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Abstract
Metastasis is the primary cause of death of hepatocellular carcinoma (HCC), while the 
mechanism underlying this severe disease remains largely unclear. The Kruppel-like 
factor (KLF) family is one of the largest transcription factor families that control mul-
tiple physiologic and pathologic processes by governing the cellular transcriptome. To 
identify metastatic regulators of HCC, we conducted gene expression profiling on the 
MHCC97 cell series, a set of subclones of the original MHCC97 that was established 
by in vivo metastasis selection therefore harbouring differential metastatic capacities. 
We found that the expression of KLF9, a member of the KLF family, was dramatically 
repressed in the metastatic progeny clone of the MHCC97 cells. Functional studies 
revealed overexpression of KLF9 suppressed HCC migration in vitro and metastasis in 
vivo, while knockdown of KLF9 was sufficient to promote cell migration and metas-
tasis accordingly. Mechanistically, we found the expression of KLF9 can reverse the 
pro-metastatic epithelial-mesenchymal transition (EMT) program via direct binding to 
the promoter regions of essential mesenchymal genes, thus repressing their expres-
sion. Interestingly, we further revealed that KLF9 was, in turn, directly suppressed by 
a mesenchymal transcription factor Slug, suggesting an intriguing negative feedback 
loop between KLF9 and the EMT program. Using clinical samples, we found that KLF9 
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1  |  INTRODUC TION

Hepatocellular carcinoma (HCC) is the sixth most common cancer 
worldwide, with approximately 1 million new cases worldwide and 
about 0.8 million deaths in 2020. The high mortality of HCC makes it 
the third leading cause of cancer-related death.1 The major risk fac-
tors for HCC include chronic infection with hepatitis B virus (HBV) or 
hepatitis C virus (HCV), aflatoxin contamination, alcohol consump-
tion, obesity, diabetes and nonalcoholic fatty liver disease (NAFLD).2

Like other types of cancers, the major cause of HCC-related 
death is metastasis. Due to its intrinsic biological features, HCC 
usually progresses swiftly and is prone to develop post-therapeutic 
recurrence and metastasis. The most frequent metastatic sites of 
HCC are the liver and lung, where the metastatic lesions could read-
ily turn into life-threatening complications.3 Therefore, revealing the 
underlying mechanism of HCC metastasis is of substantial signifi-
cance, which is the key to the discovery of targeted therapy against 
this deadly disease. Epithelial–mesenchymal transition (EMT) is a 
multistep developmental program that could endow cancer cells 
with metastatic capacity. Many reports have shown that activation 
of the EMT programme in cancer cells contributes to metastasis by 
enhancing cell mobility, invasion and resistance to apoptosis in many 
types of cancers, HCC included.4 On the contrary, a reversal of this 
program, namely mesenchymal–epithelial transition (MET), can re-
press the malignant phenotypes caused by EMT. Thus, identifying 
potential EMT suppressors, or inducers of MET, can provide thera-
peutic targets for controlling HCC metastasis.

The Krüppel-like factor (KLF) family is one of the largest pro-
tein families of zinc finger transcription factors that regulate several 
cellular processes, including proliferation, differentiation and migra-
tion.5 By directly setting the landscape of cellular transcriptome, the 
KLF family members have been found to participate in the initiation 
and progression of many cancers, and several members have been 
reported to function in HCC at present.6 However, while they have 
been implicated in the process of cell proliferation and survival of 
HCC, very little is known if the KLF family proteins can directly gov-
ern the metastatic potential of HCC. Interestingly, some members 
of the KLF family, in particular KLF4, are essential drivers of cell fate 
determination and differentiation.7,8 Beyond its function in cancer, 
EMT, or MET, is a molecular program governing cell state transition. 
Therefore, it will be interesting to identify potential members of the 
KLF family that might regulate the dynamics of EMT/MET to control 
metastasis of HCC.

