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KLF7/VPS35 axis contributes 
to hepatocellular carcinoma progression 
through CCDC85C‑activated β‑catenin pathway
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Abstract 

Objective:  Dysregulation of KLF7 participates in the development of various cancers, but it is unclear whether there 
is a link between HCC and aberrant expression of KLF7. The aim of this study was to investigate the role of KLF7 in 
proliferation and migration of hepatocellular carcinoma (HCC) cells.

Methods:  CCK8, colony growth, transwell, cell cycle analysis and apoptosis detection were performed to explore the 
effect of KLF7, VPS35 and Ccdc85c on cell function in vitro. Xenografted tumor growth was used to assess in vivo role 
of KLF7. Chip-qPCR and luciferase reporter assays were applied to check whether KLF7 regulated VPS35 at transcrip-
tional manner. Co-IP assay was performed to detect the interaction between VPS35 and Ccdc85c. Immunohistochem-
ical staining and qRT-PCR analysis were performed in human HCC sampels to study the clinical significance of KLF7, 
VPS35 and β-catenin.

Results:  Firstly, KLF7 was highly expressed in human HCC samples and correlated with patients’ differentiation and 
metastasis status. KLF7 overexpression contributed to cell proliferation and invasion of HCC cells in vitro and in vivo. 
KLF7 transcriptional activation of VPS35 was necessary for HCC tumor growth and metastasis. Further, co-IP studies 
revealed that VPS35 could interact with Ccdc85c in HCC cells. Rescue assay confirmed that overexpression of VPS35 
and knockdown of Ccdc85c abolished the VPS35-medicated promotion effect on cell proliferation and invasion. 
Finally, KLF7/VPS35 axis regulated Ccdc85c, which involved in activation of β-catenin signaling pathway, confirmed 
using β-catenin inhibitor, GK974. Functional studies suggested that downregulation of Ccdc85c partly reversed the 
capacity of cell proliferation and invasion in HCC cells, which was regulated by VPS35 upregulation. Lastly, there was a 
positive correlation among KLF7, VPS35 and active-β-catenin in human HCC patients.

Conclusion:  We demonstrated that KLF7/VPS35 axis promoted HCC cell progression by activating Ccdc85c-medi-
cated β-catenin pathway. Targeting this signal axis might be a potential treatment strategy for HCC.

Keywords:  Hepatocellular carcinoma, KLF7, VPS35, Ccdc85c, Β-catenin, LGK974

© The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://crea-
tivecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdo-
main/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Hepatocellular carcinoma ranks as the most frequently 
occurring type of malignancy with poor survival and 
high mortality, which constitutes 7% of all the cancers 
worldwide [1, 2]. HCC typically emerges on the setting of 
chronic liver disease at a rate dependent upon the com-
plex interplay between the disease, genetic and environ-
mental factors. Rapid advance in medical and surgical 
technologies has continuously resulted in the improving 
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treatment results [3]. Unfortunately, under current man-
agement, patients with advanced HCC have limited treat-
ment options and substantially poor progress [4]. Thus, 
further explicating into the sophisticated pathogenesis 
of HCC might lead to the continued evolution of more 
effective therapeutic strategies.

Krüppel-like factors (KLFs) are a class of high con-
served zinc finger containing transcription factors, which 
are extensively involved in important biological processes 
of human beings [5]. KLFs play important roles in regu-
lating gene expression via binding to the GC rich ele-
ments of targeted gene promoters [6]. Dysregulation of 
KLF family proteins participates in the development of 
various cancers. For example, KLF7 serves as an inde-
pendent predictor of poor prognosis in pediatric acute 
lymphoblastic leukemia, where enhanced expression of 
KLF7 inhibited hematopoietic stem and progenitor cell 
function [7]. KLF5 contributes to cell migration of blad-
der cancer cells by up-regulating FYN expression [8]. 
KLF7 functions as a crucial regulator in cellular growth 
and differentiation in multiple types of organs [9]. Actu-
ally, There are growing evidence revealing that KLF7 is 
aberrantly expressed in a variety of human solid tumors 
and plays pivotal roles in proliferation, migration, inva-
sion and EMT, poor prognosis of cancer cell lines [10, 
11]. However, it is unclear whether there is a link between 
HCC and aberrant expression of KLF7.

Vacuolar protein-sorting-associated protein 35 
(VPS35) is a component of the retromer complex and 
medicates the endosome-to-plasma membrane sorting 
and recycling of transmembrane receptor [12]. Muta-
tion of VPS35 has emerged as a novel cause of autoso-
mal dominant Parkinson’s disease (PD), identified by 
exome sequencing [13]. Recently, it has been demon-
strated that VPS35 participates in hepatocellular carci-
noma tumor growth by activating PI3K/AKT signaling 
pathway [14]. Moreover, somatic copy number variations 
(CNV) spanning VPS35 was identified in several tumors 
[15]. Nevertheless, the precise mechanism of VPS35 as 
an oncogene in HCC development and progression need 
fully investigated.

