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Abstract

Purpose This research aimed to evaluate the expression level of Homeobox A9 (HOXA9) and its role in tumorigenesis of
hepatocellular carcinoma (HCC).

Methods Bioinformatic analysis, qPCR and Western blot analysis of clinical samples were employed to evaluate mRNA and
protein levels of HOXA9 in HCC patients and cell lines. In vitro cell proliferation, migration and invasion, cloning forma-
tion, xenograft tumor model, wound healing and apoptosis assays, RNA sequencing analysis of RPL38-silenced HCC-LM3
cells and qPCR, Western blot analysis were performed for validation. Analysis of HOXA9-related genes were conducted to
identify their relationships between HOXAO.

Results HOXA9 is dramatically upregulated in HCC. Upregulation of HOXA9 in HCC predicts poor survival of patients.
Besides, HOXA9 promotes proliferation, metastasis and prevents apoptosis in HCC in vitro. In addition, HOXA9 controlled
by Ribosomal protein RPL38 is upregulated in HCC. Bioinformatic analysis also indicated that HOXAO9 is involved in the
regulation of DNA methylation and immune infiltration in HCC.

Conclusion HOXAJ9 is dramatically upregulated in hepatocellular carcinoma and predicts poor prognosis. Besides, HOXA9
promoted proliferation and metastasis and prevented apoptosis in vitro, which is regulated by Ribosomal protein RPL38 in
HCC.

Keywords Hepatocellular carcinoma - HOXA9 - Homeobox gene - Proliferation - Metastasis - Apoptosis

Introduction

Primary liver cancer (PLC) covered about 906,000 new
cases and 830,000 deaths according to the latest data
(Sung et al. 2021). In the past 20 years, with the aging and
population growth, as well as the increase of age-specific
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incidence, new cases of liver cancer are still increasing
by years (Global Burden of Disease Cancer et al. 2018;
Wu et al. 2018). New cases and deaths of liver cancer
could increase more than 55% by 2040 (Rumgay et al.
2022). The causes of hepatocellular carcinoma (HCC)
are complex and often accompanied by cirrhosis, lead-
ing to a big challenge of HCC therapy whose ineffective-
ness is also due to the high heterogeneity of HCC patients
(Li and Wang 2016; Xu et al. 2019). Recently, the tumor
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microenvironment plays a crucial role in the development
and progression of HCC, demanding for better molecular
and cellular characterization of additional biomarkers to
guide clinical decisions (Donne and Lujambio 2023).

Homeobox genes (Hox), a highly conserved group of
genes in the homeobox superfamily and consisting of 39
Hox genes, are distributed in four clusters in mammals
(Krumlauf 2018). HoxA9, as a member of locus A Hox
genes, functions as either an oncogene or a suppressor
gene, which makes it a challenge to conduct clinical treat-
ment with HOXAO9 inhibitors (Tang et al. 2022). Aberrant
expression of HOXAS9 is a prevalent feature of the most
aggressive forms of acute leukemia (Collins and Hess
2016). HOXAY9 inhibits the development of cutaneous
squamous cell carcinoma by interacting with CRIP2 to
inhibit HIF-1a-mediated glycolysis (Zhou et al. 2018). The
expression of HOXA9 is down-regulated in breast cancer,
which is related to the malignant degree of breast cancer
by regulating BRCA1 expression (Gilbert et al. 2010).
However, the expression and function of HOXA9 in HCC
development haven’t been totally understood.

Ribosomal protein RPL38 has been reported to be respon-
sible for development-defective mouse mutants and lack of
RPL38 results in selective downregulation in translation of
several Hox genes essential for bone development, leading
to compensatory changes in bone architecture (Kondrashov
et al. 2011). Mechanically, through recognition of Internal
Ribosome Entry Sites (IRES) regions in the 5’UTRs, RPL38
affects skeletal development in mice by specifically regulat-
ing the translation of multiple Hox genes including HoxA9
(Xue et al. 2014). Thus, whether the regulation of Hox fam-
ily by RPL38 is involved in the progression of HCC deserves
further investigation.

In our study, in order to explore the relationship between
HCC and HoxA9, public data available were collected and
integrated. Afterwards, we validated the expression of
HOXAO9 in HCC clinical samples and cell lines. Then the
gain-and-loss biology assay, including cell proliferation,
migration and invasion, cloning formation, xenograft tumor
model, wound healing and apoptosis assays were performed
to discover the bio-function of HOXA9 in HCC. Moreover,
we identified that the expression of HOXA9 controlled by
RPL38 is upregulated in HCC. Our study provides a novel
therapeutic target for HCC.

