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Abstract

Background Research has elucidated that homeobox B9 (HOXB9), an important transcriptional activator, plays a pivotal
role in promoting the invasion and metastasis of hepatocellular carcinoma (HCC) cells. However, the mechanism by which
HOXB9 promotes the invasion and metastasis of HCC cells is incompletely understood and needs further exploration.

Methods HOXB9 and snail family transcriptional repressor 2 (SNAI2) expression were analyzed using gRT-PCR
and western blotting. The invasion and metastasis of hepatocellular carcinoma (HCC) cells were investigated using
in vitro and in vivo assays. The H3K27me3 enrichment and HOXB9 interaction with microRNA 203a (MIR203A)

or SNAI2 were detected using ChIP-gPCR. Transcriptional activities of SNAI2 and MIR203A promoter were detected
using dual-luciferase reporter assays. Co-IP and GST pull-down assays were performed to confirm the binding
between HOXB9 and EZH2.

Results HOXB9 and SNAI2 were highly expressed in HCC tissues and their expression was positively intercorrelated
and associated with poor prognosis in patients with HCC. In vitro and in vivo experiments confirmed that HOXB9

can upregulate the expression of SNAI2 to promote the invasion and metastasis of HCC cells. Furthermore, HOXB9
elevated SNAI2 expression by inhibiting MIR203A expression, a tumor suppressor gene, in HCC cells. Mechanistically,
HOXB9 recruited enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH2) through interaction with its WD-
binding domain, which increased EZH2-mediated histone H3 lysine 27 trimethylation (H3K27me3) at the MIR203A
promoter region, in turn repressing the transcriptional activity and expression of MIR203A and consequently increas-
ing the SNAI2 level in HCC cells. Finally, empirical evidence from in vitro and in vivo studies confirmed that mitiga-
tion of the HOXB9-mediated enhancement of epigenetic silencing of MIR203A inhibited SNAI2 expression, impeding
the invasion and metastasis of HCC cells.

Conclusions Our study reveals a novel mechanism by which HOXB9 promotes the invasion and metastasis of HCC
cells and expands the understanding of the function of HOXB9 in tumor progression and provides a novel therapeutic
strategy for curtailing HCC invasion and metastasis.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most preva-
lent cancer and the third leading cause of cancer-related
mortality worldwide [1]. Despite substantial advances
in the diagnosis and treatment of HCC, the prognosis
for patients with HCC remains dismal, primarily due to
tumor cell metastasis, thus posing a considerable global
health challenge [2, 3]. Therefore, a deeper understanding
of the molecular mechanisms promoting tumor invasion
and metastasis in HCC is crucial for improving the sur-
vival and quality of life of patients with HCC.

Homeobox (Hox) genes, initially identified in the fruit
fly Drosophila melanogaster, are characterized by a
highly conserved 60-amino-acid motif known as the
homeodomain and this domain is responsible for bind-
ing to DNA at specific recognition sites, leading to the
transcriptional upregulation of their target genes [4—6].
Homeobox B9 (HOXBY) gene, a member of the Hox gene
family, plays a pivotal role in cell proliferation and dif-
ferentiation and is essential for embryonic segmentation
[7]. Beyond its fundamental role in embryonic develop-
ment, HOXB9 has been implicated in the progression of
various tumors [8—10]. Elevated expression of HOXB?9 is
associated with poor clinical outcomes in different can-
cer types, including HCC [10-14]. Recently, the role of
HOXB9 in promoting tumor invasion and metastasis in
HCC has attracted increased attention. HOXB9 can acti-
vate various signaling pathways to promote the invasion
and metastasis of HCC cells [15, 16]. In addition, we pre-
viously confirmed that the ubiquitin-like protein FAT10
upregulates HOXB9 expression by modulating -catenin
expression to promote the invasion and metastasis of
HCC cells [17]. However, the mechanism by which
HOXBY promotes the invasion and metastasis of HCC
cells remains unclear and requires further exploration.

Snail family transcriptional repressor 2 (SNAI2, also
referred to as Slug) is a crucial member of the SNAI tran-
scription factor family [18]. Elevated expression of SNAI2
has been observed in multiple cancers and is positively
linked to a shorter survival time and increased risks of
recurrence and metastasis in patients [19, 20]. High lev-
els of SNAI2 expression enhance the invasion and metas-
tasis of various cancers, including HCC [21-24]. Recent
studies have reported that the non-coding RNA micro-
RNA 203a (MIR203A), a tumor suppressor gene, plays an
important role in regulating the expression of SNAI2 in
tumor cells [25—27]. The expression of MIR203A is low in
HCC cells, and increased MIR203A expression can lead
to inhibition of SNAI2 expression to suppress the inva-
sion and metastasis of HCC cells [28, 29]. Despite the
relatively low expression of MIR203A in HCC cells, the
causes of its downregulation remain poorly understood.
In addition, research has suggested that enhancer of
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zeste 2 polycomb repressive complex 2 subunit (EZH2),
a key histone methyltransferase, can promote histone H3
lysine 27 trimethylation (H3K27me3) in the promoter
regions of miRNAs, resulting in epigenetic silencing of
tumor suppressor gene miRNAs in tumor cells [30-32].
Thus, it is worth exploring whether the promoter region
of the tumor suppressor gene MIR203A is also subject to
EZH2-mediated H3K27me3 in HCC cells and, if so, what
the underlying mechanism is.

In this study, we found that HOXB9 can inhibit the
expression of MIR203A by recruiting EZH2 to increase
H3K27me3 in the MIR203A promoter region, in turn
upregulating the expression of SNAI2 and thereby pro-
moting the invasion and metastasis of HCC cells.

Materials and methods

Patients and tumor specimens

All procedures conformed to the principles set forth by
the Declaration of Helsinki. HCC tissues and normal
liver tissue specimens were obtained from 128 patients
with HCC who were admitted to the Department of Gen-
eral Surgery, the Second Affiliated Hospital of Nanchang
University. Fresh tumor tissues were collected at the time
of surgery, validated by pathological diagnosis, immedi-
ately snap-frozen in liquid nitrogen, and stored at —80 °C
for further analysis. The protocols for the collection of
human tissue in the study were approved by the Ethics
and Research Committees of the Second Affiliated Hos-
pital of Nanchang University ([2015 No. (058)]).

Cell cultures

The following cell lines were purchased from the Ameri-
can Type Culture Collection (Manassas, VA, USA): nor-
mal human liver cells (HL7702); the human HCC lines
Hep3B, Huh-7, HCCLM3, SK-HEP1, Li-7, and HepG2;
and embryonic kidney HEK293T cells. All cell lines were
authenticated by the Cell Bank using short tandem repeat
profiling, and a mycoplasma detection kit (Shanghai
GeneChem Co., Ltd.) was used to confirm the absence
of mycoplasma contamination. All cell lines were rou-
tinely maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco, Grand Island,
NY, USA) at 37 °C in a humidified atmosphere containing
5% CO,.