Coiled-coil domain containing 85c (Ccdc85c) belongs 
to a family which consists of Ccdc85a, Ccdc85b and 
Ccdc85b. Ccdc85c contains a pair of conserved coiled-
coli motif, which can regulate DNA transcription [16]. Of 
interest, mutation of Ccdc85c is correlated to hydroceph-
alus with frequent brain hemorrhage [17]. Another previ-
ous study revealed that the expression of Ccdc85c might 
be associated with cell proliferation of simple epithelial 
cells [17]. Until now, there was no study mentioned the 
functions of Ccdc85c in HCC development.

Here, we identified that KLF7 was overexpressed in 
HCC. Using “gain of function” and “loss of function” 

strategies in vitro and in vivo, we revealed that KLF7 pro-
moted tumor growth and invasion in HCC cell lines. Fur-
thermore, CHIP-qPCR determined that KLF7 bound to 
the promoter of Ccdc85c to regulate its expression. Thus, 
our findings confirmed that KLF7 aggravated HCC pro-
gression through the VPS35/Ccdc85c/β-catenin axis.

Materials and methods
Patients
HCC tissues were collected from the patients before any 
intervention. Informed consent was obtained from each 
patient. This study was approved by the Human Eth-
ics Committee of The First Affiliated Hospital of Shanxi 
Medical University. The experiments were conducted 
according to the protocols of the World Health Organiza-
tion (WHO) criteria.

Immunohistochemical (IHC) staining of HCC tissue 
microarray
IHC staining of KLF7, VPS35 and active-β-catenin was 
performed in human HCC tissues microarray (containing 
50 cancer and 20 normal tissues), according to the proto-
col as described previously [18].

Cell culture
The human HCC cell lines Huh-7 and SKHEP1 were 
originally obtained from the ATCC. The cells were cul-
tured in DMEM and RPMI-1640 medium (Hyclone), 
added with 10% fetal bovine serum (FBS, Gibco), 100 U/
ml penicillin and 100  mg/ml streptomycin (Gibco). All 
cells were maintained in a 37 ℃, 5% CO2 incubator.

Cell proliferation assays
Cell proliferation reagent kit (CCK-8) was applied for 
determining cell proliferation capacity of HCC cell lines. 
Transfected cells were seeded in 96-well plates with a 
density of 1500 cells/well. Then, cell viability was assessed 
every 24  h and compared between different groups, 
according to the manufacturer’s introductions.

Colony formation assay
To assess the capacity of colony formation, transfected 
cells were plated in each well of 6-well plates with a den-
sity of 1000 cells, maintained at 37 ℃ and the cell culture 
medium was changed every 3 days. After incubation for 
10  days, the colonies were fixed and stained with 0.1% 
crystal violet solution. The colonies containing at least 50 
cells were considered viable and then analyzed from dif-
ferent groups of three independent wells.

Transwell assay
Transwell assay was performed to assess the migration 
capacity of HCC cell lines under different treatments. 



Page 3 of 14Guo et al. Cell Biosci           (2021) 11:73 	

Briefly, 1.0 × 105 cells in 200 μl serum-free medium were 
plated into the upper chamber with a Matrigel-coated 
membrane (Corning lnc., USA), while 600  μl medium 
supplemented with 10% FBS was loaded into the lower 
chamber. After 24 h of incubation at 37 ℃, the migrated 
cells were fixed with 20% methanol and stained with 0.1% 
crystal violet solution. Then the cells were visualized and 
imaged under a microscope in at least 5 random fields 
(Olympus, Japan).

Cell apoptosis assay
The transfected cells in early and late apoptosis stages 
were quantified with double stained FITC-Annexin V 
and PI, using FITC Annexin V Apoptosis Detection Kit 
(BD Biosciences). Briefly, cells were collected and resus-
pended with 500  μl binding buffer, following by incu-
bated with Annexin V and PI in dark situation for 15 min. 
Then the stained cells were analyzed using BD FACS flow 
cytometer (BD Biosciences). The percentage of apoptotic 
cells were calculated and compared between different 
groups.

Cell cycle assay
Flow cytometric analysis was applied to examine DNA 
content after different treatments. The transfected cells 
were harvested and fixed with 75% pre-cold ethanol at 
−20 ℃ overnight. The fixed cells were washed with PBS 
for three times, incubated with ribonuclease A in a 37℃ 
incubator for 30  min. After that, the cells were stained 
with PI for 30  min at room temperature and cell cycle 
profiles were determined by flow cytometer. The experi-
ment was repeated independently at least three times.

In vivo study
6–8 weeks, male BALB/c mice were obtained from Bei-
jing Weitonglihua company (Beijing, China) and housed 
in a SPF environment. 5 × 106 MHCC97H cells sta-
bly transfected with shRNA-KLF7 and shRNA-Ctrl, 
and 2 × 106 MHCC97H cells stably transfected with 
pcDNA3.1-KLF7 vectors or negative control were sub-
cutaneously injected into the right collar of the nude 
mice, respectively. Each group contains of 5 mice and 
tumor size was measured every 3  days. After 30  days, 
tumor volume was calculated according to the formula: 
V = ab2/2, where a states longer tumor diameter and b 
states shorted tumor diameter.