Methods and materials
HOXAS9 expression analysis

Tabula Muris mouse single cell open-source datasets were
obtained from GEO dataset: GSE109774.

@ Springer

TIMER2.0 (http://timer.cistrome.org/) were used to deter-
mine the differential expression of HOXA9 between cancers
and their adjacent normal tissues with TCGA database.

The data of TCGA (The Cancer Genome Atlas) datasets
were collected from the GDC (Genomic Data Commons
Datga Portal) website (https://portal.gdc.cancer.gov/). The
genomic information from healthy individuals was sup-
plemented from The Genotype-Tissue Expression (GTEx)
(https://www.gtexportal.org/home/).

In GEO (Gene Expression Omnibus) datasets, we mainly
screened and downloaded the hepatocellular carcinoma
related data collection (http://www.ncbi.nlm.nih.gov/geo/),
including GSE25097, GSE36376 and GSE54236.

TCGA data analysis tool, UALCAN database (http://ual-
can.path.uab.edu/analysis-prot.html) was utilized to explore
the expression level of HOXA9 in LIHC among groups of
patients according to different clinical parameters.

For survival analysis, the Log-Rank test was employed to
compare the survival differences in different cancers from
the Human Protein Atlas website (https://www.proteinatlas.
org/).

Analysis of HOXA9-related expressed genes

Pearson correlation analysis was used to screen the coex-
pressed genes of HOXA9 in LIHC by using the LinkedOm-
ics database (http://www.linkedomics.org/). Coexpressed
genes were visualized using a volcano map, and Gene ontol-
ogy (GO) analysis and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis were performed to determine
the function of HOXA9. P.adj < 0.05 & qg.value < 0.2 was
considered statistically significant.

Immune cell infiltration analysis

The relationships between HOXA9 expression and marker
genes of immune cells were explored via the TIMER data-
base. Several algorithms, such as TIMER, EPIC, QUAN-
TISEQ, XCELL, MCPCOUNTER, CIBERSORT, CIB-
ERSORT-ABS, and TIDE, were applied to explore the
correlation. Positive correlation (0-1) are indicated with the
red color, while negative correlation (—1 to 0) are indicated
with the blue color; P < 0.05 is considered as statistically
significant.

DNA methylation analysis

TCGA data analysis tool, UALCAN database (http://ualcan.
path.uab.edu/analysis-prot.html) was utilized to explore the
expression of the promoter methylation level of HOXA9 in
LIHC among groups of patients according to different clini-
cal parameters.
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Tissue samples

HCC specimens and adjacent tissues were randomly selected
from The First Affiliated Hospital of Anhui Medical Uni-
versity. All patients were provided with written informed
consent. In the study, all experimental procedures were
approved by the Ethics Committee of The First Affiliated
Hospital of Anhui Medical University and conformed to the
requirements of the Declaration of Helsinki and the Interna-
tional Ethical Guidelines for Biomedical Research Involving
Human Subjects.

RNA sequencing analysis

RNA samples for sequencing were collected, quantified, and
purified from RPL38-silenced HCC-LM3 cells and paren-
tal cells. Experts from Lc-Bio Technology (Hangzhou)
constructed the sequence library and performed the whole
experimental process.

Cell culture

Human normal liver cell line THLE-2, hepatocellular car-
cinoma cell lines Hep3B, HepG2 and Huh7 were purchased
from cell bank Shanghai branch, Chinese Academy of Sci-
ences, China (Shanghai, China). HCC-LM3 and MHCC-
97H were purchased from the Liver Cancer Institute, Zhong-
shan Hospital, Fudan University (Shanghai, China).

CRISPR/Cas9 mediated RPL38 knockout

Rpl38 gene knockout was performed by CRISPR/Cas9
technology. On the NCBI website (http://www.ncbi.nlm.
nih.gov/), we searched information of human Rpl38 gene
(ID: 6169) and sgRNA sequences targeting Rp/38 gene were
designed online (https://zlab.bio/guide-design-resources).

shRNA mediated HOXA9 knockdown

HoxA9 gene knockdown was mediated by shRNA-lentivirus
technology. On the NCBI website (http://www.ncbi.nlm.nih.
gov/), we searched information of human HoxA9 gene (ID:
3205) and shRNA sequences targeting HOXA9 gene were
designed (Sangon biotechnology, China). The sequences of
shRNA primers were listed in Supplementary Table 1.