Western blot and Co-IP

For western blot, total protein was extracted from cells
or tumor specimens, and equal amounts of protein were
separated via sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE). Proteins were transferred
to a nitrocellulose filter (Millipore, Bedford, MA, USA)
by electroblotting. The membranes were then incubated
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with primary antibodies according to the manufacturer’s
instructions. After a night of incubation at an appro-
priate concentration of 4 °C, the membranes were then
washed with 1XTBST three times and incubated with
the appropriate secondary antibodies. Then, specific anti-
body interactions were visualized by enhanced chemilu-
minescence (Thermo, Waltham, MA, USA). The intensity
of each band was measured using Quantity-One software
(Bio-Rad, Hercules, CA, USA).

For Co-IP, the cells were lysed in cell lysis buffer for
western blot and IP (Beyotime Biotechnology, 20 mM
Tris, pH 8.0, 150 mM NaCl, 5 mM EDTA, and 1% Tri-
ton X-100) and centrifuged at 12,000 rpm for 15 min to
remove debris. 60 uL cleared lysates were used as the
input group, and the remaining lysates were subjected
to immunoprecipitation with antibodies. Rolling was
performed at 4 °C overnight. Then, protein A/G PLUS-
Agarose (Santa Cruz Biotechnology Cat# sc-2003, RRID:
AB_10201400) was added, and the plate was allowed to
rest for 6 h. Washing was performed three times with a
Wash Buffer. Then, the appropriate Bis—Tris Gel was
used for SDS-PAGE and western blot analysis.

Chromatin immunoprecipitation

Chromatin immunoprecipitation assays were performed
using a SimpleChIP® Enzymatic Chromatin IP Kit (Cell
Signaling Technology, #9003) as described. Briefly, 270
uL of 37% formaldehyde was added to cells suspended in
10 mL of medium to crosslink proteins to DNA at room
temperature and crosslinked with 0.125 M glycine for
5 min. The chromatin was isolated by adding a lysis buffer,
and the cells were disrupted with a Dounce homogenizer.
Lysates were sonicated, the DNA was sheared to an aver-
age length of 150-600 bp, and the DNA concentration
should ideally be between 50 and 200 pug/mL. For optimal
ChIP results, approximately 5 to 10 pg of digested, cross-
linked chromatin was used per immunoprecipitation.
Subsequently, 10% of the sonication-treated chromatin
was termed “input” and 80% was used for immunopre-
cipitation with the target antibody and termed “IP”. The
remaining 10% was incubated with rabbit IgG or Histone
H3 as a negative and postive control, termed “IgG” and
“H3’, respectively. The complex was precipitated with
protein A/G magnetic beads overnight. Complexes were
washed with low salt wash buffer, high salt wash buffer,
LiCl wash buffer, and TE buffer, and the magnetic beads
were eluted in elution buffer with protease K at 65 °C for
2 h to reverse cross-links and obtain purified ChIP DNA.
For ChIP-sequencing (ChIP-Seq), we contacted a techni-
cal service company for DNA sequencing. Briefly, ChIP-
grade DNA was sequenced for data analysis after a series
of steps, including initial quality control, sequencing
library preparation, cluster generation, and sequencing.
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For ChIP-quantitative real-time PCR (ChIP-qPCR), the
immunoprecipitated DNA fragments were analyzed by
real-time PCR with primers. The primers used for qPCR
were MIR203A from GENEPHARMA. The primers used
were as follows: MIR203A, 5-CCTGTACAATGGGCT
GTGTG-3’ and 5-GCTCTAGCTGCACTCACCTG-3".
The enrichment levels were calculated using the follow-

ing formula: Fold Enrichment = 2(- AACt [ChIP/NIS])

Transwell assays

Migration and invasion assays were performed using
a Transwell system (8-um pore size; BD Biosciences,
NJ, USA). In brief, 5x10* cells resuspended in DMEM
were seeded into the upper chambers, which were
either uncoated (for the migration assay) or coated with
Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) (for
the invasion assay). The lower chambers were filled with
medium containing 15% FBS. After incubation for the
indicated periods, the upper chambers were removed,
and the cells on the lower surface of the membrane were
fixed, stained with 0.1% crystal violet, and photographed.
Cells were manually counted in five random visual fields
per chamber.

Statistical analysis

All the data are expressed as the mean + standard devia-
tion. Differences between two groups were analyzed by
Student’s t test, and differences among more than two
groups were evaluated by one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test.
The Kaplan—Meier method was used to generate survival
curves, and the log-rank test was used to determine the
significance of differences in survival. P values less than
0.05 were considered to indicate statistical significance.
Statistical analyses were conducted using GraphPad
Prism software 9.0.

Results

Both HOXB9 and SNAI2 are upregulated in HCC tissues

and are closely associated with poor prognosis

Analysis of RNA sequencing (RNA-seq) data from three
independent sets of tissues from pathologically diag-
nosed HCC patients revealed that the mRNA levels of
HOXB9 and SNAI2 were increased in HCC tissues com-
pared with adjacent nontumor tissues (Fig. 1A). Fur-
ther data analysis showed that the SNAI2 expression
was significantly increased in the HOXB9 high expres-
sion group (Fig. 1B). In addition, the examination of the
mRNA expression of HOXB9 and SNAI2 in 48 HCC tis-
sues and the corresponding adjacent tissues using quan-
titative reverse transcription—polymerase chain reaction
(qRT-PCR) revealed that HOXB9 and SNAI2 were upreg-
ulated in HCC tissues (Fig. 1C). Importantly, their
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Fig. 1 HOXB9 and SNAI2 expression are upregulated in HCC tissues and are associated with poor prognosis. A HCC tissues and adjacent nontumor
tissue samples were subjected to RNA-sequencing (RNA-seq) analysis (n=3). B Rank of differentially expressed genes between high HOXB9 and low
HOXB9 group. C gRT-PCR analysis detected the mRNA expression levels of SNAI2 and HOXB9 in paired HCC tissues and adjacent nontumor tissues
(n=48). D Scatter plots showed a positive correlation between HOXB9 and SNAI2 at the mRNA level in HCC tissues (n=48). E Representative
ISH staining and quantitative analysis of SNAI2 and HOXB9 in paired HCC tissues and adjacent nontumor tissues (n=48). Scale bars=200 um
and 100 um. F Determination and quantification of HOXB9 and SNAI2 protein levels in paired HCC tissues and adjacent nontumor tissues
by western blot assay (n=48). Scatter plots showed a positive correlation between HOXB9 and SNAI2 at the protein level in HCC tissues. G
Representative IHC staining and quantitative analysis of HOXB9 and SNAI2 protein expression in 48 pairs of HCC tissues and adjacent nontumor
tissues (n=48). Scale bars=200 um and 100 um. H Kaplan—Meier curves for overall survival based on the combination of HOXB9 and SNAI2 protein
levels. Patients diagnosed with HCC were divided into four groups based on HOXB9 and SNAI2 protein expression: Group 1 (n=67): high HOXB9
and high SNAI2 expression; Group 2 (n=16): high HOXB9 and low SNAI2 expression; Group 3 (n=12): low HOXB9 and high SNAI2 expression;
and Group 4 (n=33): low HOXB9 and low SNAI2 expression. Data are represented as the mean =+ SD. *p <0.05 and ***p <0.001