Using a series of progeny clones derived from the same ancestor 
HCC primary cell but displaying different metastatic potentials, we 
aimed to identify KLF family members that could regulate HCC me-
tastasis. According to the results of an unbiased transcriptome pro-
filing, we found that the expression of KLF9 was strongly negatively 
correlated with the metastatic potential of HCC cells. Furthermore, 
functional studies revealed that KLF9 was a potent repressor of HCC 
metastasis. Interestingly, the anti-metastatic function of KLF9 in HCC 
was likely due to its role in suppressing the activation of EMT, while 
KLF9 was, in turn, repressed by Slug, an important factor of the EMT 
programme, suggesting a negative feedback loop between KLF9 and 
the EMT program. Taking together, we identified an essential tran-
scription factor of the KLF family that can repress liver cancer metas-
tasis by controlling the epithelial–mesenchymal dynamics of HCC cells.

2  |  MATERIAL S AND METHODS

2.1  |  HCC tissue samples and cell lines

Forty-three pairs of primary HCC and their matched adjacent nor-
mal liver tissues, which were at least 1.5–2.0 cm away from cancer, 
were collected from HCC patients treated at the Renji Hospital, 
Shanghai Jiaotong University School of Medicine from 2014 to 2019, 
with written informed consent (Table 1). The fresh specimens were 
stored at −80°C for analysis.

HCC cell lines HCCLM3 (LM), MHCC97-H (Hi), MHCC97 (Ori) 
and MHCC97-L (Lo) were kindly offered by Dr. Dong Xie, Shanghai 
Institutes for Biological Sciences. HCC cells were cultured in RPMI-
1640 or DMEM supplemented with 10% fetal bovine serum, 10 mg/
mL penicillin-G and 10 mg/mL streptomycin. All cells were incubated 
at 37°C in a humidified atmosphere containing 5% CO2.

2.2  |  Reagents

Trizol reagent was purchased from Invitrogen. Luciferin was pur-
chased from Xenogen Biotechnology. Antibodies used for western 
blotting were as follows: KLF9 (Abcam; ab227920), E-cadherin (BD 
Transduction; 610,182), β-actin (Cell Signaling Technology; 12,620), 
CK8/18 (Cell Signaling Technology; 4546), vimentin (Cell Signaling 
Technology; 3932), N-cadherin (Cell Signaling Technology; 4061), 
and CK14 (Cell Signaling Technology; 46,251).

2020YFA0803300; Zhejiang Provincial 
Natural Science Foundation of China, 
Grant/Award Number: LY22H160014; 
Zhejiang University Basic Research Fund, 
Grant/Award Number: 226-2022-00037; 
Baoding Research Project Fund, Grant/
Award Number: 2041ZF084

was not only downregulated in HCC tissue compared to its normal counterparts but 
also further reduced in the HCC samples of whom had developed metastatic lesions. 
Together, we established a critical transcription factor that represses HCC metastasis, 
which is clinically and mechanically significant in HCC therapies.

K E Y W O R D S
epithelial–mesenchymal transition, hepatocellular carcinoma, KLF9, metastasis, slug
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2.3  |  Plasmid construction and transfection

The full length of KLF9 complementary DNA was cloned into the 
pENTR-1A vector at appropriate sites to generate the KLF9 over-
expression vector. The truncated KLF9 (KLF9-Δ) was constructed 
using the KLF9 cDNA without the nucleotides of 519–591. shRNA 
constructs targeting human KLF9 were shKLF9-1 (AGTGA​TTC​
TGG​GCC​CTT​TATG), shKLF9-2 (CCCAG​TGT​CTG​GTT​TCC​ATTT). 
The pLKO-puro/PLKO-blast vector was used to express shRNAs. 
Lentivirus-packaging plasmids and KLF9 shRNA or overexpression 
plasmids were transfected into 293T cells. The supernatant contain-
ing viral particles was collected and filtered with a 0.45-μm filter 
(Millipore) and then used to infect HCC cells. Stable cells were se-
lected by puromycin or blasticidin and used for future experiments.

2.4  |  Cell growth assay

HCC cells were plated in 100 μL of culture medium per well in 96-
well plates. Cell viability was measured with the CCK-8 assay per-
formed as previously described.9

2.5  |  Transwell assay

Transwell Assay was performed as previously described.10 The inva-
sion assay was conducted using a Matrigel-coated transwell chamber.