Quantitative real-time PCR (qRT-PCR)

Quantitative real-time PCR was performed using SYBR
according to the manufacturer's instructions. Relative gene
expression was calculated with the 27447 method and data
was plotted with GraphPad Prism 8. The sequences of the
primers were listed in Supplementary Table 1.

Plasmid construction

To generate Flag fusion plasmid Flag-RPL38 and Flag-
HOXAD9, sequences were amplified and inserted into pLVX-
IRES-puro (Sangon Biotech, China) lentiviral vector and
verified by DNA sequencing.

Western blot

The primary antibodies used are listed in Supplementary
Table 2.

Cell proliferation assay

Cell counting kit-8 (CCK-8) (Dojindo, Japan), 5-Ethynyl-
2'-deoxyuridine (EdU) (Beyotime, China) and colony for-
mation assay were employed to measure cell proliferation.
The colony assay required approximately 500 cells to be
plated into 6-well plates and cultured for 2 weeks. Cells were
fixed with 4% paraformaldehyde and the number of clones
was counted using ImageJ (NIH, USA) after crystal violet
staining.

Migration and invasion assays

Corning Costar Transwell 24-well plates (8§ mM) were used
to evaluate the migration and invasion ability of HCC cell
lines. To perform the invasion assay, a total of 50,000 cells
were inoculated into an upper cavity pre-coated with 30 ug
Matrigel (BD Biosciences, USA). At the indicated time, the
upper cavity were removed and the cells were fixed with
methanol and stained with crystal violet.

Cell apoptosis assay

The cells were resuspended in 200 pL. Binding Buffer with
10 pL Annexin V-FITC and 10 pL PI solution at room tem-
perature in darkness for 15 min after which 300 pL Binding
Buffer was mixed into the resuspension. Flow cytometry was
used to detect cell apoptosis within one hour.

Wound-healing assay

For wound healing assays, after the cells are fused up to
90%, a scratch is made with a 10 pL plastic pipette tip. The
scratches were photographed at 0 and 48 hours after injury
and analyzed by ImagelJ software.
Immunohistochemical assay

The tissue sections were stained with indicated antibody and

photographed with a microscope. The scores of HOXA9
protein levels were determined by multiplying the positive
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«Fig.1 HoxA9 RNA expression was significantly upregulated in
HCC and upregulation of HOXA9 in HCC predicts poor progno-
sis. A TCGA datasets were used to analyze the RNA expression of
HoxA9 in tumors from TIMER2.0. The RNA expression of HoxA9
was low in normal liver tissues and the expression of HoxA9 was
significantly upregulated in hepatocellular carcinoma (red virtual
box); B The RNA expression of HoxA9 was significantly upregulated
in liver cancer tissues according to the TCGA +GTEx and multi-
GEO datasets. The GEO liver cancer datasets include: GSE54236,
GSE36376, GSE25097. C Kaplan—-Meier curves of overall survival
(0S) in HOXA9"eh and HOXA9'™Y patients with LIHC using TCGA
data from the HPA database; D the expression difference of HOXA9
at the protein level in liver tissues showed by immunohistochemical
results from HPA public database (antibody number HPA-061982);
Scale bars, 200 pm; E-K Box plots evaluating HOXA9 expression
among different groups of patients based on clinical parameters
in LIHC using the UALCAN database. Analysis is shown for sam-
ple types (E), tumor grades (F), cancer stage (G), sex (H), metasta-
sis (I), TP53 mutation status (J) and histological subtypes (K). NO:
no regional lymph node metastasis; N1: metastases in 1 to 3 axillary
lymph nodes. All the datasets were collected from the Human Protein
Atlas website (https://www.proteinatlas.org/) and the UALCAN data-
base (http://ualcan.path.uab.edu/analysis-prot.html). ***P <0.001,
**P<0.01, *P<0.05

cells proportion scores with staining intensity scores. The
proportion of positive cells score : 0, 0%; 1, <10%; 2,
11-50%; 3, 51-80%; and 4, >81%. The staining intensity
score: 0, negative; 1, weak; 2, moderate; 3, strong.

Animals

Athymic male nude mice with the background of BALB/c-
Nude (Gempharmatech, China) were purchased from germ
free at 4 weeks old. All mice were provided with food and
water AD libitum and maintained on a 12-hour light-dark
cycle in a standard SPF-grade animal house at the Nanjing
University (Nanjing, China). All animal experiments and
experimental procedures were approved by the Ethics Com-
mittee of The First Affiliated Hospital of Anhui Medical
University and also complied with the guidelines of the
Guide for the Care and Use of Laboratory Animals pre-
pared by the National Academy of Sciences and published
by the National Institutes of Health (NIH Publication 86-23,
revised 1985).