expression levels were positively correlated (R=0.5909, expression of HOXB9 and SNAI2 in HCC tissues than
p<0.001) (Fig. 1D). Consistent with the qRT-PCR find- in adjacent tissues (Fig. 1F, G). Western blot analysis
ings, in situ hybridization (ISH) was used to evaluate also revealed HOXB9 and SNAI2 overexpression in the
HOXB9 and SNAI2 expression in HCC and adjacent six tested HCC cell lines compared with the immortal-
nontumor tissues, and the results confirmed their upreg-  ized liver cell line HL7702 (Fig. S1A-D). These results
ulation (Fig. 1E). Additionally, western blot and immu- indicated that HOXB9 and SNAI2 were highly expressed
nohistochemical (IHC) analyses revealed higher protein  both in HCC tissues and HCC cells.
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We then analyzed the correlations of HOXB9 and
SNAI2 protein expression with clinicopathological
parameters in 128 patients with HCC. Both HOXB9 and
SNAI2 overexpression correlated closely with tumor
venous invasion, TNM stage and tumor microsatellite
formation (Table 1). Kaplan—Meier analysis revealed that
patients with HCC with high HOXB9 and SNAI2 expres-
sion had the lowest overall survival rate, whereas those
with low HOXB9 and SNAI2 expression had the highest
overall survival rate (Fig. 1H). Overall, our results indi-
cated that both HOXB9 and SNAI2 were significantly
upregulated in HCC tissues and that this upregulation
was associated with poor prognosis in patients with
HCC.

HOXB9 upregulates the expression of SNAI2 to promote
the invasion and metastasis of HCC cells

Our in vitro experiments demonstrated that reducing
HOXBY expression inhibited the migration and invasion
of HCCLMS3 cells by suppressing SNAI2 expression. qRT-
PCR and western blot analyses revealed that HOXB9
knockdown decreased the mRNA and protein levels of
SNAI2 in HCCLMS3 cells (Fig. S2A). Transwell assays and
real-time cellular analysis (RTCA) revealed reductions
in the migration and invasion capabilities of HCCLM3
cells with HOXB9 knockdown (Fig. S2B, C). Further-
more, rescue experiments indicated that HOXB9 down-
regulation decreased SNAI2 expression, whereas SNAI2
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upregulation attenuated the decrease in SNAI2 expres-
sion caused by HOXB9 downregulation in HCCLM3
cells (Fig. 2A). Transwell assays also showed that HOXB9
knockdown dramatically decreased the migration and
invasion abilities of HCCLMS3 cells, whereas SNAI2
upregulation reversed the HOXB9 knockdown-induced
decreases in the migration and invasion abilities (Fig. 2B).
In contrast, HOXB9 overexpression increased migration
and invasion by upregulating SNAI2 expression in Hep3B
cells (Fig. S2D-F, Fig. 2C, D).

Furthermore, our in vivo experiments indicated that
HOXB9 upregulated SNAI2 expression to promote the
lung metastasis of HCC cells. Lung metastasis models
were established in BALB/c nude mice via tail vein injec-
tion of SANC-HCCLM3 and shHOXB9-HCCLMS3 cells.
After four weeks, the images acquired with an in vivo
imaging system (IVIS) indicated a significant reduction
in the fluorescence intensity in the shHOXB9-HCCLM3
group compared with the shNC-HCCLM3 group
(Fig. 2E). Hematoxylin and eosin (H&E) staining of lung
tissues confirmed a significant decrease in the number
of metastatic lung nodules in the shHOXB9-HCCLM3
group (Fig. 2F). IHC staining of lung metastases revealed
decreased HOXB9 and SNAI2 protein levels in shH-
OXB9-HCCLM3 cells compared with shNC-HCCLM3
cells (Fig. 2G). Conversely, HOXB9 overexpression in
Hep3B cells upregulated SNAI2 expression, promoting
lung metastasis (Fig. 2H-]J). Collectively, these findings

Table 1 Correlation of HOXB9 and SNAI2 with the clinicopathological features of 128 patients with HCC

Variables Clinicopathological HOXB9 SNAI2

characteristics
High Low expression P value High Low expression P value
expression expression

Age <60 38 20 0.885 33 25 0.307
>60 45 25 46 24

Gender Female 26 10 0.274 19 17 0.193
Male 57 35 60 32

HBsAg Negative 10 5 0.875 9 6 0.884
Positive 73 40 70 43

Tumor size <5cm 37 26 0.154 43 20 0.134
>5cm 46 19 36 29

Venous invasion Absent 22 25 0.001™ 23 24 0.023"
Present 61 20 56 25

TNM stage ] 34 29 0.011" 30 33 0.001™
115\ 49 16 49 16

Tumor microsatellite  Absent 19 23 0.001™ 20 22 0.022"

formation Present 64 2 59 27

AFP Normal 21 18 0.085 25 14 0.713
Abnormal 62 27 54 35

TNM Tumor node metastasis, HBsAg hepatitis B surface antigen, AFP Alpha-fetoprotein

*p<0.05 and **p <0.01 indicate significance. Bold values are statistically signifcant
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Fig. 2 HOXB9 upregulates the expression of SNAI2 to promote the invasion and metastasis of HCC cells. A Western blot was used to analyze
the protein levels of HOXB9 and SNAI2 in HCCLM3 cells with the indicated treatments. B Transwell assays detected the migration and invasion
capacities of HCCLM3 cells with the indicated treatments (n=4). Scale bars=100 um. C Western blot analyzed the protein levels of HOXB9

and SNAI2 in Hep3B cells with the indicated treatments. D Transwell assays detected the migration and invasion capacities of Hep3B cells

with the indicated treatments (n=4). Scale bars=100 um. E and F Representative bioluminescent images and quantification analysis (E) of lung
tumors in nude mice intravenously injected with HOXB9 knockdown HCCLM3 cells, and H&E-stained images and quantification analysis (F)

of metastatic nodules in the lungs (n=10 mice per group). G IHC analysis of HOXB9 and SNAI2 levels in metastatic pulmonary tumors in the above
groups. Scale bars=200 pm and 100 um. H and | Representative bioluminescent images and quantification analysis of lung tumors (H) in nude
mice intravenously injected with HOXB9 overexpression Hep3B cells, H&E-stained images and quantification analysis (I) of metastatic nodules
in the lungs. (n=10 mice per group). J IHC analysis of HOXB9 and SNAI2 expression levels in metastatic pulmonary tumors in the above groups.
Scale bars=200 um and 100 um. Data represent the mean +SD. *p <0.05, **p <0.01 and ***p < 0.001

indicated that HOXB9 upregulated the expression of
SNAI2 to promote the invasion and metastasis of HCC
cells in vitro and in vivo.