2.6  |  Xenograft study

Designated HCC cells (1 × 106cells) were injected into dorsal flanks of 
6–8-week-old nude mice. Tumours were measured over time with a 
calliper, and the tumour volume was calculated by the formula, vol-
ume = 0.5 × length × width2. All animals were randomized by weight. 
Mice were sacrificed and dissected at the endpoint. Xenografts were 
weighed after dissection. For experimental metastasis assays, 1 × 106 
designated HCC cells labelled with a luciferase reporter gene were in-
jected into the left ventricle of the nude mice. Imaging metastasis in 
the mice was performed using an IVIS system over time, as previously 
described.11 For orthotopic metastasis assays, 1 × 106 designated HCC 
cells labelled with a luciferase reporter gene were injected into the 
left lobe of the liver in the nude mice. The lungs of the animals were 
resected at a designated time, and the lung metastatic lesions were 
measured by an IVIS system and further analysed by H&E staining.

2.7  |  Chromatin immunoprecipitation (ChIP)

ChIP assay was conducted according to a previous report.12

2.8  |  Statistical analysis and reproducibility

All data are expressed as mean ± standard error (SE) if not indicated 
otherwise. All results, including western blotting, PCR and transwell 
assay, are representative of at least three independent experiments. 
Student's t-test (two-tailed) was used to compare two groups of 
data. A value of P < 0.05 was considered significant. A log-rank test 
was applied for survival analysis.

3  |  RESULTS

3.1  |  KLF9 is downregulated in metastatic HCC 
cells and correlates with metastatic capabilities

To identify the KLF family member that could regulate HCC metas-
tasis, we first conducted gene expression profiling on the MHCC97 
cell series. The MHCC97 series was established by a set of in vivo 
selections using the original, primary MHCC97 cells (Ori), aiming to 
establish a series of liver cancer cells with a continuous spectrum of 
metastatic capacities. With these efforts, three progeny clones were 
retrieved and propagated, namely MHCC97-L (Lo), MHCC97-H (Hi) 
and HCCLM3 (LM).13,14 The metastatic capacity of these four lines 
is described in Figure 1A. By analysing the microarray analysis on 

TA B L E  1  Clinical information of HCC patients.

Sex

Male 26

Female 17

Age (years)

≤51 13

>51 30

Hepatitics status

Yes 38

No 5

Liver cirrhosis

Yes 34

No 9

Child-Pugh score

A 36

B 7

AFP (ng/mL)

≤20 12

>20 31

Tumour size

≤5 21

>5 22

Tumour number

Single 36

Multiple 7

Vascular invasion

Yes 7

No 36

Lymph node metastasis

Yes 8

No 35
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these four lines, we found while most of the KLF family members 
were not significantly changed among these lines, the gene expres-
sion of KLF9 was negatively correlated with the metastatic potential 
of HCC cells (Figure 1B,C). As controls, the expression of other mem-
bers of the KLF family, including KLF8, KLF14 and KLF6, was not 
altered in the MHCC97 cell series (Figure S1A–C). Consistent with 
the change in the mRNA level, the protein level of KLF9 was also 
increased while the metastatic ability of liver cancer cells weakened 
(Figure  1D). As controls, the expression of Slug, a pro-metastasis 
gene, was increased in the highly metastatic lines, while Ecad-, a 
classical antimetastasis protein was reduced in the highly metastatic 
lines (Figure S1D,E). The interesting anticorrelation between KLF9 
expression and liver cancer metastasis suggested that KLF9 may be 
a negative regulator in liver cancer metastasis.

3.2  |  KLF9 suppresses migration and invasion of 
HCC cells in vitro

To study the role of KLF9 in liver cancer metastasis, we first tested 
the functions of KLF9 in cell migration and invasion in vitro. By use 
of two independent shRNAs, we inhibited the expression of KLF9 in 
MHCC97-L (Lo) cells, which have relatively high expression of KLF9 
(Figure  2A). In addition to the shRNA-mediated loss-of-function 
study, we generated a KLF9-overexpressing cell line in the HCCLM3 
cells (LM), which have the lowest expression of KLF9 but highest 
metastatic potential (Figure 2A). To help validate the role of the tran-
scriptional activity of KLF9, we also generated a truncated form of 
KLF9 (KLF9-Δ), in which the C2H2 type 2 Zinc finger domain of the 
KLF9 protein was removed (Figure 2A, see methods for details).