Co‑IP assay
Transfected cells were lysed with RIPA lysis buffer and 
prepared for Co-IP assay. After the protein A/G beads 
incubated with the primary antibody or IgG at 4 ℃ for 
6–8 h, the prepared cell lysate was added to the mixture 
of beads and antibody overnight at 4 ℃. Then, the above 

mixture washed with PBS containing 0.1% NP40 for three 
times and eluted using the elution buffer. Finally, the elu-
tion samples were detected by SDS-PAGE, companying 
with silver stain (Beyotime, china) and mass spectrom-
etry analysis.

ChIP‑qPCR
ChIP-qPCR assay was used to assess whether KLF7 
interacts with the promoter sequence of VPS35. Briefly, 
pCDNA3.1 containing KLF7 CDS with a flag sequence 
was transfected into HCC cells. ChIP-qPCR experi-
ments were performed by using SimpleChIP enzymatic 
chromatin IP kit (Cell Signaling), following the indicated 
protocols. The primer sequences of qPCR were as follow: 
forward, 5′-TGC​TTT​TCC​GAG​TTT​TGT​TTGTT-3′ and 
reverse, 5′-GAC​CTT​AAC​CGG​GCA​ATG​C-3’.

Luciferase reporter assay
For binding assessment of transcription factor KLF7 to 
the target gene promoter, the VPS35 promoter sequence 
was amplified by PCR and cloned into luciferase reporter 
vector. Then the luciferase reporter vector and KLF7 full-
length vector were co-transfected into HCC cells using 
Lipo2000 (Invitrogen, USA). The relative luciferase activ-
ity was examined by a dual luciferase reporter assay sys-
tem (Promega, USA).

Western blot assay
For western blot assay, HCC cell lines after transfection 
or without processing were harvested in lysis buffer. The 
concentration of total protein was evaluated by BCA pro-
tein assay kit (Thermo Fisher Scientific, lnc.). Then the 
protein was separated by 12% SDS-PAGE and transferred 
onto PVDF membranes (Thermo Fisher Scientific, lnc.). 
After incubation with 5% milk at room temperature for 
2 h, the membranes were maintained with primary anti-
body as indicated at 4 ℃ overnight and then incubated 
with secondary antibodies at room temperature for 2 h. 
Protein bands were visualized with an enhanced chemi-
luminescence (ECL) assay. (Millipore, Billerica, MA). 
GAPDH was acted as endogenous control. The primary 
antibodies used as follow: anti-KLF7 (398576, Santa 
Cruz), anti-GAPDH (60004–1-Ig, Proteintech), anti-
VPS35 (157220, Abcam), anti-CCDC85C (TA330857, 
ORIGENE), anti-active β-catenin (19807, Cell Signaling 
Technology), anti-β-actin (47778, Santa Cruz).

qRT‑PCR assay
qRT-PCR experiment was carried out according to the 
protocols as described previously [18]. qPCR primer 
sequences were as follow: KLF7 forward, 5′-AGA​CAT​
GCC​TTG​AAT​TGG​AACG-3′ and reverse, 5′-GGG​GTC​
TAA​GCG​ACG​GAA​G-3′. GAPDH forward, 5′-TGA​CTT​
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CAA​CAG​CGA​CAC​CCA-3′, and reverse, 5′-CAC​CCT​
GTT​GCT​GTA​GCC​AAA-3’.

Statistical analyses
Statistical analyses were performed using SPSS statistics 
version 22.0 and GraphPad Prism 8.0. Data are presented 
as the mean ± standard deviation. Generally, two-tailed 
student’s t-test or one-way ANOVA was performed to 
calculate significant differences between two groups or 
more than two groups, respectively. Each experiment was 
repeated independently at least three times. P < 0.05 was 
considered as statistically significant.

Results
KLF7 is overexpressed in human HCC patients
Firstly, we explored the expression of KLF7 in human 
HCC patients. We collected cancer and adjacent nor-
mal tissues from 20 HCC patients. qRT-PCR results sug-
gested that KLF7 was overexpressed in the cancer tissues 
(Fig.  1a). In addition, KLF7 expression was relatively 
higher in HCC patients with metastasis and low differ-
entiation (Fig. 1b and c). Then, we performed IHC stain-
ing of KLF7 in HCC tissue microarray, which contained 
50 cancer tissues and 20 normal tissues. We showed that 
KLF7 was strongly expressed in cancer tissues, in which 
the cell nucleus was stained with KLF7 antibody. By 

contrast, normal tissues showed low expression of KLF7 
(Fig.  1d and Table  1). In addition, KLF7 high expres-
sion was associated with low differentiation status of 
the patients. The patients with metastasis had relatively 
higher KLF7 levels comparing with those without metas-
tasis (Table 2). Because there was no survival information 
for these patients, we analyzed the association between 
KLF7 expression and patients’ survival from TCGA data-
base. However, KLF7 high expression did not predict 
poor survival of the patients (Fig. 1e). Therefore, KLF7 is 
a predictor for HCC differentiation and metastasis, but 
not for patients’ survival.

