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Background: The Homeobox (HOX) gene family are conserved transcription
factors that are essential for embryonic development, oncogenesis, and cancer
suppression in biological beings. Abnormally expressed HOX genes in cancers
are directly associated with prognosis.

Methods: Public databases such as TCGA and the R language were used to
perform pan-cancer analyses of the HOX family in terms of expression,
prognosis, and immune microenvironment. The HOX score was defined, and
potential target compounds in cancers were predicted by Connective Map.
Immunohistochemistry was employed to validate protein expression levels.
Gene knockdowns were used to verify the effects of HOXB7 and HOXC6 on
the proliferation and migration of lung adenocarcinoma (LUAD) cells.

Results: HOX genes play different roles in different cancers. Many HOX genes,
especially HOXB7 and HOXC6, have higher expression and lower overall survival
in specific cancers and are predicted as risk factors. The high expression of most
HOX genes is mainly related to immune subtypes C1-C4 and C6. Potential anti-
tumor compounds for down-regulating HOX gene expression were identified,
such as HDAC inhibitors and tubulin inhibitors. LUAD Cell migration and
proliferation were inhibited when HOXB7 or HOXC6 was knocked down.

Conclusions: Many HOX genes may act as both oncogenes and tumor
suppressor genes, necessitating precision medicine based on specific cancers.
The HOX gene family plays a crucial role in the development of certain cancers,
and their expression patterns are closely related to cancer prognosis and the
tumor microenvironment (TME), which may affect cancer prognosis and
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response to immunotherapy. Compounds that are negatively correlated with the
expression levels of the HOX family in various cancers, such as HDAC inhibitors,
are potential anti-cancer drugs. HOXB7 and HOXC6 may serve as potential
targets for cancer treatment and the development of targeted compounds in

the future.

Homeobox family, pan-cancer, immune microenvironment, prognosis, HOXB7, HOXC6

1 Introduction

The homeobox (HOX) gene family, a kind of key transcription
factor family involved in embryonic development, is characterized
by the presence of a highly conserved DNA sequence of 180 bp
nucleotides, which encodes a 60 amino acid homeodomain that
could bind to DNA in a sequence-specific way (1). The HOX genes
were first found in Drosophila melanogaster, and their mutations
resulted in body deformities (2). According to recent research, the
HOX family in mammals contains 39 members and is classified into
four clusters based on their structures, namely, HOXA, HOXB,
HOXC, and HOXD (1). It could also be divided into 13 groups
based on the similarity of sequence and the arrangement of genes on
chromosomes, and each group of HOX genes has specific functions.
The four subgroups of the human HOX genes are clustered on
chromosomes 7pl4, 17q21, 12ql13, and 2q31, respectively (3).
Besides, the genes of HOX subfamilies were amplified in
evolution (4, 5), and the expression of HOX genes in the same
subfamily is collinear; they are activated or silenced from the 3’ end
to the 5 end in turn according to a certain time sequence. The
expression of HOX genes at the 3’ end is the earliest, expressing in
the anterior tissue, while the expression of HOX genes at the 5" end
is the opposite (6, 7). That is to say, the spatial collinearity of HOX
genes corresponds to their expression order along the anterior-
posterior (A-P) axis in animals, and the temporal collinearity is also
coordinated with the sequence of regulating the front and rear body
axes of organisms during embryonic development.

Based on this special collinearity rule, the expression pattern of
HOX genes in tumors has attracted wide attention and been
gradually studied. Many studies have shown that HOX genes are
related to a variety of cancers, including lung cancer (8-10), breast
cancer (11, 12), ovarian cancer (13, 14), gastric cancer (15-17),
prostate cancer (18), pancreatic cancer (19) and so on, and that they
are closely linked to tumor stage, tumor occurrence location, and
prognosis (20, 21). Initially, it was considered that HOX gene
expression was only up-regulated in tumor tissues (22), but
subsequent studies revealed that the HOX gene could be
employed as a tumor promoter or inhibitor (23, 24). HOX genes
that play a role in tumor inhibition are usually inhibited, but these
HOX genes are abnormally expressed in other tissues, promoting
the emergence and development of cancers. HOXBY, for example,
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can inhibit the proliferation, migration, and invasion of gastric
cancer cells, induce MET transformation, and play an anti-cancer
role (25); however, in pancreatic cancer, HOXB9 blocks the cell
cycle process via the DNMTI1/RBL2/c-Myc axis to inhibit
pancreatic cancer cell proliferation (19).

The tumor microenvironment (TME) is composed of a
heterogeneous population that includes cancer cells themselves,
infiltrating immune cells, and stromal cells such as fibroblasts.
Within this complex ecosystem, immune cells play a pivotal role
in the initiation and progression of cancer. However, as immune
cells with tumor-fighting capabilities target and eliminate cancer
cells, these malignant cells often employ various mechanisms to
evade immune surveillance (26). Concurrently, this ability to escape
immune detection has paved the way for new therapeutic directions
in cancer treatment, focusing on harnessing the TME’s immune
cells to specifically recognize and attack cancer cells (27). The
application of immune checkpoint modulators, such as anti-
CTLA-4 and anti-PD-1 antibodies, along with adoptive immune
cell therapies like CAR-T cells, has demonstrated unexpected anti-
tumor effects across a spectrum of cancers, ushering in a new era for
cancer treatment (28). Additionally, immunotherapy is not only
influenced by the microenvironment but can also actively reshape
its composition. In summary, uncovering the complex interplay
between cancer and the immune microenvironment is of great
significance for understanding the onset, progression of cancer, and
the selection of therapeutic strategies.