By use of a transwell migration assay and a Matrigel-coated inva-
sion assay, we found that knockdown of KLF9 dramatically enhanced 
cell migration and invasion in the Lo cells (Figure  2B,C). A similar 
phenomenon can be observed in another cell line Ori (Figure S2A). 
On the contrary, forced expression of the full length KLF9 impaired 
cell motility and invasiveness in the LM cells (Figure 2D,E) and the 
MHCC97-H (Hi) cells (Figure S2B). However, the KLF9 protein that 
loses its central DNA binding domain cannot affect cell migration or 
invasion, indicating that the role of KLF9 in cell motility and invasion 
depends on its transcription activity (Figure 2D,E). Nevertheless, we 
have to point out that KLF9 does not affect the cell growth of HCC 
cells (Figure S3). Thus, we conclude that KLF9 suppresses migration 
and invasion but not the proliferation of metastatic HCC cells.

3.3  |  KLF9 inhibits metastasis of HCC cells in vivo

We next investigated if KLF9 affects tumour growth and metas-
tasis of liver cancer in vivo. Consistent with its role in cell growth 
in vitro, altered expression of KLF9 only mildly affects the tumour 
growth of metastatic liver cancer cells in vivo (Figure S4). To exam-
ine the role of KLF9 in metastasis of liver cancer cells, we first ap-
plied an intracardiac injection-based experimental metastasis assay 

in both LM and Lo cells. As we expected, forced expression of KLF9 
in the highly metastatic cell line LM effectively suppressed metas-
tasis in vivo (Figure  3A), while knockdown of KLF9 dramatically 
enhances the metastatic potential of Lo cells (Figure  3B). To fur-
ther validate the function of KLF9 in HCC metastasis, we applied 
an orthotopic metastasis assay, which can more faithfully indicate 
and represent the metastatic capacity of liver cancers. We injected 
both the LM-KLF9-OE and control LM cells into the liver of nude 
mice. As reported previously,14 implantation of LM cells in the liver 
generated metastasis in lung within 4 weeks. We found while the 
control LM cells can effectively form lung metastasis, overexpres-
sion of KLF9 dramatically abolished lung metastasis (Figure 3C,D). 
Collectively, these data demonstrated that KLF9 inhibits metasta-
sis of HCC in vivo.

3.4  |  KLF9 reverses the EMT program in HCC cells

We next wanted to interrogate the mechanism of how KLF9 regu-
lates cell migration and metastasis. EMT is a pivot process that facili-
tates migration, invasion and metastasis of tumour cells.4,15 Based 
on our findings that KLF9 could suppress migration and invasion, 
we hypothesized KLF9 might modulate EMT in HCC cells. Indeed, 
we found that knockdown of KLF9 in the Lo cells induces a mesen-
chymal morphologic change—occurrence of a spindle-like shape and 
loose intercellular junction (Figure 4A). In contrast, overexpression 
of KLF9 in LM cells can induce an inverse alteration, such that the 
LM cells become rounder, flatter, of a tighter intercellular connec-
tion (Figure 4B). These changes suggest that expression of KLF9 can 
suppress EMT. Next, we examined the expression of a set of epi-
thelial and mesenchymal markers. Consistent with the morphologic 
change, knockdown of KLF9 leads to decreased expression of epi-
thelial marker protein, including E-cadherin, CK-8 and CK-18, as well 
as an increase in mesenchymal marker protein including vimentin, 
N-cadherin and CK14 (Figure 4C, left lane). In stark contrast, overex-
pression of KLF9 leads to complete opposite alterations (Figure 4C, 
right lane). Similar changes can be confirmed by testing at the RNA 
level (Figure 4D). These results suggested that KLF9 suppresses the 
EMT program in HCC cells.