Fig. 1  KLF7 was overexpressed in human HCC samples. a qRT-PCR assay examined KLF7 expression in 20 pairs of human HCC and adjacent normal 
samples. p = 0.001. b qRT-PCR assay examined KLF7 expression in HCC tissues with or without metastasis. p = 0.0072. c qRT-PCR assay examined 
KLF7 expression in HCC tissues of high and low differentiation status. p = 0.0259. d IHC staining examined KLF7 expression in HCC and normal 
samples. e Overall survival was analyzed in HCC patients who were divided into KLF7 high and low expression group (n = 90 per group). p = 0.28

Table 1  Protein level of KLF7, active β-catenin and VPS35 in HCC 
tissues and normal tissues

Normal Tissue Tumor tissue χ2 p value

KLF7 High 6 30 5.15 0.023

KLF7 Low 14 20

active β-catenin High 7 36 8.25 0.004

active β-catenin Low 13 14

VPS35 High 8 33 3.98 0.046

VPS35 Low 12 17

Total 20 50
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KLF7 silencing suppressed cell proliferation and invasion, and 
induced cell cycle arrest and apoptosis in HCC cell lines
To reveal the role of KLF7 in the proliferative capacity, 
we examined knockdown efficiency of KLF7 medicated 
by siRNA technology, in Huh-7 and SKHEP1 cell lines 
(Fig. 2a). After KLF7 knockdown, CCK-8 assay confirmed 
that knockdown of KLF7 obviously inhibited cell prolif-
eration in both cell lines (Fig. 2b and c). Furthermore, the 
colony formation assay implied that the rates of colony 
formation of KLF7-silencing cells were much lower than 
those transfected with si-NC (Fig.  2d, e). These results 
suggested that KLF7 silencing repressed cell growth in 
HCC cells.

In addition, flow cytometry assay was performed to 
identify the stages of cell cycle progression in both HCC 
cell lines transfected with si-KLF7 or si-NC. The results 
indicated that Huh7 and SKHEP1 cells transfected with 
si-KLF7 both result in an obvious increase in the per-
centages of cells at G0/G1 phase, a marked decrease in 
S phase in Huh7 cells, while an increase in S phase and 
a remarkable decrease at G2/M phase in SEHEP1 cells 
(Fig. 2g, h, All p < 0.01). There was no obvious alteration 
of G2/M phase in Huh7 cells. These results indicated 
that knocking down KLF7 could lead to Go/G1 arrest. 
To clarify the potential molecular mechanism underly-
ing the inhibition of cell growth after KLF7 knockdown, 
FITC-Annexin V and PI doubling staining assay was 
conducted to determine the effect of KLF7 downregula-
tion on HCC cell apoptosis. As Fig. 1f revealed, the per-
centage of apoptosis cells in both Huh7 and SKHEP1 
cells transfected with si-KLF7 were higher than those 
transfected with Huh-siNC (si-KLF7-1, p < 0.01; si-
KLF7-2, p < 0.05) or SKHEP1-siNC (si-KLF7-1, p < 0.05; 

si-KLF7-2, p < 0.01). These data indicated that downregu-
lation of KLF7 promote cell apoptosis in HCC cell lines, 
which revealed that KLF7 contributed to tumor progres-
sion through suppressing apoptosis.

Since metastasis process of cancer cell is recognized 
as an important indicator of tumor progression, we 
explored the capacity of cell invasion regarding transfec-
tion of siKLF7 or siNC into HCC cells. By Transwell assay 
in Huh-7 and SKHEP1 cell lines, cell invasion was clearly 
repressed upon KLF7 knockdown (Fig. 2i, j, all p < 0.01). 
Collectively, these data suggested that KLF7 could regu-
late cell process, including cell proliferation, invasion, cell 
cycle and cell apoptosis of HCC cell lines.

Overexpression of KLF7 aggravates HCC cell progression
Correspondingly, to further unravel the oncogene roles of 
KLF7 in HCC development, KLF7 was remarkably upreg-
ulated in Huh-7 and SKHEP1 cells by pcDNA3.1-KLF7 
plasmid transfection (Fig.  3a). CCK-8 assay and colony 
formation assay results showed that KLF7 overexpres-
sion enhanced cell proliferation as well as colony forma-
tion ability in both cell lines (Fig. 3b–e). In addition, flow 
cytometry assay in Huh-7 and SKHEP1 cells showed that 
overexpressing of KLF7 effectively promoted cell cycle 
progression (Fig.  3f–h), while inhibited cell apoptosis 
(Fig. 3i, j, all p < 0.01). Cell migration was also increased 
in Huh-7 and SKHEP1 cell lines, transfected with KLF7 
overexpressing vectors (Fig.  3k-m, p < 0.01 for Huh-7 
cells, p < 0.001 for SKHEP1 cells). These results indicated 
that KLF7 overexpression obviously promoted cell prolif-
eration, invasion, and contributed to cell cycle and sup-
pressed cell apoptosis of HCC cell lines.