Xenograft tumor model in nude mice

To establish a subcutaneous xenograft model in athymic
BALB/c nude mice, we injected 2,000,000 indicated HCC
cells (Hep3B/MHCC-97H) into a single nude mouse to form
a subcutaneous tumor and grow for 4 weeks, and measured
the tumor diameter once each 7 days. Tumor volume (mm?)
was calculated with formula: V = 0.5 x Length X Width?.
Approximately four weeks after cell injection, mice were
sacrificed and tumors were collected.

Statistical analysis

Data of bioinformatic analysis were downloaded and col-
lated with R (Version 4.1.2, https://www.r-project.org) and
RStudio (https://www.rstudio.com/). Unpaired, two-tailed
Student’s #-test was used for comparison between the two
groups. Paired r-test was used to compare paired data. In
other ways, Fisher's exact probability statistical analysis was
chosen depending on the sample size and the size of the
theoretical frequency. SPSS 24.0 software and GraphPad
Prism 8 were used for statistical analysis and mapping. All
functional experiments were repeated at least three times,
and all data were expressed as mean + standard deviation
(SD). And *P < 0.05, **P < 0.01, and ***P < 0.001 were
considered statistically significant.

Results

HOXA?9 is dramatically upregulated
in hepatocellular carcinoma

To explore the expression of HoxA9 in different organ
and tissues, we analyzed mouse single-cell transcriptome
dataset (GSE109774) derived from Tabula Muris (Supple-
mentary Figure 1A). The mRNA level of HoxA9 gene was
highly expressed in bladder, kidney, muscle and marrow,
and rarely expressed in heart, aorta, liver, thymus, tongue,
trachea, spleen, mammary gland, and lung (Supplementary
Figure 1B, C).

HoxA9 gene has been found to be aberrant expressed in
several solid tumors, including colon cancer, nasopharyn-
geal carcinoma and breast cancer (Bhatlekar et al. 2014).
The analysis of expression profiles in 33 tumors of TCGA
(The Cancer Genome Atlas) database showed that HoxA9
mRNA was significantly upregulated in CHOL (cholan-
giocarcinoma), COAD (colon cancer), ESCA (Esophageal
carcinoma),GBM (Glioblastoma multiforme), HNSC (head
and neck squamous cell carcinoma), KIRP (Kidney renal
papillary cell carcinoma), LIHC (hepatocellular carcinoma),
LUSC (lung squamous cell carcinoma), PRAD (Prostate
adenocarcinoma), READ (rectal cancer) and STAD (Stom-
ach adenocarcinoma) and was significantly downregulated
in BRCA (Breast invasive carcinoma), KICH (Kidney Chro-
mophobe), KIRC (renal clear cell carcinoma), THCA (Thy-
roid carcinoma) (Figure 1A). These results are consistent
with the previous studies that HoxA9 gene plays opposite
roles in the development of distinct cancers (Bhatlekar et al.
2014). Surprisingly, the mRNA level of HoxA9 gene was
upregulated in HCC tumors compared to adjacent non-tumor
tissues, which was never reported before. Similar results
were obtained by analyzing different HCC cohorts derived
from TCGA+GTEx and Gene Expression Omnibus (GEO)
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datasets (Figure 1B), implying a potential and important role
of HoxA9 in HCC development.

Upregulation of HOXA9 in HCC predicts poor
prognosis

To investigate whether HOXA9 expression correlates
with patients’ survival, we analyzed it in HOXA9"" and
HOXAO9'°Y patients with liver cancer from the Human
Protein Atlas (HPA) database. As expected, patients with
HOXAO9"2" Jiver tumors had a worse median survival than
HOXA9'°" tumors (Figure 1C). In terms of protein expres-
sion levels in LIHC and normal tissues, immunohistochem-
istry results in HPA database showed that HoxA9 was highly
expressed in liver cancer (Figure 1D).

HOXAD9 expression among groups of patients according
to different clinical parameters in TCGA dataset demon-
strated that a significant increase in HOXA9 expression was
observed in sample types (Figure 1E), tumor grades (Fig-
ure 1F), tumor stages (Figure 1G), both sexes (Figure 1H),
cancer stages (Figure 11), TP53-mutant (Figure 1J), histo-
logical subtypes (Figure 1K) of LIHC patients compared to
corresponding normal controls. These results suggest that
HOXADO9 is a prognostic indicator for the patients with liver
cancer, which are highly aggressive and lethal.