HOXB9 upregulates SNAI2 expression by inhibiting
MIR203A expression in HCC cells

The results of chromatin immunoprecipitation followed
by sequencing (ChIP-seq) indicated that HOXB9 did
not bind to the SNAI2 promoter region in HCCLM3
cells (Fig. 3A). Moreover, the dual-luciferase reporter
assay also showed that neither the downregulation nor
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overexpression of HOXBY affected the transcriptional
activity of SNAI2 promoter in HCCLM3 and Hep3B
cells (Fig. 3B), suggesting that HOXB9 does not directly
regulate SNAI2 transcription; therefore, intermediate
mediators that regulate the expression of SNAI2 induced
by HOXB9 in HCC cells may exist. Previous studies
have reported that MIR203A plays an important role in
regulating the expression of SNAI2 in HCC cells [29].
Therefore, we sought to investigate whether HOXB9 can
regulate SNAI2 expression by modulating the MIR203A
level. We first found that reduced MIR203A expression
led to upregulated SNAI2 expression, increasing the
migration and invasion of HCC cells. Our results showed
that increased MIR203A expression decreased the mRNA
and protein levels of SNAI2 to inhibit the migration and
invasion of HCC cells in a dose-dependent manner (Fig.
S3A-D). Conversely, decreased MIR203A expression
resulted in an increase in the level of SNAI2 to promote
the migration and invasion of HCC cells (Fig. S3E-H).
Subsequent investigation focused on whether HOXB9
regulates SNAI2 expression by modulating MIR203A lev-
els in HCC cells. We first found that HOXB9 can regulate
MIR203A expression in HCC cells. miRNA sequencing
(miRNA-seq) revealed increased MIR203A expression
in shHOXB9-HCCLM3 cells compared with shNC-
HCCLMS3 cells (Fig. 3C). qRT-PCR revealed that HOXB9
downregulation led to elevated MIR203A expression
in HCCLM3 cells, whereas HOXB9 upregulation sup-
pressed MIR203A expression in Hep3B cells (Fig. 3D).
Furthermore, rescue experiments showed that reducing
HOXBY expression increased the MIR203A level and
decreased mRNA and protein expression of SNAI2; how-
ever, MIR203A downregulation counteracted the increase
in MIR203A expression and the reduction in SNAI2
expression triggered by HOXB9 silencing in HCCLM3
cells (Fig. 3E). Consistently, RTCA and the transwell
assays showed that concomitant MIR203A knockdown
reversed the HOXB9 downregulation-induced reduc-
tions in the migration and invasion abilities of HCCLM3
cells (Fig. 3F, Q). In contrast, HOXB9 overexpression

(See figure on next page.)
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reduced the MIR203A level, thereby increasing SNAI2
expression and augmenting the migratory and invasive
capacities of Hep3B cells (Fig. 3H-]). Thus, these results
indicated that HOXB9 can upregulate the expression of
SNAI2 by inhibiting MIR203A expression in HCC cells.

HOXB9 increases H3K27me3 of the MIR203A promoter

to inhibit its transcriptional activity in HCC cells

We then explored the mechanism by which HOXB9
inhibits MIR203A expression in HCC cells. The chroma-
tin isolation by RNA purification sequencing (ChIRP-
seq) results showed that HOXB9 had an enrichment
peak in the upstream promoter region (approximately
1,800 bp) of MIR203A in HCCLM3 cells (Fig. 4A). ChIP-
qPCR results also revealed that HOXB9 could indeed
be enriched in the promoter region of MIR203A in
HCC cells (Fig. 4B, Fig. S4A). Furthermore, ChIP-qPCR
and dual-luciferase reporter assay results showed that
although HOXB9 overexpression increased the enrich-
ment of HOXB9 in the MIR203A promoter region, the
transcriptional activity of the MIR203A promoter was
inhibited in HCC cells (Fig. 4C, D, Fig. S4B, C). Con-
versely, HOXB9 knockdown decreased the enrichment
of HOXBY in the MIR203A promoter region, but the
transcriptional activity of the MIR203A promoter was
increased in HCC cells (Fig. 4E, F, Fig. S4D, E). These
results indicated that HOXB9 overexpression can inhibit
the transcriptional activity of the MIR203A promoter in
HCC cells.

Studies have indicated that histone H3 methyla-
tion modifications, such as H3K27me3, H3K4me3 and
H3K9me3, in promoter regions play important roles
in regulating the transcriptional activity of miRNAs
[33-35]. Thus, we further investigated the status of
H3K27me3, H3K4me3 and H3K9me3 in the MIR203A
promoter region in HCC cells overexpressing HOXBO.
ChIP-qPCR results indicated that HOXB9 overexpression
increased the enrichment of H3K27me3 in the MIR203A
promoter region, whereas no significant changes were
observed in the enrichment of H3K4me3 and H3K9me3

Fig. 3 HOXB9 upregulates SNAI2 expression by inhibiting MIR203A expression in HCC cells. A The ChiIP-seq signal for HOXB9 at SNAI2 loci

in HCCLM3 cells. The ChIP-seq signal was normalized to the sequencing depth to make samples comparable. B The relative luciferase activity

of SNAI2 promoter in HCCLM3 and Hep38B cells with the indicated treatments (n=3). C Heatmap representation of differentially expressed miRNAs
in the HCCLM3 with HOXB9 knockdown cells (p <0.05 and FC > 1.5). Upregulated miRNAs were shown in red, while downregulated miRNAs were
shown in green. Row, miRNA; columns, independent biological replicates (n=3). D gRT-PCR detected MIR203A expression after changing HOXB9
expression in HCCLM3 and Hep3B (n=4). E qRT-PCR detected mRNAs of MIR203A and SNAI2 in HCCLM3 cells with the indicated treatments (n=4)
and western blot analyzed the protein levels of HOXB9 and SNAI2 in the above different groups. F and G RTCA (F) and transwell assays (G) were
used to detect the invasion and migration abilities of HCCLM3 cells with the indicated treatments (n=4). Scale bars=100 um. H gRT-PCR detected
mMRNAs of MIR203A and SNAI2 in Hep3B cells with the indicated treatments (n=4) and western blot showed the protein levels of HOXB9 and SNAI2
in the above different groups. I and J RTCA (1) and transwell assays (J) detected the invasion and migration abilities of Hep3B cells with the indicated
treatments (n=4). Scale bars=100 um. Data represent the mean+SD. ns, p>0.05, *p < 0.05, *p <0.01 and ***p <0.001
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in HCCLMS3 cells (Fig. 4G). ChIP-qPCR further showed
that HOXB9 downregulation led to decreased enrich-
ment of H3K27me3 in the MIR203A promoter region in
HCCLMS3 cells (Fig. 4H). ChIP-qPCR also revealed that
the enrichment of H3K27me3 in the MIR203A promoter
region changed along with changes in HOXB9 expression
in Hep3B cells (Fig. S4F, G). These results indicated that
HOXBY overexpression increases the H3K27me3 level in
the MIR203A promoter region in HCC cells.

Furthermore, we investigated whether HOXB9 can
increase H3K27me3 in the MIR203A promoter region to
inhibit the transcriptional activity of the MIR203A pro-
moter in HCC cells. ChIP-qPCR revealed that HOXB9
overexpression increased the enrichment of H3K27me3
in the MIR203A promoter region in HCC cells, and dual-
luciferase reporter assays and qRT-PCR analyses revealed
that HOXB9 overexpression inhibited the transcrip-
tional activity and expression of MIR203A in HCC cells;
however, treatment with 3-deazaneplanocin (DZNeP),
an inhibitor of H3K27me3, attenuated the increase in
H3K27me3 enrichment in the MIR203A promoter region
and the inhibition of MIR203A transcriptional activ-
ity and expression caused by HOXB9 overexpression in
HCC cells (Fig. 41-K, Fig. S4H-J). Overall, our results
confirmed that HOXB9 overexpression can increase the
H3K27me3 level in the MIR203A promoter region, lead-
ing to inhibition of the transcriptional activity of the
MIR203A promoter in HCC cells.