KLF7 expression affects the growth of HCC transplanted 
tumors in vivo
To further investigate whether ectopic expression of 
KLF7 affects the growth of HCC xenograft tumors 
in  vivo, a xenograft tumor model was established by 
subcutaneously injected shNC, sh-KLF7, empty vector 
or KLF7-overexpressing MHCC97H cells into the front 
flank of nude mice. As Fig.  4 suggested, the xenograft 
tumors transfected with sh-KLF7 grew much slower and 
with smaller tumor volume and weight than those trans-
fected with shNC-MHCC97H cells (Fig.  4a–c, p < 0.01 
for tumor weight). Correspondingly, the tumor size and 
weight were larger in mice injected with KLF7-over-
expressing MHCC97H cells than tumors injected with 
empty vector cells (Fig. 4d–f, p < 0.001 for tumor weight). 
These results revealed that KLF7 expression affected 
tumor growth in  vivo, which was consistent within 
in vitro study.

Table 2  Correlation of KLF7 expression with clinicopathological 
characteristics in 50 patients of HCC

Characteristic KLF7 expression p value

High Low

Age  < 60 17 12 0.815

 ≥ 60 13 8

Gender Male 18 10 0.485

Female 12 10

Differentiation Well 9 13 0.015

Poorly 21 7

T classification T1-T2 10 12 0.063

T3-T4 20 8

Lymph node metastasis No 9 12 0.035

Yes 21 8

Tumor size  < 6 11 10 0.349

 ≥ 6 19 10
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KLF7 contributes to tumor progression by regulating 
VPS35 expression
KLF7 functions as a critical transcription factor involved 
in the regulating of target gene expression in multiple 
biological events. We hypothesized that KLF7 medi-
cated its effects on HCC tumor growth and invasion by 
regulating target gene expression. Western blots showed 
that knockdown of KLF7 suppressed VPS35 in SHEP1 
and Huh-7 cell lines (Fig. 5a). Based on TCGA database 
analysis, there was a strong positive correlation between 
KLF7 expression and VPS35 expression (Fig.  5b). In 

addition, VPS35 high expression conferred poor overall 
and disease-free survival of HCC patients (Fig.  5c). To 
confirm the activity of the binding sites, we performed 
luciferase reporter assay and found that the reporter 
activity was increased by overexpression of KLF7 
(Fig. 5d), which revealed that KLF7 has a transcriptional 
activation effect on VPS35 expression. CHIP-qPCR assay 
suggested that KLF7 could interact with the promoter of 
VPS35 (Fig. 5e).

Next, we investigated the role of VPS35 by silenc-
ing VPS35 in HCC cells. The results showed that VPS35 

Fig. 2  Downregulation of KLF7 inhibited HCC cell proliferation, invasion and induced cell cycle arrest and apoptosis. a Western blot assay examined 
knockdown of KLF7 expression mediated by siRNA in two HCC cell lines (Huh-7 and SKHEP1). b, c CCK-8 assay was performed to determine the 
proliferation capacity of KLF7-silencing Huh-7 (b) and SKHEP1 cells (c) after transfection with siRNA or siCtrl. d, e Colony formation assay was applied 
to measure the proliferation of si-KLF7-transfected Huh-7 and SKHEP1 cells. f Flow cytometry assay was used to detect cell apoptosis rate in Huh-7 
and SKHEP1 cells. g, h Flow cytometry assay was conducted to identify the stages of cell cycle progression in Huh-7 and SKHEP1 cells. i, j Transwell 
assay was used to examine cell invasion in Huh-7 and SKHEP1 cells transfected with si-KLF7 and siCtrl. Each experiment was independently 
repeated at three times. *p < 0.05, **p < 0.01
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downregulation suppressed the proliferation of SKHEP1 
cells (Fig.  5f, g). To further confirm that the observed 
phenotypes were medicated by the dysregulation of 
VPS35/KLF7 axis, several functional rescue assays were 
conducted. We found that upregulation of KLF7 pro-
moted cell viability and colony formation were rescued 
by VPS35 knockdown, respectively (Fig.  5h–k, p < 0.01). 
In addition, silencing of VPS35 partially reverted the pro-
motion of HCC cell invasion induced by the upregulation 
of KLF7 (Fig. 5l, m, p < 0.01). Collectively, our data dem-
onstrated that KLF7 promotes HCC tumor growth and 
invasion by stimulating the expression of VPS35.

KLF7/VPS35 axis exerts its role on the HCC progression via 
enhancing the β‑catenin signaling
Previous studies have revealed that the β-catenin signal-
ing pathway plays a crucial role in cancer cell progression. 