As a TF, KLF9 was known to repress transcription by direct 
binding to the promoter regions of target genes.16-18 Therefore, we 
wondered if KLF9 repressed mesenchymal gene expression by di-
rect binding to their genomic regions. By interrogating the Cistrome 
ChIP-seq database, we identified that at least two previous studies 
investigated the genomic binding of KLF9 in two independent cell 
lines (GBM1B and 293T; CistromeDB 49,951, 62,637). We found 
that the promoter region of CDH2 had a significant signal of KLF9 
binding in both GBM1B and 293T cells (Figure 4E; Figure S5A). In 
addition to CDH2, two additional mesenchymal genes, VIM and 
ZEB1, also exhibited very strong KLF9 binding at their promoter re-
gions (Figure 4F,G; Figure S5B,C). While this was consistent in two 
lines, we next wanted to confirm these findings in the HCC cells we 
used. Consistent with our hypothesis, we found that KLF9 bind to 
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the mesenchymal genes in the LM cells that overexpressed KLF9 
(Figure 4H, ChIP-PCR), which may be the mechanism of how KLF9 
represses their expression thus suppressing metastasis. Together, 
we found that KLF9 can suppress the EMT programme to modulate 
HCC metastasis.

3.5  |  Slug negatively regulates the 
expression of KLF9

To further investigate the mechanism that regulates the expression 
of KLF9 in cancer, we again turned to the ChIP-seq database to look 

for possible transcription factors that can bind to the regulatory re-
gions of the KLF9. In particular, we were interested in the classical 
EMT TFs, including Twist, Snail and Slug. While there were no obvi-
ous binding peaks of Twist or Snail at the upstream regions of the 
KLF9 gene, we found that there was a very strong Slug-bound peak 
at the 5 kb upstream of the KLF9 transcription start site (Figure 5A). 
Since the Slug ChIPseq was conducted in 293T cells, we wanted to 
confirm if this Slug-binding was conserved in HCC cells. By use of a 
Slug antibody, we pulled down the Slug-bound chromatin elements 
from the LM cells and interrogated the KLF9 gene region by PCR 
assays. We found that the Slug antibody can significantly pull down 
the designated 5′ upstream elements of the KLF9 gene but not the 

F I G U R E  1  KLF9 is downregulated in metastatic liver cancer cells. (A) Relative metastatic capability of four established HCC cell lines. (B) 
Real-time RT-PCR showing the relative expression level of KLF family members in three HCC cell lines with differential metastatic capability 
normalized to MHCC97(Ori)cell line, which was moderately metastatic. (C) Real-time RT-PCR showing the relative expression level of 
KLF9 in three HCC cell lines with differential metastatic capability normalized to MHCC97(Ori)cell line. (D) Western blotting showing the 
expression level of KLF9 protein in four established HCC cell lines; Actin was used as loading control. Data are represented as mean ± SEM 
or the mean alone.
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flanking control elements (Figure 5B). These results suggested that 
the Slug protein can directly bind to a specific region of the 5′ up-
stream regulatory element of the KLF9 gene.

Next, we determined if the binding of Slug to the KLF9 promotor 
region can affect the latter's transcription. We cloned the Slug-bound 
sequence into a pGL3-promoter luciferase reporter (KLF9-Rep, 
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Figure 5C left), which contains a basal transcription of the luciferase 
protein. Without insertion of the Slug-bound element, overexpres-
sion of the Slug protein did not alter the transcriptional activity of 
the reporter. In contrast, overexpression of Slug can dramatically 
suppress the transcriptional activity of the KLF9 reporter, indicating 

that the binding of Slug to its regulatory element on the KLF9 gene 
can directly inhibit KLF9 transcription (Figure 5C, right). To confirm 
the binding of Slug to the regulatory region of KLF9 was essential, 
we made a truncated form of the KLF9 reporter (KLF9-Mut-Rep, 
Figure 5C left). In contrast to the KLF9-Rep, the reporter that lacks 