HOXB9-mediated increase in H3K27me3 in the MIR203A
promoter to inhibit its transcriptional activity depends

on EZH2 in HCC cells

Previous studies have indicated that the EZH2-mediated
increase in H3K27me3 in miRNA promoter regions
plays an important role in inhibiting the transcrip-
tional activity of miRNA promoters in tumor cells [30,
36]. Therefore, we further sought to determine whether
EZH2 is involved in the HOXB9-mediated increase in
H3K27me3 in the MIR203A promoter region in HCC

(See figure on next page.)
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cells. Our results first confirmed that EZH2 increased
the H3K27me3 level in the MIR203A promoter region
to inhibit the transcriptional activity and expression of
MIR203A in HCCLM3 and Hep3B cells. ChIP-qPCR
indicated that EZH2 upregulation increased the enrich-
ment of both EZH2 and H3K27me3 in the MIR203A pro-
moter region; however, dual-luciferase reporter assays
and qRT-PCR demonstrated that EZH2 upregulation
decreased the transcriptional activity and expression
of MIR203A in HCC cells (Fig. 5A-C, Fig. S5A—C). The
opposite effects were observed in HCC cells with EZH2
knockdown (Fig. 5D-F, Fig. S5D-F).

Next, our results confirmed that the HOXB9-medi-
ated increase in H3K27me3 in the MIR203A promoter
region inhibited the transcriptional activity of MIR203A
through EZH2 in HCC cells. Notably, modifying HOXB9
expression did not affect the mRNA or protein level of
EZH2 in HCC cells (Fig. 5G, Fig. S5G). However, HOXB9
overexpression increased the H3K27me3 level in the pro-
moter region of MIR203A, accompanied by decreases in
the transcriptional activity and expression of MIR203A
in HCC cells, and EZH2 downregulation attenuated
the above changes caused by HOXBY overexpression in
HCC cells (Fig. 5H-J, Fig. SSH-J). Furthermore, we used
GSK126, an EZH2 methyltransferase inhibitor, and the
results of these rescue experiments showed that GSK126
did not alter the mRNA or protein expression level of
HOXB9 or EZH2 but did attenuate the increase in the
H3K27me3 level in the promoter region of MIR203A and
the decreases in the transcriptional activity and expres-
sion of MIR203A caused by HOXB9 overexpression in
HCC cells (Fig. 5K-N, Fig. S5K-N).

Furthermore, we explored whether the HOXB9-
induced increase in H3K27me3 in the MIR203A pro-
moter region in HCC cells is dependent on EZH2. To
this end, EZH2 knockout HCCLM3 (EZH2~~ HCCLM3)
cells were engineered utilizing the CRISPR-Cas9 system
(Fig. S6A, B). Next, the expression of HOXB9 in EZH2™/~
HCCLMS3 cells was altered; western blot results showed

Fig. 4 HOXB9 inhibits the transcriptional activity of MIR203A by enhancing its promoter H3K27me3 in HCC cells. A ChIRP-seq signal for HOXB9

at MIR203A loci in HCCLM3 cells and the ChiP-seq signal was normalized to the sequencing depth to make samples comparable. B ChIP-gPCR
showed the enrichment level of HOXB9 at the MIR203A promoter region in HCCLM3 (n=4). C and D The enrichment level of HOXB9 at the MIR203A
promoter region (C) and the relative transcriptional activity of the MIR203A (D) in HCCLM3 cells with HOXB9 overexpression were determined

by using ChIP-gPCR and dual-luciferase reporter assay, respectively (n=4). E and F ChIP-gPCR detected the enrichment level of HOXB9

at the MIR203A promoter region in HCCLM3 cells with HOXB9 knockdown (E), and dual-luciferase reporter assay detected the relative transcriptional
activity of MIR203A (F) in the above different groups (n=4). G ChIP-gPCR detected the enrichment levels of H3K4me3, H3K9me3, and H3K27me3

at the MIR203A promoter in HCCLM3 cells with HOXB9 overexpression (n=4). H ChIP-qPCR detected the enrichment level of H3K27me3

at the MIR203A promoter in HCCLM3 cells with knockdown HOXB9 (n=4). I The enrichment level of H3K27me3 at the MIR203A promoter in HCCLM3
cells with the indicated treatments was detected by ChIP-gPCR (n=4).J and K The transcriptional activity of the MIR203A (J) and the MIR203A
expression levels (K) in HCCLM3 cells with the indicated treatments were detected by dual-luciferase reporter assay and gRT-PCR, respectively
(n=4). Data represent the mean +SD. ns, p>0.05, *p < 0.05, **p<0.01 and ***p» <0.001
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that the protein level of HOXB9 varied as the HOXB9
expression changed compared with the control group in
EZH27~ HCCLMS3 cells and ChIP-qPCR results showed
that the enrichment level of H3K27me3 in the MIR203A
promoter region remained unchanged, regardless of the
changes in the expression levels of HOXB9 in EZH2™/~
HCCLMS3 cells (Fig. 50, P). Dual-luciferase reporter
assays and qRT-PCR showed that HOXB9 downregula-
tion inhibited the transcriptional activity and expression
of MIR203A, whereas HOXB9 upregulation increased
the transcriptional activity and expression of MIR203A in
EZH2~~ HCCLMS cells (Fig. 5Q). However, the opposite
patterns were observed in EZH2™~ HCCLMS3 cells trans-
fected with the Flag-EZH2 plasmid (Fig. 5R-T). Hence,
these results confirmed that HOXB9-mediated increase
in H3K27me3 in the MIR203A promoter region, which
resulted in inhibition of the transcriptional activity of the
MIR203A promoter, was dependent on EZH2 in HCC
cells.

HOXB9 recruits EZH2 to enhance the epigenetic silencing
of MIR203A and thereby promotes SNAI2 expression

in HCC cells

A previous study suggested that transcription factors
can bind to EZH2, subsequently recruiting it to increase
the H3K27me3 level in the promoter regions of target
gene [37]. Therefore, we speculated that HOXB9 can
also recruit EZH2 to increase the H3K27me3 level in
the MIR203A promoter region in HCC cells. Our results
first revealed that HOXB9 can bind to the WD-binding
(WDB) domain of EZH2 in HCC cells. Co-immunopre-
cipitation (Co-IP) and confocal immunofluorescence
assays revealed the interaction and co-localization of
HOXBY with EZH2 in HCC cells (Fig. 6A, B, Fig. S7A,
B). Glutathione S-transferase (GST) pulldown and Co-IP
assays confirmed that HOXB9 directly bound to the

(See figure on next page.)
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N-terminal WDB domain of EZH2 (Fig. 6C-E). Moreo-
ver, Co-IP assays confirmed that the WDB domain of
EZH?2 is essential for its binding to HOXB9 in HCCLM3
cells (Fig. 6F). Furthermore, our results revealed
that HOXB9 overexpression increased the binding
between HOXB9 and EZH2, accompanied by increased
H3K27me3 enrichment in the MIR203A promoter
region, which resulted in inhibition of the transcriptional
activity and expression of MIR203A in HCC cells. Co-IP
and ChIP-qPCR results showed that HOXB9 downregu-
lation decreased the binding between HOXB9 and EZH2,
decreased H3K27me3 enrichment in the MIR203A pro-
moter region; whereas HOXB9 upregulation increased
the binding between HOXB9 and EZH2, increased
H3K27me3 enrichment in the MIR203A promoter region
(Fig. 6G, H, Fig. S7C, D). The results of dual-luciferase
reporter assay and qRT-PCR demonstrated that HOXB9
downregulation increased the transcriptional activity
and expression of MIR203A; whereas HOXB9 upregula-
tion decreased the transcriptional activity and expression
of MIR203A (Fig. 6l, Fig. S7E). These results confirmed
that HOXB9 can recruit EZH2 by binding to the WDB
domain of EZH2 to increase the H3K27me3 level in the
MIR203A promoter region in HCC cells.