Therefore, we examined whether KLF7/VPS35 axis 
medicates the canonical β-catenin signaling. As shown 
in Fig. 6a, compared with control cells, the protein level 
of active-β-catenin, as well as its downstream indicator 
GS, was reduced in KLF7-silencing Huh-7 and SKHEP1 
cells. Conversely, KLF7 overexpression had opposite 
effect (Fig.  6b). Additionally, downregulation of VPS35 
reduced the expression of active-β-catenin, while VPS35 
overexpression increased active-β-catenin expression in 
Huh-7 and SKHEP1 cells (Fig.  6a, b). Consistent results 
were also observed on the expression of GS (Fig. 6a, b). 
Subsequently, we found that β-catenin downregulation 
medicated by si-KLF7, which could be rescued by VPS35 
overexpression in Huh-7 and SKHEP1 cells (Fig.  6c). 
Opposite results were obtained in HCC cells trans-
fected with KLF7 overexpression and VPS35 knockdown 
(Fig.  6d). These data suggested that KLF7/VPS35 axis 

Fig. 3  Overexpression of KLF7 aggravates cell progression in HCC cell lines. a Overexpression efficiency of KLF7 in Huh-7 and SHEP1 cells was 
confirmed by western blot. b, c Cell viability of KLF7-overexpressing Huh-7 and SHEP1 cells was determined by CCK-8 assay. d, e Colony formation 
of KLF7-overexpressing Huh-7 (p < 0.001) and SHEP1 (p < 0.01) cells were detected by colony formation assay. f Flow cytometry was preformed 
to detect the progression stages of cell cycle in KLF7-overexpressing Huh-7 and SHEP1 cells. g, h Statistical results of cell cycle in Huh-7 (p < 0.01) 
and SHEP1 cells (p < 0.01). i, j Cell apoptosis was determined after the transfection of pcDNA3.1-KLF7 or empty vector into Huh-7 and SHEP1 
cells. k Representative images of transwell assay. l, m Transwell invasion assay of Huh-7 (p < 0.01) and SHEP1 (p < 0.001) cells transfected with 
KLF7-overexpressing vectors or empty vectors. *p < 0.05, **p < 0.01, ***P < 0.001
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regulated β-catenin expression. Next, the clinical relation 
between expression of VPS35 and active-β-catenin was 
detected by IHC staining in HCC tissues. As expected, 
IHC staining results showed that both active-β-catenin 
expression was higher in cancer tissues comparing with 
normal tissues (Fig. 6e), which revealed a strong positive 
correlation between expression of VPS35 and active-β-
catenin in HCC samples (Table  3). Thus, we examined 
cell survival of HCC cells transfected with VPS35-over-
expressing or empty vectors, following treatment with 
β-catenin inhibitor, GK974. As Fig.  6f and g suggested, 
upregulation of VPS35 effectively improved chemosensi-
tivity to β-catenin inhibitor, GK974, in HCC cells. While 
VPS35 overexpression increased cell colony formation, 
GK974 significantly suppressed colony formation abil-
ity in Huh-7 and SKHEP1 cells (Fig.  6h–j, all p < 0.001). 
In collusion, KLF7/VPS35 axis contributed to HCC cell 
growth via activating β-catenin signaling.

VPS35 interacts with Ccdc85c to participate in HCC 
progression
Given that KLF7 regulated VPS35 expression in HCC 
cells, we subsequently explored the underlying mecha-
nisms of KLF7/VPS35 axis contributed to HCC pro-
gression by co-IP assay. As Fig. 6 revealed, VPS35 could 

interact with Ccdc85c in VPS35-overexpressing HCC 
cell lines, which was confirmed by mass spectrometry 
and western blot analysis (Fig.  7a, b). Additionally, 
the clinical relevance between expression of Ccdc85c 
and HCC patients suggested that Ccdc85c was high 
expressed in HCC patients, which was strongly associ-
ated with poor overall survival (p = 0.036) or disease-
free survival (p < 0.027) of HCC patients (Fig.  7c–e). 
Further, rescue biological experiments, including cell 
viability, colony formation, transwell assay and cell 
apoptosis assay, were performed to investigate whether 
VPS35 regulated HCC progression via Ccdc85c. As 
western blot results suggested, Ccdc85c was obviously 
reduced by siRNA, which was upregulated by VPS35 
overexpression (Fig.  7f ). CCK-8 and colony formation 
assay showed that VPS35-overexpressing medicated 
cell proliferation was partly reverted by Ccdc85c knock-
down in HCC cells (Fig. 7g–i), whereas overexpression 
of Ccdc85c effectively enhanced cell growth of HCC. By 
transwell assay, downregulation of Ccdc85c would res-
cue the invasion ability affected by VPS35 upregulation 
(Fig.  7j–k). These data clarified that VPS35 interacted 
with Ccdc85c to participate in HCC progression.

In summary, KLF7/VPS35 axis contributes to hepa-
tocellular carcinoma progression through CCDC85C-
mediated β-catenin pathway (Fig. 8).