F I G U R E  2  KLF9 suppresses migration and invasion of liver cancer. (A) Western blot verifying the knockdown and overexpression of full-
length KLF9 or truncated KLF9 (KLF9-Δ) in the Lo (MHCC97-L) cell line and LM (HCCLM3) cell line, respectively. (B) and (C) Transwell assay 
results showing the effects of KLF9 suppression on migration and invasion of the Lo cancer cells. The invasion assay was conducted using 
a Matrigel-coated transwell chamber. (D) and (E) Transwell assay results showing the effects of overexpression of full-length (KLF9-OE) or 
truncated KLF9 (KLF9-Δ-OE) on migration and invasion of the LM cancer cells. * means P < 0.05, ** means P < 0.01. Data are represented as 
mean ± SEM or the mean alone. Illustration: Lo-shCtrl, Lo-shKLF9-1 and Lo-shKLF9-2 refer to Lo cells transduced with a scramble shRNA or 
hairpins targeting KLF9; LM-ctrl means LM cancer cell transfected with control vector, LM-KLF9/KLF9-OE means LM cell clones with stable 
forced expression of KLF9.

F I G U R E  3  KLF9 inhibits metastasis of liver cancer in vivo. (A) Xenograft studies and bioluminescence imaging showing that injection 
of LM (HCCLM3) cells with KLF9 overexpression leads to fewer and smaller metastatic tumour lesions in nude mice compared to control 
LM cells. (B) Xenograft studies and bioluminescence imaging showing that injection of Lo (MHCC97-L) cells with KLF9 knockdown leads 
to more and greater metastatic tumour lesions in nude mice compared to control Lo cells. (C) The LM Liver cancer cells with or without 
KLF9 overexpression were injected into the liver of nude mice to allow lung metastasis formation. The lung of the implanted animals was 
harvested, and bioluminescence measurement was conducted. (D) H&E staining on the lung tissue of C was conducted to verify lung 
metastasis. Data are represented as mean ± SEM or the mean alone.

(A)

(C) (D)

(B)
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F I G U R E  4  KLF9 promotes a MET program in liver cancer cells. (A) Cell morphology of Lo cells with or without KLF9 knockdown was 
captured and displayed. (B) Cell morphology of LM cells with or without KLF9 overexpression was captured and displayed. (C) Western blot 
showing knockdown of KLF9 in Lo cell line leads to a decrease of epithelial markers, including Ecad, CK-8 and CK-18, and an increase in 
mesenchymal markers including vimentin, Ncad and CK14 (left lane). Overexpression of KLF9 in the LM cells caused an increase in epithelial 
marker expression and loss of mesenchymal marker expression (right lane). (D) Real-time RT-PCR showing the effects of KLF9 knockdown or 
overexpression on mRNA level of Ecad and Ncad. (E) to (G) The KLF9-bound peaks on the CDH2, VIM and ZEB1 genes of the GBM1B cells 
were adapted from Cistr​ome.org; the transcriptional start site of each gene was indicated in red. (H) ChIP was conducted in the HCCLM3 
cells that overexpressed KLF9 using an anti-KLF9 antibody. PCR assays were conducted to measure the enrichment of KLF9-bound DNA 
in the indicated genes. The red lines in (E)–(G) indicate the locations of the amplified regions. * means P < 0.05, ** means P < 0.01. Data are 
represented as mean ± SEM or the mean alone.
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the Slug-binding element did not respond to Slug-overexpression 
(Figure 5C right). To verify the regulation of Slug on KLF9, we mea-
sured the expression level of KLF9 in 293T cells overexpressing Slug. 
We found that the RNA and protein product of the KLF9 gene was 
significantly decreased upon Slug overexpression (Figure 5D,E). As a 
control, the expression of KLF8, another member of the KLF family, 
was not altered upon Slug expression. Together, these results sug-
gested that Slug can directly suppress the expression of KLF9.

3.6  |  KLF9 is downregulated in metastatic HCC and 
correlates with survival

Finally, we validated the clinical relevance of KLF9 in live cancer 
using clinical tissue samples. We measured the transcriptional level 

of KLF9 by real-time RT-PCR in 43 pairs of human HCC tumour 
samples and matched normal tissues (Table 1). We observed a de-
crease in KLF9 mRNA level in 34 of 43 (79.1%) HCC cancer sam-
ples compared to their paired normal tissues (Figure 6A). Similarly, 
a decrease in KLF9 protein level was also found in HCC cancer tis-
sues compared to paired normal tissues as shown by western blot 
(Figure  6B). More strikingly, the expression of KLF9 was further 
downregulated in the patients who developed intrahepatic metas-
tasis at diagnosis compared to patients who did not have metastatic 
diseases (Figure  6C), further suggesting an antimetastasis role of 
KLF9 in liver cancer. Lastly, we found that the expression level of 
KLF9 was positively correlated with the overall survival of HCC pa-
tients (TCGA, Figure  6D). Taking together, we demonstrated that 
KLF9 is downregulated in metastatic HCC and correlates with pa-
tients' overall survival.