Hence, consolidating all the preceding results, we
hypothesized that HOXB9 upregulates SNAI2 expression
through the recruitment of EZH2, leading to increased
binding between HOXB9 and EZH2, which enhances
the epigenetic silencing of MIR203A. This silencing, in
turn, inhibits the transcriptional activity and expression
of MIR203A, subsequently upregulating SNAI2 expres-
sion in HCC cells. To confirm this hypothesis, we altered
the expression of HOXB9 and then investigated the
binding of HOXB9 to EZH2, the H3K27me3 level in the
MIR203A promoter region, the transcriptional activity
and expression levels of MIR203A, and the SNAI2 level in

Fig. 5 HOXB9-enhanced H3K27me3 in the MIR203A promoter region depends on EZH2 in HCC cells. A gRT-PCR and western blot analyzed

the £ZH2 mRNA and protein levels (n=4). B and C The enrichment levels of EZH2 and H3K27me3 at the MIR203A promoter (B), the transcriptional
activity and expression of MIR203A (C) were detected (n=4). D gRT-PCR and western blot analyzed the £ZH2 mRNA and protein levels (n=4).

E and F The enrichment levels of EZH2 and H3K27me3 at the MIR203A promoter (E), the transcriptional activity and expression of MIR203A (F)
were analyzed (n=4). G gRT-PCR and western blot were used to analyze the mRNA and protein levels of EZH2 and HOXB9 (n=4). H gRT-PCR

and western blot were used to analyze the mRNA and protein levels of EZH2 and HOXB9 (n=4). 1 and J H3K27me3 enrichment at the MIR203A
promoter (I), the transcriptional activity and expression of MIR203A (J) were detected (n=4). K and L gRT-PCR (K) and western blot (L) were

used to analyze the mRNA and protein levels of £ZH2 and HOXB9 in HCCLM3 cells (n=4). M and N The H3K27me3 enrichment at the MIR203A
promoter (M), the transcriptional activity and expression of MIR203A (N) were detected in different groups (n=4). O Western blot was used

to analyze the protein levels of EZH2 and HOXBO after changing HOXB9 in £2ZH2~ HCCLM3 cells. P ChIP-GPCR was used to explore the H3K27me3
enrichment at the MIR203A promoter region in £ZH27~ HCCLM3 cells with the indicated treatments (n=4). Q Dual-luciferase reporter assay

and gRT-PCR detected transcriptional activity of the MIR203A promoter and MIR203A levels in different groups (n=4). R Western blot analyzed

the protein levels of EZH2 and HOXBY after changing HOXB in EZH2~/~ HCCLM3 cells transfected with the Flag-EZH2 plasmid (n=4). S ChIP-gPCR
explored H3K27me3 enrichment at the MIR203A promoter region after changing HOXB9 in different groups (n=4). T Dual-luciferase reporter
assay and qRT-PCR detected transcriptional activity of the MIR203A promoter and MIR203A levels in different groups (n=4). Data are represented

as the mean+SD. ns, p>0.05, *p < 0.05, **p <0.01 and ***p <0.001
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HCC cells. Co-IP assays revealed that with the upregula-
tion of HOXBY, the intensity of binding between HOXB9
and EZH2 increased, and concomitantly, the SNAI2 pro-
tein level also increased in a dose-dependent manner in
HCC cells (Fig. 6], Fig. S7F). Although the ChIP-qPCR
results showed that the enrichment of H3K27me3 in
the MIR203A promoter region increased gradually with
HOXB9 upregulation, the dual-luciferase reporter assay
showed that the transcriptional activity of the MIR203A
promoter gradually decreased in HCC cells (Fig. 6K, L,
Fig. S7G, H). Moreover, qRT-PCR results showed that
the expression level of MIR203A gradually decreased
and the mRNA level of SNAI2 gradually increased as
HOXB9 expression increased in HCC cells (Fig. 6M, Fig.
S7I). Conversely, downregulation of HOXB9 reduced the
binding of HOXBY to EZH2 and the H3K27me3 level in
the MIR203A promoter region, increased the transcrip-
tional activity of the MIR203A promoter and MIR203A
expression, and decreased the mRNA and protein levels
of SNAI2 in HCC cells (Fig. 6N-Q, Fig. S7]-M). Over-
all, our results confirmed that HOXB9 can recruit EZH2
to enhance the epigenetic silencing of MIR203A and
thereby promoted SNAI2 expression in HCC cells.

GSK126 mitigates the HOXB9-mediated enhancement

of MIR203A silencing and thereby downregulates SNAI2

to inhibit the invasion and metastasis of HCC cells

Given the important role of EZH2-mediated H3K27me3
in the regulation of the MIR203A-SNAI2 axis by
HOXB9 in HCC cells, we explored whether alleviat-
ing the HOXB9-mediated enhancement of AMIR203A
silencing reduces SNAI2 expression to curtail the inva-
sion and metastasis of HCC cells. To this end, we used
GSK126 to inhibit EZH2-mediated H3K27me3 in HCC
cells. ChIP-qPCR demonstrated that HOXB9 overex-
pression increased the H3K27me3 level in the MIR203A
promoter region; however, GSK126 treatment decreased
the promoting effect of HOXB9 on H3K27me3 in the

(See figure on next page.)
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MIR203A promoter region (Fig. 7A, Fig. S8A). Dual-
luciferase reporter assays and qRT-PCR analysis also
showed that GSK126 attenuated the decreases in the
transcriptional activity of the MIR203A promoter and
MIR203A expression caused by HOXB9 overexpression
in HCC cells (Fig. 7B, Fig. S8B). Furthermore, qRT-PCR
and western blot revealed that while HOXB9 overexpres-
sion increased the mRNA and protein levels of SNAI2,
GSK126 treatment reversed these increases in HCC cells
(Fig. 7C, Fig. S8C). Correspondingly, the results of tran-
swell assays and RTCA illustrated that GSK126 treatment
mitigated the increases in the migration and invasion
capabilities induced by HOXB9 overexpression in HCC
cells (Fig. 7D, E, Fig. S8D, E). These in vitro results con-
firmed that GSK126 counteracted HOXB9-promoted
epigenetic silencing of MIR203A, leading to the down-
regulation of SNAI2 expression and impeding the migra-
tion and invasion of HCC cells.