Fig. 4  KLF7 expression affect tumor growth of HCC cells in vivo. a MHCC97H cells stably transfected with shKLF7 or shNC were subcutaneously 
injected into nude mice (n = 5). Four weeks later, mice were killed and photographed. b Tumor volume curves were drawn according to the tumor 
diameter. c Tumor weight of KLF7-knockdown nude mice was measured. d MHCC97H cells stably transfected with KLF7-overexpressing or empty 
lentivirus were subcutaneously injected into nude mice (n = 5). Representative images of tumors that striped from the nude mice four weeks later. e 
Tumor growth curve for the xenograft tumors. f Tumor weight of KLF7- overexpressing MHCC97H cells was presented. **p < 0.01, ***P < 0.001
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Fig. 5  KLF7 contributes to tumor progression by regulating VPS35 expression. a Western blot analysis of VPS35 and cyclin D1 in si-KLF7 and siCtrl 
HCC cells. b A relationship between VPS35 and KLF7 was identified by TCGA database. d Luciferase reporter assay was used to determine the 
luciferase activity in HCC cells transfected with empty plasmids or plasmids containing VPS35. e ChIP-qPCR analysis of the interaction between 
KLF7 and VPS35 promoter sequence. f Western blot analysis of VPS35 in VPS35 knockdown HCC cells. g Cell viability of VPS35 knockdown HCC 
cells determined by CCK-8 assay. h Western blot analysis of VPS35 in KLF7 overexpression and VPS35 knockdown HCC cells. i Cell viability of KLF7 
overexpression and VPS35 knockdown HCC cells determined by CCK-8 assay. j, k Representative images and statistical data of colony formation 
assay after simultaneously transfected with KLF7-overexpressing and VPS35-silencing SKHEP1 cells. l, m Representative images and statistical data of 
cell invasion assay after simultaneously transfected with KLF7-overexpressing and VPS35-silencing SKHEP1 cells. **p < 0.01

Fig. 6  KLF7/VPS35 axis contributed to HCC progression via enhancing the β-catenin signaling. a Knockdown of KLF7 and VPS35 affected 
active-β-catenin and GS expression in HCC cells detected by western blot, respectively. b Overexpression of KLF7 and VPS35 affected 
active-β-catenin expression in HCC cells detected by western blot, respectively. c KLF7-silencing and VPS35-overexpressing affected 
active-β-catenin expression in Huh-7 and SKHEP1 cells. d KLF7-overexpressing and VPS35-silencing affected active-β-catenin level in Huh-7 and 
SKHEP1 cells. e The correlation between VPS35 and β-catenin expression in HCC and normal tissues. f, g Cell viability of VPS35-overexpressing HCC 
cells treated with GK974 in Huh-7 and SKHEP1 cells. h Representative images of colony formation assay in VPS35-overexpressing HCC cells treated 
with GK974. i, j Colony formation of VPS35-overexpressing cells treated with GK974 in Huh-7 and SKHEP1 cells

(See figure on next page.)
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Discussion
Previous studies have reported that KLF family mem-
bers are widely involved in the regulation of multiple 
cell processes, including cell proliferation, cell differen-
tiation, cell apoptosis as well as cell cycle. Among them, 
KLF7 served as a transcription factor, which is required 
for neuronal morphogenesis [19]. Previous studies sug-
gested that dysregulation of KLF7 played crucial roles in 
several solid tumors, including non-small-cell lung can-
cer and gastric cancer [11]. However, there is limited evi-
dence mentioned the function of KLF7 in HCC. A deeper 
understanding of the functional landscape of KLF7 in the 
development of HCC is important for exploring novel 
and effective treatments. In the present study, we demon-
strated that transcription factor KLF7 was overexpressed 
in human HCC samples. KLF7 overexpression also corre-
lated with the metastasis status and low differentiation of 
the patients. Furthermore, KLF7 not only enhanced cell 
viability, invasion, cell cycle progression and blocked cell 
apoptosis in  vitro, but also significantly augmented the 
tumorigenic capacity in vivo. In addition, KLF7 enhanced 
VPS35 transcription that promoted HCC tumor growth 
and invasion by activating beta catenin signaling path-
way. Finally, we confirmed that β-catenin is essential for 
KLF7/VPS35 medicated cell proliferation, invasion and 
chemosensitivity using β-catenin inhibitor. Therefore, 
KLF7 functions as an oncogene in HCC.

As a member of KLF family, KLF7 plays an important 
role in the developing and adult nervous system [9]. 
Another study suggested that KLF7 was required for 
regulating TrkA gene expression and development of 
nociceptive sensory neurons [20]. Subsequently, studies 

suggested that overexpression of KLF7 regulated cell 
growth and progression by mediating STAT3-induced 
lncRNA LINC00668 in non-small-cell lung cancer, and 
contributed to squamous carcinoma progression [11, 21]. 
These above studies did not establish a direct player of 
KLF7 in promoting tumor growth and progression. Thus, 
in our study, we found that silence of KLF7 resulted in 
attenuated HCC tumor growth both in cultured cell and 
in mice study. These consistent findings suggest that 
KLF7 is an oncogene among different tumors. As a tran-
scription factor, KLF7 has been shown to regulate a large 
number of target genes by regulating their expression. 
Therefore, it is reasonable that one or more target genes 
might be directly affected by KLF7 in HCC cells. Accord-
ing to the CHIP-seq and luciferase reporter results, we 
identified that VPS35 acted as a target gene of KLF7. In 
addition, we demonstrated a strong positive correlation 
between KLF7 and VPS35.

