017

GDF7 expression Low 1
High 0.342 (0.186e0.631) 0.001 0.471 (0.251e0.885) 0.019

Abbreviations: AFP, alpha-fetoprotein; CI, confidence interval; GDF7, growth differentiation factor 7; HBsAg, hepatitis B surface antigen; HR, hazard ratio; TACE, transarterial
chemoembolization.

Table 3
Univariable and multivariable Cox regression analyses of the variables for recurrence-free survival (RFS) in 108 patients with hepatocellular carcinoma.

Variables Univariable predictors of RFS Multivariable predictors of RFS

HR (95% CI) P-value HR (95% CI) P-value

Age �50 years 1
>50 years 0.677 (0.425e1.078) 1.000

Sex Male 1
Female 0.517 (0.223e1.195) 0.123

HBsAg presence No 1
Yes 2.065 (0.752e5.666) 0.159

Liver cirrhosis No 1
Yes 0.346 (0.107e1.121) 0.077 0.436 (0.130e1.462) 0.179

Presurgical TACE No 1
Yes 0.988 (0.618e1.578) 0.959

ChildePugh score A or B 1
C 2.209 (1.300e3.755) 0.003 1.440 (0.816e2.540) 0.208

Serum AFP �400 ng/mL
>400 ng/mL 2.600 (1.621e4.170) <0.001 1.990 (1.224e3.236) 0.006

Tumor number �3 1
>3 2.744 (1.710e4.404) <0.001 1.659 (0.998e2.758) 0.051

Tumor size �5 cm 1
>5 cm 1.732 (1.083e2.771) 0.022 1.329 (0.800e2.207) 0.272

Tumor differentiation Well or moderate 1
Poor 1.765 (1.084e2.874) 0.022 1.224 (0.676e2.215) 0.505

Microvascular invasion No 1
Yes 3.132 (1.943e5.050) <0.001 2.307 (1.366e3.898) 0.002

GDF7 expression Low 1
High 0.343 (0.193e0.608) <0.001 0.425 (0.236e0.766) 0.004

Abbreviations: AFP, alpha-fetoprotein; CI, confidence interval; GDF7, growth differentiation factor 7; HBsAg, hepatitis B surface antigen; HR, hazard ratio; TACE, transarterial
chemoembolization.
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(Fig. 4A and B). As epithelialemesenchymal transition (EMT) is a
crucial event for cancer cell metastasis,14 At both mRNA and protein
levels, HCC cells with GDF7 knockdown had stronger expression of
mesenchymal marker genes, N-cadherin, Vimentin, and Snail, but
264
weaker expression of the epithelial marker gene E-cadherin than the
corresponding control cells (Fig. 4C and D). Meanwhile, the immu-
nohistochemistry results showed that compared with the control,
tumor with GDF7 knockdown from tumor-bearing mice had higher
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expression levels of N-cadherin, Vimentin, and Ki67 but lower
expression levels of E-cadherin (Fig. 4E).
3.4. GDF7 is downregulated by JUNB overexpression

To clarify which transcription factor regulates the expression of
GDF7, we used JASPAR analysis (https://jaspar.genereg.net/) and
observed that JUNB is a potential transcription factor binding to the
GDF7 promoter (Fig. 5A). Luciferase reporter assays showed that
compared with the control group, the JUNB-overexpression group
had lower luciferase activity, which indicated GDF7’s promoter
activity (Fig. 5B). Furthermore, the protein expression of GDF7 in
Hep3B and SK-Hep-1 cells with JUNB overexpression decreased
compared with that in the corresponding control cells (Fig. 5C).
Conversely, the knockdown of JUNB with siRNA resulted in
increased GDF7 expression compared with that in the control cells
with untargeted siRNA (Fig. 5D). The correlation between GDF7
levels and JUNB expression in HCC tumors was evaluated in the
tumor microarray cohort. JUNB expression was negatively
Fig. 3. GDF7 knockdown promotes HCC tumor proliferation and growth. (A) The protein
analysis of protein extracts from Hep3B and SK-Hep-1 cells treated with control (shCtrl) an
Hep3B and SK-HEP-1 cells treated with shCtrl and shGDF7. (E) Tumor growth curves and (F) i
mean ± standard deviation. Compared by Student’s t-test. **P < 0.01, ***P < 0.001. Abbrevi
cellular carcinoma; OD, optical density.
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associated with GDF7 expression (P ¼ 0.01, Fig. 5E and F). These
results indicated that GDF7 is a downstream target of JUNB.
4. Discussion

The malignant nature of HCC is thought to be associated with
the particular characteristics of its tumor microenvironment. Cy-
tokines and chemokines play important roles in the crosstalk be-
tween tumor and immune cells. GDF7, a cytokine belonging to the
TGF-b superfamily, is involved in tendon repair and regeneration,
osteogenesis differentiation, and immune regulation.9e11 Unlike
other GDFs, which are associated with poor outcomes in cancer, we
focused on the protective role of GDF7 in HCC progression.