Furthermore, our in vivo findings confirmed that
GSK126 alleviated HOXB9-promoted epigenetic
silencing of MIR203A, leading to the downregulation
of SNAI2 expression and impeding the lung metastasis
of HCC cells. Initially, we injected His-vector or His-
HOXB9-HCC cells into BALB/c nude mice via the tail
vein. After one week, we applied GSK126 treatment
in the HOXBY overexpressing group, with one subset
receiving GSK126 treatment and another left untreated
(Fig. 7F). Four weeks post-HCC cell injection, IVIS
imaging and H&E staining of lung tissues revealed that
HOXB9 overexpression significantly increased the fluo-
rescence intensity in lung tissue and the number of lung
metastatic nodules compared with those in the con-
trol group; however, both the fluorescence intensity in
lung tissues and the number of lung metastatic nodules
were significantly reduced in the GSK126-treated group
compared to those in the untreated group (Fig. 7G, H,
Fig. S8F, G). IHC analysis of lung metastases revealed
that GSK126 treatment attenuated the increase in

Fig. 6 HOXBO recruits EZH2 to enhance H3K27me3 of MIR203A and then promotes SNAI2 expression in HCC cells. A Co-IP detected

the interaction between HOXB9 and EZH2 protein in HCCLM3 cells. B Confocal microscopy showing co-localization of HOXB9 and EZH2.

Scale bar=10 pm. C Schematic illustration showing the construction of full-length EZH2 and its truncations. D GST pull-down assay detected
the interaction between full-length His-EZH2 purified proteins or EZH2 truncated purified proteins with GST-HOXB9 purified proteins. E HEK293T
cells were transfected with the indicated constructs, and cells were lysed for Co-IP using anti-His beads to detect GST binding. F Cells were

lysed for Co-IP using anti-GST beads to detect Flag binding. G Cells were lysed for Co-IP using anti-HOXB9 beads to detect HOXB9 binding

to EZH2 following altered HOXB9 protein expression. H ChIP-gPCR was used to analyze the enrichment levels of HOXB9, EZH2 and H3K27me3

at the MIR203A promoter (n=4). 1 The transcriptional activity of the MIR203A promoter and MIR203A expression were detected (n=4). J Co-IP
detected the interaction between HOXB9 and EZH2 in different groups. K and L ChIP-qPCR explored H3K27me3 enrichment at the MIR203A
promoter (K), dual-luciferase reporter assay analyzed transcriptional activity of the MIR203A promoter (L) in different groups (n=4). M gRT-PCR
detected MIR203A and SNAI2 levels (n=4). N Co-IP detected the interaction between HOXB9 and EZH2 in different groups. O and P ChIP-gPCR
explored H3K27me3 enrichment at the MIR203A promoter (O), dual-luciferase reporter assay analyzed transcriptional activity of the MIR203A
promoter (P) in different groups (n=4). Q gRT-PCR detected MIR203A and SNAI2 levels in HCCLM3 cells with the indicated treatments (n=4). Data
are represented as the mean+SD. ns, p>0.05, *p <0.05, **p < 0.01 and ***p <0.001



Zhang et al. Journal of Translational Medicine (2024) 22:918 Page 14 of 19
A HCCLM3 HCCLM3 B HceLm3 c
AntidgG * - - J R a—
Anti-EZH2 -+ - Anti-HOXB9 -  + - EZH2 Structure
Anti-HOXBY - -+ Ant-EZHZ o ] q e
EZH2 - ame [100KD Heavy
a o [ chain EZH2FL 175128
Hia\_ly m -55kD HOXB9 EZH2-M1 m— 1-153aa
chain —
EZH2-M2 "— 154-351aa
HOXB9 -29kD I
HOXB9 |20kD EZH2-M3 35248122
-1 3 EZH2-M4 482-641aa
ol o
- £| EzH2 El'mk” —
£| EzH2 100kD £ EZH2-M5 64275122
Tubulin | S (-55kD TubulinE’-SskD
D GSH beads E IP: His F
GST+ + + + + + - - - - - - GST+ + + + + + - - - - - - EZH2"HCCLM3
GST-HOXB9- - - - - - + + + + + + GST-HOXB9- - - - - - + + + + + + vector + - -
His-EZH2+ - - - - - 4 -« - - . - His-EZH2+ - - - - - + - - . - - Flag-EZH2 - + .
HisEZH2 11530, + - . - . o+ o T T = HisEZH2 115322~ + - . - . - + - . - . Flag_EZHngWDB oty
His-EZH2 154-351aa- - + - - - - - o+ - . . His-EZH2154-3512a~ - + - - - - - + . . - GST-HOXES P
His-EZH2 352-481aa- - - + =« = - « - 4+ - - His-EZH2 352-481aa- - - + - - - - - + - - S
His-EZH2 482-641aa- - - - + - - - - - + - His-EZH2482-641aa- - - - + - - - - - + - 1 esT
His-EZH2 642-751aa- - - - - + - - - - - + His-EZH2 642-751aa- - - - = + == = = = - + 0] -55kD
@
- -100kD GST }sskD ag
His - l100kD GST [ m———|-55kD
- -25kD - -
- — - -  o5kD 5| ra - -100kD
His gl ™ - .70xD
GST - - b FT) B
G HecLms H HCCLM3 | HCCLM3 HCCLM3
control  * - - 25 = = control 8= 8=
shHOXB9 - + - shHOXB9 ok *%
His-HOXBS - ) + 5 = His-HOXB9 - - *
2204 z = .
o =
o, | HOXBO| e . B [20kD g 5 - . g o
[} £8 < =y
S| EzHz| e = & 100D g% 154 3 g
&l wn ° ’ S8 8 4 28,
Z1 | - e |55 53 3 B8
chain 5 E 10 - 3 © :
s S 24 S 2
] 2 57 [ s
2 £
EZH2 H3K27me3 control shHOXB9 His-HOXB9 control shHOXB9 His-HOXB9
HCCLM3
J Heewms K . L HCCLM3 M HCCLM3 HCCLM3
His-vector + - - 207 == His-vector ** 1.5 = 1.5 = 8 m
5 B His-HOXBY (1X) — e : *kk A xk *kk
His-HOXBO (1X) -  + - < = His HOXEBD (2X) oy _
His-HOXBO (2X) - R + B £ s ok £ KR
2 £ g 2 T g 6 .
£ =
g | ez = - |00 .5 £ 104 104 %
o g 2 S =
T e[ -0 £ : s 58
[ 2s £ 33 *x 27 4] ikl
S < T X 2 ——
His S 20D U S 3 * &9 g5
328 5 05 . S 0.5 =%
5 | SNARZ| Wi SR |0k ©S 5 N < 27
£ e S s 4
Tubulin| GEE G @S 550 = = £
= 0.0 0.0 0
His-vector + - - His-vector + - - His-vector + - -
19G H3K27me3  His-HOXBI (1X) - + +  His-HOXB9 (1X) - + +  His-HOXBS (1X) . .
His-HOXB9 (2X) - - +  His-HOXB9 (2X) - - +  His-HOXB9 (2X) - - +
N HCCLM3 (0] HCCLM3 P HcCcLm3 Q HCCLM3 HCCLM3
shNC ~ + - 15 = = ShNC 8= 6 = % 1.5 =
== ShHOXB9 **
shHOXB9 - + H _— > * kK *k
8 . R L b = _
P S Z = T
8 | ezvz| D W |00 £ 2 6 0 3 g Ui
) 22 10 g S a- 35 1.0
¢ |HOXBY| S - |-20k0 % 5 :, e} £
S5 . 3 4+ 28 S
53 g g2 23
=1 2o =B
HOXBQEI-Z%D o8 54 2 S 2 3 & 0.5 o
E] Eg S 24 S €3
2 ns 2 S
£ | snAiz| W W |30kD o x - « Z
& . N = £
c
Tubulin| @D N |5sk0 < 0 . 0.0
19G H3K27me3 ShNC  shHOXB9 ShNC  shHOXB9 ShNC  shHOXB9

Fig. 6 (Seelegend on previous page.)