VPS35, a component of the retromer, was reported to 
be associated with sorting proteins to the trans-Golgi 
network or plasma membrane [22]. Recently, growing 
evidences have shown that VPS knockdown suppresses 
the proliferation of melanoma cells via inactivating the 
MAPK signaling [23], and results in cell apoptosis by dis-
turbing the localization of Bcl-xL to mitochondrial mem-
brane [24]. VPS35 is also upregulated in human HCC 
samples and contributes to HCC development [14]. How-
ever, the upstream regulator of VPS35 in HCC is unclear. 
Since KLF7 represents as important transcription factor 
which promotes the expression of target genes, whether 
KLF7 regulates VPS35 should be determined. Our study 
confirmed that overexpression of VPS35, regulated by 
KLF7, promoted the tumor growth in vitro and in vivo, 
and contributed to cell invasion, cell cycle and blocked 
cell apoptosis. These results were consistent with a recent 
published study, that demonstrated that VPS35 pro-
moted the proliferation of hepatoma cell via the PI3K/
AKT pathway [14].

Besides, the underlying mechanisms of KLF7/VPS35 
axis medicated modulation of downstream pathways 
are not fully characterized. To hunt for some clues, 
we have performed co-IP assay to explore the down-
stream pathway of KLF7/VPS35 axis, which found 

Table 3  Spearman correlation analysis of expression among 
KLF7, active β-catenin, and VPS35 in 50 HCC tissues by IHC

r, Spearman correlation

KLF7 active β-catenin

rs P value rs P value

Active β-catenin 0.633  < 0.001

VPS35 0.456  < 0.01 0.475  < 0.01

(See figure on next page.)
Fig. 7  VPS35 interacts with Ccdc85c to participate in HCC progression. a Mass spectrometry analysis of VPS35-interacted proteins after co-IP. b 
Western blot was performed to confirm co-IP results. c The expression level of Ccdc85c in HCC patients and normal tissues by analyzed TCGA data. 
d The overall survival of HCC patients using KM-plotter by TCGA database analysis. e The disease-free survival of HCC patients predicted using 
KM-plotter. f Western blot determined Ccdc85c expression following siRNA or VPS35 overexpression. g CCK-8 assay was performed to examine cell 
viability following alteration of Ccdc85c and VPS35 expression in HCC cells. h colony formation and statistical data was performed to examine cell 
proliferation following alteration of Ccdc85c and VPS35 expression in HCC cells. i Statistical analysis of colony formation assay results. j Transwell 
assay was performed to examine cell invasion following alteration of Ccdc85c and VPS35 expression in HCC cells. k Statistical analysis of transwell 
assay results. **p < 0.01, ***P < 0.001
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that VPS35 could interacted with Ccdc85c in HCC cell 
lines. Ccdc85c, encoding a protein at apical junctions 
of radial glia, which may be involved in cell–cell adhe-
sion and epithelium through interacted with β-catenin 
family [25]. The canonical β-catenin pathway plays 
important roles in cancer cell proliferation, invasion, 
apoptosis and metastasis. Our findings conformed that 
KLF7/VPS35 axis observably activated β-catenin sign-
aling through interacting with Ccdc85c, to promote cell 
proliferation, colony formation, invasion and cell cycle 
of HCC cells, which was verified by detection active 
β-catenin expression following alteration of KLF7 and 
VPS35 expression, and biological functions studies 
treated with β-catenin inhibitor in HCC cell lines. In 
addition, a strong positive correlation between VPS35 
and β-catenin was observed in HCC tissues. Collec-
tively, these results revealed that KLF7/VPS35 axis pro-
moted HCC cell proliferation, invasion and cell cycle, 
as well as blocked cell apoptosis by activating Ccdc85c-
medicated β-catenin pathway.

There were some limitations in the present study. 
For example, the role of KLF7 in HCC cell metastasis 
in  vivo was not examined. The association of KLF7, 
VPS35 and β-catenin with HCC patients’ prognosis 
was not analyzed from our patients. In the future, we 
will collect the patients’ survival information to finish 
this analysis. We will also investigate the significance of 
KLF7 on tumor metastasis in vivo.

In summary, our study demonstrated the crucial roles 
of KLF7/VPS35 axis in HCC tumor growth, cell inva-
sion, cell cycle and cell apoptosis. We revealed that 
KLF7 regulated VPS35 expression by acting as a tran-
scription factor in HCC cells. In addition, KLF7 pro-
moted HCC cell proliferation, invasion, cell cycle and 

blocked cell apoptosis by enhancing Ccdc85c-medi-
cated β-catenin pathway, which might be a worthwhile 
therapeutic target for HCC.
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