HOXA9 expression in clinical HCC samples

To further confirm the upregulation of HoxA9 gene in HCC
tumors, both mRNA and protein levels of HoxA9 were ana-
lyzed in 24 paired specimens of tumor and adjacent non-
tumor tissues. To verify the expression of HOXA9 in HCC
tissues, we investigated the mRNA level of HoxA9 in 12
pairs of tumor and adjacent non-tumor tissues by real-time
PCR. Consistently, HOXA9 expression was significantly
increased in HCC samples (Figure 2A, B). HOXA9 expres-
sion was also significantly increased in human HCC cell
lines (HepG2, Hep3B, HCC-LM3, Huh7 and MHCC-97H)
campared with normal human hepatocyte cell line (THLE-
2) (Figure 2C, D). Then the expression of HOXA9 in tumor
tissues and parallel non-tumor tissues resected from patients
with HCC were assessed by IHC, which confirmed the
protein level of HOXA9 in HCC was higher than that in
adjacent tissues (Figure 2E). These results suggest that the
expression of HOXAY is upregulated in HCC.

HOXA9 promotes cell proliferation of HCC in vitro
and in vivo

To explore the functions of HOXA9 in HCC tumorigenesis,
we conducted overexpression and knockdown of HOXA9 in
HCC cells. HCC cell lines were performed HOXA9 knock-
down with lentivirus-based sShRNA. On the other hand, we

@ Springer

also transfected HOXA9 overexpressing plasmid (pLVX-
Flag-HOXA9) into HCC cell lines (Figure 3A). After-
wards, CCK-8 and EdU assays demonstrated that knock-
down of HOXAQ9 significantly inhibited cell proliferation
in Hep3B and MHCC-97H cell lines (Figure 3B, C), which
was consistent with the results of colony formation assays
(Figure 3D). On the contrary, HOXA9 overexpressing in
Hep3B and MHCC-97H cells significantly promoted cell
proliferation (Figure 3B-D).

To investigate the effect of HOXA9 on HCC tumorigen-
esis in vivo, we delivered a xenograft tumor model in nude
mice (Figure 3E). As observed, knockdown of HOXAO9 sig-
nificantly suppressed tumor growth and shHOXA9 groups
gained lighter weights (Figure 3F) and smaller volumes (Fig-
ure 3G) in tumors formed from MHCC-97H cells. Besides,
HOXADY9 overexpressing groups showed opposite results in
tumors formed from Hep3B cells. Overall, HOXA9 plays
a promoting role in HCC proliferation both in vitro and
in vivo.

HOXA9 propels HCC metastasis and prevents
apoptosis in vitro

The wound healing and transwell assays of HCC cells con-
firmed that silencing of HOXAS9 significantly weakened the
cell migration ability in wound healing assay (Figure 4A)
and migration and invasion cells in HOXA9 knockdown
groups were fewer than that in the control group (Figure 4B).
By contrast, overexpressing of HOXA9 showed an opposite
trend. Overall, these results suggest that HOXA9 may play
a promoting role in HCC metastasis in vitro.

Meanwhile, flow cytometric analysis in HCC cells con-
firmed that the apoptosis rates of sShHOXA9 groups in HCC
cells were significantly increased (Figure 4C). Besides,
intended proteins were detected by Western blot analysis.
Pro-apoptosis protein BAK was upregulated and anti-apop-
tosis protein BCL-2 was downregulated in shHOXA9 groups
of HCC cells (Figure 4D). Meanwhile, a rise of protein lev-
els of Caspase3 and Cleaved-Caspase3 was also observed in
shHOXAO9 groups (Figure 4D). By contrast, HOXA9 over-
expressing groups showed opposite results. Thus, the data
above suggested that HOXA9 prevents apoptosis in HCC
cells.