SNAI2 expression induced by HOXB9 overexpression,
and the ISH results demonstrated that GSK126 treat-
ment counteracted the reduction in MIR203A expres-
sion caused by HOXB9 overexpression (Fig. 71, Fig.
S8H). Together, our results indicated that GSK126

can attenuate the HOXB9-mediated enhancement of
MIR203A silencing and subsequently decrease the
expression of SNAI2 to inhibit the invasion and metas-
tasis of HCC cells in vitro and in vivo.
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Fig. 7 Mitigating HOXB9-reduced MIR203A inhibits SNAI2- medlated invasion and metastasis of HCC cells. A ChIP-gPCR assay explored H3K27me3
enrichment at the MIR203A promoter in HCCLM3 cells with the indicated treatments (n=4). B Dual-luciferase reporter assay and qRT-PCR detected
transcriptional activity of the MIR203A promoter and MIR203A expression in HCCLM3 cells with the indicated treatments (n=4). C gRT-PCR

and western blot were used to detect the SNAI2 mRNA and the protein expression of HOXB9 and SNAI2 in HCCLM3 cells with the indicated
treatments (n=4). D Transwell assays detected the migration and invasion of HCCLM3 cells with the indicated treatments (n=4). Scale

bars=100 um. E RTCA detected the invasion ability of HCCLM3 cells with the indicated treatments (n=4). F Schematic diagram of lung metastasis
of HCC cells in nude mice model and evaluating the effect of GSK126 in mice injecting His-HOXB9 HCCLM3/Hep3B cells. G and H Representative
bioluminescent images and quantification analysis (G) of lung tumors in nude mice and H&E-stained images and quantification analysis (H)

of metastatic nodules in the lungs (n= 10 mice per group). I IHC detected HOXB9, EZH2 and SNAI2 protein expression, and ISH detected MIR203A

levels in the metastatic pulmonary tumors. Scale bars=200 um and 100 um.
and ***p <0.001

Discussion
Numerous studies have shown that HOXB9 plays an
important role in promoting the invasion and metastasis

Data are represented as the mean +SD. ns, p>0.05, **p <0.01

of various tumors [15, 17, 38, 39]. However, the role of
HOXB9 in promoting the invasion and metastasis of
HCC cells remains largely unknown and requires further
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exploration. In this study, we discovered a novel mecha-
nism by which HOXB9 promotes invasion and metastasis
of HCC cells by regulating the EZH2-MIR203A-SNAI2
axis (Fig. 8). Our results showed that HOXB9 can pro-
mote the invasion and metastasis of HCC cells by
upregulating the expression of SNAI2. Further mecha-
nistic studies revealed that HOXBY can recruit EZH2 to
the MIR203A promoter region, increase H3K27me3 in
the MIR203A promoter region, inhibit MIR203A tran-
scriptional activity and expression, upregulate SNAI2
expression in HCC cells. Finally, our in vitro and in vivo
experimental results revealed that GSK126 attenuated
the increases in the H3K27me3 level in the MIR203A
promoter region induced by HOXB9 overexpression,
promoted the transcriptional activity and expression of
MIR203A, inhibited the expression of SNAI2, and thus
suppressed the invasion and metastasis of HCC cells.

As a master transcription activator, HOXB9 mainly
binds to the promoter regions of downstream oncogenes
to increase their transcriptional activity and expres-
sion, thereby promoting tumor progression. For exam-
ple, researches have indicated that HOXB9 can directly
bind to the promoter regions of downstream oncogenes,
such as the transcription factor E2F3 (E2F3), serine/
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arginine-rich splicing factor 3 (SRSF3), and microRNA
765 (MIR765), to upregulate their transcription activ-
ity and expression, thereby promoting the progression
of various cancers [38, 40, 41]. However, whether and
how HOXBY can decrease the transcriptional activity of
tumor suppressor genes to reduce their expression lev-
els, thereby promoting tumor progression, has not yet
been reported. Interestingly, our results confirmed that
HOXB9 can decrease the transcriptional activity and
expression of MIR203A, a tumor suppressor gene, by pro-
moting H3K27me3 of its promoter, thereby promoting
the invasion and metastasis of HCC cells. To our knowl-
edge, this is the first study demonstrating that HOXB9
has the function of inhibiting the transcriptional activ-
ity and expression of tumor suppressor gene, and explain
its underlying mechanism. This insight not only expands
our understanding of the role of HOXB9 in cancer biol-
ogy but also provide new perspectives for elucidating its
function in tumorigenesis and progression.

EZH2, a methyltransferase, mainly promotes
H3K27me3 in the promoter region of downstream tumor
suppressor genes, which in turn silences their expression
and consequently promotes the occurrence and devel-
opment of various tumors [42-46]. However, studies
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Fig. 8 The proposed model by which HOXB9 promotes invasion and metastasis of HCC cells via the EZH2-MIR203A-SNAI2 axis
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have indicated that EZH2 itself cannot bind directly to
the promoter regions of downstream target genes and
requires other factors, such as transcription factors and
noncoding RNAs, for its recruitment to the promoter
regions of downstream genes to function as methyltrans-
ferases [47-50]. Thus, identifying new factors that recruit
EZH2 to promote H3K27me3 in the downstream gene
promoter region is crucial for understanding the role of
EZH2 in tumorigenesis and development. Here, we dis-
covered that HOXB9 can also recruit EZH2 to increase
H3K27me3 in the MIR203A promoter region, thereby
inhibiting the transcription and expression of MIR203A
in HCC cells. In addition, EZH2 inhibitors have become
a key strategy in clinical anti-tumor treatment, and iden-
tifying the anti-tumor targets of EZH2 inhibitors has
emerged as a major research focus [43, 51-55]. Inter-
estingly, we have identified a new target of GSK126, an
EZH2 inhibitor, which can activate the expression of
the tumor suppressor gene MIR203A, and subsequently
reducing the invasion and metastasis of HCC cells. This
funding provides a new theoretical basis for the clinical
application of EZH2 inhibitors in anti-tumor therapy.

However, the present study also has several limita-
tions that warrant consideration. First, the role of the
HOXB9-EZH2-MIR203A-SNAI2 axis has only been
validated in cellular and animal models, with a lack of
clinical evidence, and therefore, further clinical studies
are required to confirm this axis significance. In addi-
tion, our research focused only on exploring the impact
of HOXB9-mediated epigenetic silencing of the tumor
suppressor MIR203A in HCC cells. Further exploration is
needed to investigate the role of HOXB9-mediated epige-
netic silencing of other tumor suppressor genes in differ-
ent tumor cells.

Conclusion

In conclusion, we decipher the role of the HOXB9-
EZH2-MIR203A-SNAI2 axis in the invasion and metas-
tasis of HCC cells and unveil a novel mechanism of
HOXB9 promoting invasion and metastasis in HCC cells.
This finding provides a new theoretical basis for under-
standing the mechanisms of invasion and metastasis in
HCC cells and for developing treatment strategies.
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