F I G U R E  5  Slug negatively regulates KLF9 transcription. (A) The Slug-bound peak on the KLF9 gene was adapted from Cistr​ome.org; the 
transcriptional start site of KLF9 was indicated in red. The region that was cloned and used in the following reporter assays was indicated by 
a red line. (B) ChIP was conducted in the HCCLM3 cells using an anti-Slug antibody. PCR assays were conducted to measure the enrichment 
of Slug-bound DNA in three indicated regions, including the Slug-peak region and two flanking control regions. (C) A control pGL3-promoter 
reporter (Emp), a pGL3-promoter reporter inserted with the Slug-bound KLF9 upstream (KLF9-Rep), and a truncated form the KLF-Rep 
(KLF9-Mut-Rep) were transfected into control 293T and 293T cells overexpressing Slug, together with a Renilla control reporter. Dual 
Luciferase assays were conducted to measure the luciferase activity of each condition. Left, schematic of the design of the KLF9 reporters. 
(D) qPCR showing the mRNA level of Slug, KLF9 and KLF8 in control 293T cells and 293T cells overexpressing Slug. (E) Western blotting 
showing the protein level of Slug and KLF9 in control 293T cells and 293T cells overexpressing Slug.
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F I G U R E  6  KLF9 is downregulated in metastatic HCC and correlates with survival. (A) Real-time RT-PCR results showing the relative 
expression of KLF9 mRNA in 43 HCC tumour samples and their matched normal tissues. (B) Western blotting showing the expression of 
KLF9 protein in 10 HCC samples and paired normal tissues; Actin was used as loading control. T, tumour samples; N, paired normal tissues. 
(C) Real-time RT-PCR results showing the relative expression of KLF9 mRNA differs in HCC patients with or without metastasis. (D) Kaplan–
Meier survival analysis showing the overall survival probability of HCC patients with high/low KLF9 mRNA expression by month (data were 
adapted from the TCGA database). (E) Schematic representation of the negative feedback loop between KLF9 and EMT program in liver 
cancer that promotes metastasis. Data are represented as mean ± SEM or the mean alone.
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4  |  DISCUSSION

HCC is a malignant epithelial tumour with high incidence and mortal-
ity. Unfortunately, a considerable proportion of HCC patients have 
developed metastasis at diagnosis. Although, in recent years, mul-
titarget tyrosine kinase inhibitors (such as sorafenib and lenvatinib), 
bevacizumab and immune checkpoint inhibitors have been employed 
in systemic therapy of HCC, the median survival time of advanced 
HCC did not exceed 2 years in clinical trials up to date with the ef-
forts made.19-22 Therefore, exploring novel regulating factors of HCC 
metastasis will shed light on developing treatment targets and im-
proving long-term outcomes for patients with metastatic HCC.

Tumour metastasis is a multistep process, regulated or driven by 
different mechanisms, including EMT, metastasis-associated gene 
abnormalities and tumour microenvironment alterations.4,23,24 In ad-
dition, epigenetic modification, including long noncoding RNAs (ln-
cRNAs) and chromatin remodelling factors, also contribute to HCC 
metastasis.25-27 EMT plays a critical role early in HCC metastasis 
when cells lose intercellular contacts and acquire increased motil-
ity to spread. EMT-TFs such as Snail, Twist and ZEB are responsible 
for executing EMT, and known factors impinging on EMT promotion 
include TGF-β, c-Met and various micro-RNAs.28 Clinical trials have 
been carried out to test medications targeting EMT regulators in 
HCC, such as TGFR1 inhibitors and c-MET inhibitors, but only a small 
portion of patients with specific genetic profiles benefit from these 
therapies.29-31 Hence, further studies are required to identify novel 
regulators of EMT and metastasis in HCC as potential therapeutic 
targets. Our findings revealed a new mechanism we may exploit to 
target the EMT program and metastasis (Figure 6E).