HOXA9 expression is regulated by RPL38 in HCC

Ribosomal Protein L38 (RPL38) has been known to regu-
late Homeobox (Hox) genes’ expression via IRES depend-
ent translation (Kondrashov et al. 2011; Xue et al. 2014).
To investigate whether RPL38 regulates HOXA9 expres-
sion in HCC, RPL38 was ablated in two human HCC cell
lines (Hep3B and HCC-LM3) or overexpressed in human
HCC cell line MHCC-97H (Figure 5A, B). Whereas RPL38
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Fig.2 HOXA9 promotes tumorigenesis in HCC samples and cell
lines. A The expression levels of HOXA9 in tumor tissues (T) and
paracancer tissues (P) of 24 HCC patients were compared by West-
ern blot. ImageJ was used to calculate the gray value and compare
the HOXA9 Fold for statistical analysis (HOXA9 Fold=HOXA9/f-
Actin; P<0.05); The original blots are presented in Supplemen-
tary Fig. 4A; B The RNA expression of HoxA9 in HCC tumor and
adjacent non-tumor tissues was detected by qPCR; C Western blot-
ting confirmed that HOXA9 was highly expressed in HCC cell lines

ablation decreases the protein level of HOXA9, overexpres-
sion of RPL38 increases it (Figure SA, B). Curiously, the
mRNA level of HOXA9 was also regulated by RPL38 whose
expression positively correlated with HOXA9 mRNA level
(Figure 5C). Taken together, these results suggest that both
mRNA and protein levels of HOXA9 were controlled by
RPL38.

Meanwhile, RNA-sequencing was conducted in paren-
tal and RPL38-ablated HCC-LM3 cells. Intriguingly, the
mRNA levels of multiple Hox genes were dramatically
upregulated or downregulated by RPL38 ablation (Fig-
ure 5D). qRT-PCR analysis of several Hox genes in human
cancer cell lines or normal human hepatocytes showed that
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compared with Human normal liver cell line THLE-2; The original
blots are presented in Supplementary Fig. 4B; D The RNA expression
of HoxA9 in HCC cell lines compared with Human normal liver cell
line THLE-2 was detected by qPCR. E Immunohistochemical stain-
ing and statistical analysis of HOXA9 in paired cancer tissues (T)
and paracancer tissues (P) from (number) HCC patients. Scale bars,
200 pm; Results are means+SD (n=5 per group); ***P<0.001,
**P<0.01, *P<0.05. Statistical analysis was determined by Stu-
dent’s t-test

while RPL38 expression positively correlated with the
mRNA levels of HOXA7, HOXA10, and HOXA13 genes
(Figure SE, F), it has a reversed effect on the expression of
HOXA1, HOXA?2 and HOXAS genes (Figure 5G, H). These
results suggest that in addition to upregulation of HOXA9
expression, RPL38 displays opposite effects on distinct Hox
genes’ expression.

Identification of HOXA9-interacting genes
and proteins analysis

To better explore the underlying pathogenic mechanism of
HOXADO9 in LIHC, the coexpressed genes of HOXA9 were

@ Springer
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screened out in TCGA-LIHC patients using the Linke-
dOmics database (Figure 6A). The top 50 genes that were
positively and negatively correlated with HOXA9 in LIHC
are shown (Figure 6B, C).

@ Springer

Notably, in terms of cellular composition (CC), and
molecular function (MF), HOXA9 was enriched in DNA
methylation processes, such as methyltransferase complex
and methyl-CpG binding in LIHC (Figure 6D). In addition,
the top 10 KEGG pathways for HOXA9 and its correlated
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«Fig.3 HOXA9 promotes proliferation in HCC cell lines. A The
efficiency of transfection of HOXA9 knockdown and overexpress-
ing were detected by western blot. The original blots are presented
in Supplementary Fig. 4C. B-C CCKS assays (B) and EdU asseys
(C) were performed to measure cell proliferation ability of HOXA9
overexpression and shRNA knockdown groups in MHCC-97H and
Hep3B cells compared with the control groups. Data are shown as
means +SD (n=3). D Colony formation assays were performed to
measure cell proliferation ability of HOXA9 overexpression and
shRNA knockdown groups in MHCC-97H and Hep3B cells com-
pared with the control groups. Data are shown as means +SD (n=3).
E Images of nude mice with tumors formed from MHCC-97H cells
with shRNA knockdown and Hep3B cells with HOXA9 overexpres-
sion groups compared with the control groups. F The weight of tumor
samples in each group formed from MHCC-97H and Hep3B cells
mentioned above by the time of harvest. G The tumor growth curves
were measured after the injection of MHCC-97H and Hep3B cells in
each group once the tumor had formed, and the volume was calcu-
lated every 7 days. Data are shown as means+SD (n=>5 per group);
##%P <(0.001, **P<0.01, *P<0.05. Statistical analysis was deter-
mined by Student’s #-test

genes are shown in Figure 6E. Among these pathways,
some immune-related pathways were highly associated with
HOXADY, including T cell receptor signaling pathway, Thl
and Th2 cell differentiation and Natural killer cell mediated
cytotoxicity in LIHC (Figure 6E). These results strongly
imply that HOXAO9 is involved in the regulation of DNA
methylation and immune infiltration in liver cancer.