In this study, we observed that low GDF7 expression in tumor
tissues was associated with a poor prognosis in patients with HCC.
These findings indicate that GDF7 expression is negatively associ-
ated with HCC malignancy. We showed that GDF7 inhibited tumor
growth in vitro and in vivo and suppressed the migration and in-
vasion of HCC cells. Although our study demonstrated via GEPIA
expression of GDF7 in different cell lines, detected by Western blotting. (B) Immunoblot
d three shRNA sequences of GDF7. (C) CCK-8 assay and (D) colony formation assay in
mages of tumors from tumor-bearing mice (n ¼ 5 per group). The data are shown as the
ations: CCK-8, cell counting kit-8; GDF7, growth differentiation factor 7; HCC, hepato-

https://jaspar.genereg.net/


Fig. 4. Growth differentiation factor 7 (GDF7) knockdown increases migration and invasion in hepatocellular carcinoma (HCC) cells. Representative images and data of (A)
migration and (B) invasion in Hep3B and SK-Hep-1 cells treated with shCtrl and shGDF7. (C) The expression of epithelialemesenchymal transition (EMT)-related proteins in shCtrl
and shGDF7 of Hep3B and SK-Hep-1 cells, detected by Western blotting. (D) The mRNA levels of EMT-related markers in Hep3B and SK-Hep-1 cells with GDF7 knockdown. (E)
Representative images of EMT-related markers and Ki-67 in tumors from tumor-bearing mice, detected by immunohistochemistry. Scale bars, 40 mm. The data are shown as the
mean ± standard deviation. Compared by Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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that the high expression of GDF2 or GDF6 was associated with
superior survival, several studies have shown opposite functions in
different cancer types. GDF6 is reported tomaintain Ewing sarcoma
growth by preventing Src hyperactivation and to promote mela-
noma progression by governing an embryonic cell gene signa-
ture.15,16 Meanwhile, GDF2 promotes HCC angiogenesis by
266
activating hypoxia inducible factor-1alpha (HIF-1a)/vascular
endothelial growth factor A (VEGFA) expression, and targeting
GDF2 has been shown to achieve notable therapeutic efficacy for
HCC and colorectal cancer.17,18 Chen et al.19 reported that
GDF2einhibitor of DNA-binding protein 1 (ID1) signaling plays an
essential role in promoting tumor stemness in EpCAM-positive



Fig. 5. GDF7 is downregulated by JUNB overexpression. (A) The potential binding site of JUNB to the GDF7 promoter, predicted by JASPAR analysis (https://jaspar.genereg.net/). (B)
Detection of GDF7 promoter activity after the overexpression of JUNB in Hep3B and SK-Hep-1 cells by dual-luciferase reporter assay. The data are shown as mean ± standard
deviation. Compared by Student’s t-test. ***P < 0.001. (C) The GDF7 protein expression in Ctrl and JUNB overexpression of Hep3B and SK-Hep-1 cells, detected by Western blotting.
(D) The GDF7 protein expression in Ctrl and JUNB-knockdown Hep3B and SK-Hep-1 cells, detected by Western blotting. (E) Representative images of GDF7 and JUNB expression in
clinical HCC tissues. Scale bars, 100 mm. (F) The correlation between GDF7 levels and JUNB expression in HCC tumors was evaluated in the tumor microarray cohort (n ¼ 108) using
Pearson’s correlation analysis. Abbreviations: GDF7, growth differentiation factor 7; HCC, hepatocellular carcinoma; JUNB, JunB proto-oncogene.
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HCC. The roles of GDF2 and GDF6 in HCC are controversial, and
further investigation is needed. The above background shows that
the role of GDF7 in HCC is unique and differs from those of other
growth differentiation factors.

Limited research has been performed on the mechanism that
regulates GDF7 expression. Only two studies have suggested that
GDF7 expression is regulated by RNA methylation. Song et al.20

reported that the GDF7 promoter region exhibited remarkable
m6A methylation in endometrial cancer. Moreover, Wan et al.21

showed that an activated ten-eleven translocation enzyme could
hypomethylate the GDF7 promoter region, leading to GDF7 protein
overexpression. Our results demonstrated that JUNB acts as a
negative regulator of the transcription of GDF7. JUNB is a critical
component of the activator protein-1 transcription factor and acts
either as a tumor suppressor or as an oncogene, depending on the
cellular context.22e24 Recently, P�erez-Benavente et al.25 used tumor
genomic data to demonstrate that JUNB amplification is associated
with poor prognosis in breast and ovarian cancers. They further
reported that JUNB could enhance tumor growth and metastasis in
a mouse model by switching the response of TGF-b2 stimulation
from an antiproliferative to a proinvasive one.25 Noguchi et al.26

used luciferase-based reporter assays to indicate that JUNB
267
overexpression increased bone morphogenetic protein 6 tran-
scription. Therefore, we concluded that JUNB is a key regulator
mediating GDF7 expression in HCC.

EMT is crucial for cancer cell metastasis.14 The results of the
in vitro experiment indicated that GDF7 could inhibit the migration
and invasion of HCC tumor cells. Several studies have also shown
that GDF family members (GDF8, 9, and 11) regulate the expression
of the EMT marker Snail via the SMAD pathway.27e29 The SMAD
pathway may mediate GDF7-induced downregulation of the
expression of EMTmarkers. Increasing evidence has suggested that
the GDF superfamily is involved in immune regulation. Ratnam
et al.7 identified that the nuclear factor-kappaB (NF-kB)/GDF15
regulatory axis is important for the metastasis of pancreatic
adenocarcinoma via the evasion of macrophage immune surveil-
lance.7 Meanwhile, endogenously high expression of GDF15 was
found to contribute to the proliferation and immune escape of
malignant gliomas.30 Cheng et al.8 also showed that GDF1
enhanced the expression of cancer-testis antigens, which stimu-
lated the immunogenicity of HCC cells via the ALK7/SMAD2/3
signaling cascade.8 The above studies suggested that GDF7 plays an
important role in tumor immunity, which warrants further
investigation.

https://jaspar.genereg.net/
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A limitation of this study is that we did not clarify whether and
how exogenous supplementation of GDF7 inhibit the growth and
metastasis of tumor cell. Further investigations are needed.

5. Conclusions

In conclusion, GDF7 is a potential biomarker for predicting su-
perior outcomes in patients with HCC. Disruption of GDF7
expression could exacerbate the progression of HCC, and GDF7
activation is a potential cancer-directed therapeutic option.
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