As one of the largest TF families, the KLF family has been re-
ported to be engaged in cancer progression in cancers of various or-
igins. Therefore, it is crucial to dissect the tissue-specific function of 
the KLFs in cancer. As the most well-known factor of the KLF family, 
the function of KLF4 in cancer has been extensively studied. For in-
stance, KLF4 functions as an oncogene in B non-Hodgkin lymphoma 
but appears as a tumour suppressor in several epithelial cancers, 
such as lung cancer and cancers in the digestive tract.6 Mechanistic 
studies revealed that KLF4 might regulate EMT by repressing the 
promoter of Slug—an EMT transcription factor.32 In addition, KLF5 
could regulate stemness, cell proliferation, apoptosis, autophagy 
or migration of cancer cells, depending on the types of cancer.33 In 
HCC, KLF5 negatively correlates with patients' prognosis and may 
promote HCC growth and metastasis by activating PI3K/AKT/Snail 
signalling.34 Interestingly, the role of KLF5 on EMT may depend on 
the p53 status, as KLF5 inhibits ZEB2 expression and EMT by in-
ducing miR-192 when p53 is inactivated, but not in HCC cell line 
with wild-type p53.35 Our findings further enrich the complicated 
connection between the KLFs and cancer by establishing a tumour-
suppressive role of KLF9 in HCC progression.

Progression into a mesenchymal cell state is regarded as a phe-
notypic marker of cancer stem cells in a variety of cancers, includ-
ing breast cancer and ovarian cancer. Several previous studies have 
revealed that KLF9 could regulate tumour initiation in other cancer 

types, in concert with our perspective that KLF9 works as an EMT 
regulator. For instance, reduction of KLF9 could facilitate stemness 
in ovarian cancer via Notch1/slug signalling.36 In addition, KLF9 
functions as a haploinsufficient suppressor of colon tumorigenesis 
in ApcMin/+ mice by inhibition of interferon-related signalling.37 Zhou 
QQ et al. reported that SNX5 could inhibit TGF-β-induced migration, 
invasion and EMT in clear cell renal cell carcinoma cells, and KLF9 
directly binds to the SNX5 promoter and upregulates SNX5 transcrip-
tion, thus inhibiting migration and EMT.38 However, in oral squamous 
cell carcinoma (OSCC), Wang CY et al. revealed a LINC00664/miR-
411-5p/KLF9-positive feedback loop that could promote migration, 
invasion and EMT of OSCC cells.39 These controversial findings men-
tioned above suggest that the tissue-dependent role of KLF9 needs 
to be further investigated. Effects of KLF9 on liver cancer metastasis 
and EMT are still elusive, and we originally uncovered that KLF9 func-
tionally suppresses HCC metastasis and EMT in this study, which will 
be a novel therapeutic target for drug development.

Among all the important features of cancer cells, we specifically 
identified that KLF9 suppresses HCC metastasis, the deadliest stage 
of this disease. In addition, we found that KLF9 negatively regulates 
invasion and metastasis of HCC but not affecting cell growth or tu-
mour growth. These findings precisely dissociate the anti-growth 
and anti-invasion/metastasis roles of KLF9. A previous report has 
shown that KLF9 inhibits cell proliferation in HCC cells, seemingly 
controversial in our studies. However, this report identified that the 
cell growth inhibitory effect of KLF9 depends on the expression of a 
wild-type p53 protein.40 Interestingly, the MHCC97 cells we used in 
this study were p53-null, which abolishes the p53-dependent func-
tion of KLF9. In fact, this exciting relationship between KLF9's func-
tion and the status of essential oncogenes or tumour suppressors is 
reminiscent of the findings of KLF5, suggesting that this could be, to 
some level, a common phenomenon of the KLF family. It would be 
interesting to dig into the mechanisms of other KLFs from this per-
spective. Further comparison of KLF9's function between different 
cancer types could help unveil the fundamental mechanisms of KLF9 
underlying its functions in cancer cells.
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