Correlations between HOXA9 and immune cell
infiltration in the tumor microenvironment (TME)

The tumor microenvironment (TME) plays a critical role in
the development and progression of HCC. Studies indicate
that HCC employs multiple immunomodulatory mechanisms
to disrupt the immune system (Flecken et al. 2012). We fur-
ther explored the correlations between HOXA9 expression
and immune cells in the TME that HOXA9 expression pre-
sented strong connections to CD4+ T cells, CD8+ T cells,
neutrophils, macrophages and dendritic cells (DCs) in LIHC
(Supplementary Figure 2A). Then, a heatmap showed corre-
lation between HOXA9 expression and the above 6 immune
cells in TME of TCGA-LIHC dataset (Supplementary Fig-
ure 2B). Besides, there was a statistically significant positive
correlation between HOXA9 expression and the immune
infiltration levels of three types of immune cells: CD4+ T
cells (R = 0.21, P = 8.2e-5), neutrophils (R = 0.18, P =
4.0e—4) and macrophages (R = 0.55, P = 0.03) for LIHC
cases (Supplementary Figure 2C). These results showed
close correlations between HOXA9 and immune cell infil-
tration in the tumor microenvironment (TME).

To deepen our understanding of HOXA9 with the
immune response, we validated the correlations between
HOXA9 expression and diverse immune signatures in
LIHC. After adjusting for tumor purity, HOXA9 expression

was significantly associated with most immune markers of
immune cells in LIHC (Supplementary Table 3). We also
examined the correlation between HOXA9 expression and
various functional T cells and HOXA9 expression was sig-
nificantly correlated with 32 of 38 T-cell markers in LIHC
after adjusting for tumor purity (Supplementary Table 4).
These findings further support that HOXA9 expression is
significantly related to immune infiltration and HOXA9
might be vital in regulating immune cell infiltration.

DNA methylation analysis of HoxA9 gene

The validation of the DNA methylation status from TCGA
data showed that the promoter methylation level of HOXA9
was significantly elevated in LIHC tissues of patients in
terms of sample types, tumor grades, tumor stages, both
sexes, cancer stages, TP53-mutant and TP53 wild-type
LIHC patients compared to normal controls (Supplemen-
tary Figure 3A-F). To summary, these results suggest that
DNA methylation of HOXA9 may be a potienal prognostic
indicator for LIHC patients.

Discussion

Years of studies have suggested that HOXAO9 is involved in a
variety of solid cancers, including Colon carcinoma, Breast
cancer and Glioblastoma (Bhatlekar et al. 2014). Although
many studies have shown that HoxA9 affects cancer develop-
ment, the role of HoxA9 gene in HCC development haven’t
been investigated before. Here we found HOXA9 was highly
expressed in HCC patients, which predicted poor prognosis.

Recent studies have found that tumor-infiltrating immune
cells cause T cell dysfunction to promote the escape of can-
cer cells from the T cell phenotypic immune system, leading
to tumor invasion and metastasis (Liu et al. 2022). Accord-
ing to our analysis, the expression of HOXADO in liver can-
cer is positively correlated with immune T cell infiltration,
suggesting that HOXA9 could approximately lead to tumor
metastasis by weakening the function of T cells. Therefore,
clinical treatment targeting HOXA9 may be a potential
direction for anti-liver cancer immunotherapy.

HOXAY9 promoter methylation is common in oral cancer,
whose level is higher in tumor with a higher risk of metas-
tasis (Uchida et al. 2014). In addition, HOXA9 and ISL1
methylation can be used to predict prognosis in patients
with high-grade non-invasive bladder cancer (Kitchen et al.
2015). Considering HOXA9 and methylation-related genes
among our findings, further experiments can be conducted
to verify their interactions and promoting mechanisms for
HCC development. A typical study was conducted to detect
abnormal methylation of HOXA9 and HIC1 in serum DNA
for early diagnosis of epithelial ovarian cancer, suggesting
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Fig.4 HOXAY promotes migration, invasion and prevents apoptosis
in HCC cell lines. A-B Representative images and quantification of
the effect of HOXA9 overexpression and shRNA knockdown groups
on cell migration or invasion through wound healing assay (A) and
transwell assay (B) in MHCC-97H and Hep3B cells compared with
the control group. Scale bar, 200 pm. Results are means +SD (n=3
per group); C Flow cytometry analysis was performed to measure cell
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Hep3B

groups in MHCC-97H and Hep3B cells compared with the control
group. Data are shown as means+SD (n=3); D The BAK, BCL-2,
Caspase3, Cleaved-Caspase3 and p-Actin were detected by Western
blot analysis in HOXA9 knockdown and overexpressing HCC cells
(Hep3B and MHCC-97H). The original blots are presented in Sup-
plementary Fig. 4D; ***P <0.001, **P<0.01, *P <0.05. Statistical
analysis was determined by Student’s r-test
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detected by Western blot analysis in RPL38-silenced HCC cells
(Hep3B and HCC-LM3). The original blots are presented in Sup-
plementary Fig. 4E; B MHCC-97H cell line was transfected with the
RPL38 overexpressing plasmid (pLVX-Flag-RPL38) compared with
the control group. The HOXA9, RPL38 and a-Tublin were detected
by Western blot analysis in MHCC-97H RPL38-overexpressing cell
line. The original blots are presented in Supplementary Fig. 4E;
C The RNA expression of HoxA9 in RPL38-silenced Hep3B and
HCC-LM3 cells and MHCC-97H RPL38-overexpressing cell line
were detected by qPCR; Data are shown as means+SD (n=3); D
Hierarchical clustering analysis of differentially expressed genes
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between RPL38-silenced (Cas9-RPL38 knockout) and control of
HCC-LM3 cells. A heat map of selected Homeobox genes with sig-
nificent diffferences was made; E The RNA expression of HoxA7,
HoxAl10, HoxAl13 in RPL38-silenced Hep3B and HCC-LM3 cells
were detected by qPCR; Data are shown as means +SD (n=4); F The
RNA expression of HoxA7, HoxA10, HoxA13 in MHCC-97H RPL38-
overexpressing cell line were detected by qPCR; Data are shown
as means+SD (n=4); G The RNA expression of HoxAl, HoxA2,
HoxA5 in RPL38-silenced Hep3B and HCC-LM3 cells were detected
by qPCR; Data are shown as means+SD (n=4); H The RNA expres-
sion of HoxAl, HoxA2, HoxA5 in MHCC-97H RPL38-overexpress-
ing cell line were detected by qPCR; Data are shown as means +SD
(n=4); ***P<0.001, **P<0.01, *P<0.05. Statistical analysis was
determined by Student’s 7-test
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whether HOXA9 methylation detection in serum DNA can
be applied in the diagnosis of HCC, which is more clinically
valuable (Singh et al. 2020).

In addition, we speculated HOXA9 may also be regulated
by ribosomal protein RPL38 in liver cancer cells in addi-
tion to bone development of mouse embryo from previous
reports (Kondrashov et al. 2011). We found that knockout of
RPL38 significantly reduced both the RNA and protein lev-
els of HoxA9 in HCC cells. However, it is worth noting that
the genes of the Homeobox family are inconsistently affected
by the regulation of ribosomal protein RPL38, showing dif-
ferent changes at RNA levels, which may be interesting for
further investigation. Besides, HOXA9 expression was either
upregulated or downregulated in other cancers, implying a
complexed role of HOXA9 in the development of differ-
ent cancers, which may be caused by the distinct levels of
RPL38 whose expression dictated protein and mRNA levels
of HoxA9. Although studies have shown that RPL38 can
identify IRES domains specifically to adjust the mRNA
translation, there were no measurements of genome-wide
translation to exclude other complex mechanisms, such as
altered synthesis of other proteins (Kondrashov et al. 2011;
Xue et al. 2014). Thus, how RPL38 directly or indirectly
regulate Hox genes transcription in addition to its mRNA
translation need to be further investigated.

This study adds to our understanding of HOXA9 and
liver cancer, but limitations remain. Firstly, although we
have investigated the relationship between HOXA9 and
immune infiltration in HCC patients, there is currently a lack
of interpretation based on immunoassays of different sub-
populations and validation from clinical trials. Secondly, the
relationships between the mechanism of immune infiltration
of HOXA9 and the role of HOXA9 in tumor growth, metas-
tasis, and apoptosis remains further exploration. Lastly, we
preliminarily confirm that HOXADJ is closely related to the
immune microenvironment in HCC, but there is no direct
evidence to prove the effect of HOXA9 on immunotherapy
efficacy and prognosis. More future studies are needed to
confirm the prognostic and immunological value of HOXA9
and its underlying mechanisms.

Conclusion
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