Normal HOX gene expression is a vital part of organismal
development, and when some HOX genes are abnormally over- or
under-expressed, resulting in wrong cell differentiation, they may
become regulatory factors for tumor formation or inhibition. These
abnormal high- or low-expression HOX genes are often regulated
by some special mechanisms, such as epigenetic modification such
as hypermethylation of the CpG island promoter (29, 30), which
further promotes the occurrence and progress of cancer. At present,
the research on the association between HOX genes and cancers
mostly focuses on the exploration of mechanisms, and systematic
bioinformatics analyses on the expression and prognosis differences
in different cancers are lacking. Therefore, it is of great value to
analyze the expression and prognosis of HOX genes in pan-cancer,
as well as the link with the tumor microenvironment and potential
therapeutic targets. This study systematically evaluated the
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prognostic correlation and immune microenvironmental impact of
HOX gene family expression. In lung adenocarcinoma cell lines,
HOXB7 and HOXC6 were confirmed to markedly influence cell
proliferation and migration, suggesting consideration as prognostic
indicators. Importantly, the introduction of the HOX score to
predict compounds that modulate HOX expression and pathways
suggested a novel therapeutic approach targeting HOX genes in

cancer treatment.

2 Materials and methods
2.1 Genetic alteration analysis

By using the cBioportal database (31) in April 2023 (https://
www.cbioportal.org/), we inquired about the mutations of HOX
family across 32 cancer studies (TCGA, Pan-Cancer Atlas),
containing 10,967 samples total. Among them, mutation data,
structural variants, and putative copy-number alterations (CNA)
from GISTIC were chosen for genomic profiles, and the final result
was displayed through the Oncoprint plate (showing the ‘study of
origin’ and mutation of each HOX family gene). In addition, the
Cancer Type Summary section showed the summary statistics of
mutations in pan-cancer. Genetic alterations defined in cBioPortal
are ‘Inframe Mutation’, ‘Missense Mutation’, ‘Splice Mutation’,
‘Truncating Mutation’, ‘Structural Variant’, ‘Amplification’, and
‘Deep Deletion’. Different colors in Figures were used to indicate
each of the 32 pan-cancer studies or genetic alterations.

2.2 Expression analysis of HOX family

All cancers’ HTSeq-FPKM gene expression RNAseq data from
the UCSC Xena were downloaded for pan-cancer expression
analysis and correlation analysis (https://xenabrowser.net/
datapages/). All data has been log,(FPKM+1) converted. Pan-
cancer expression heatmaps are plotted by the R package
‘pheatmap’, and it also performs clustering and column
normalization, only showing cancers with normal samples of not
less than 5. Besides, the correlation matrix was calculated by
Spearman’s test and the 'cor.test' function in R package ‘corrplot’
was utilized to evaluate the statistical significance of the correlation
between HOX genes.

2.3 Univariate cox regression analysis and
survival analysis

Survival data for 33 cancer types was also downloaded from the
UCSC Xena. Using the median expression of each gene as the cutoft
value, the high and low expression groups of HOX genes were
compared through Kaplan-Meier survival curve analysis, including
overall survival (OS), disease-specific survival (DSS), progression-
free interval (PFI). The proportional hazards assumption was tested
using the ‘survival’ package, followed by the fitting of a univariate
Cox regression model. The hazard ratios (HR) derived from
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univariate Cox regression analysis are graphically represented
through a dot plot, facilitating a more nuanced interpretation of
the relative risks associated with each HOX gene. The survival
analysis was carried out by Cox proportional hazards regression
using the function coxph() from the ‘survival’ package. Kaplan-
Meier survival plots with p-values and HRs were visualized using
the ‘survminer’ and ‘ggplot2’ packages. Only survival curves with p-
values < 0.05 could be visualized.

2.4 Correlation analysis between HOX and
tumor microenvironment

Data relevant to immune subtypes, tumor mutation burden
(VarScan2 Variant Aggregation and Masking from Somatic
Mutation), and tumor stemness were downloaded from the UCSC
Xena for further research (https://xenabrowser.net/datapages/). Six
immune subtypes from the TCGA pan-cancer database were
employed for calculating correlations with HOX family
expression levels by Kruskal-Wallis test. The R package ‘estimate’
was used to examine the stromal score, immune score, and estimate
score in the immune microenvironment, which can reflect the
stromal and immune cell infiltration levels of each cancer.
Additionally, we compute the Spearman correlation between
HOX expression and these scores, and the outcomes are shown as
a heatmap. Additionally, a perl script was used to generate the
tumor mutation burden score (TMB) for each sample. Based on
somatic mutation data obtained from TCGA (https://
tcga.xenahubs.net), Microsatellite instability (MSI) scores were
calculated for each sample. The Spearman correlation between
TMB, MSI, DNA stemness score (DNAss), RNA stemness score
(RNAss), and HOX expression were also examined. The radar chart
of the Xiantao tool (https://www.xiantaozi.com/) shows the
relationship between TMB, MSI, and the expression of HOXB7
and HOXC6. The correlation between the expression levels of HOX
genes and the infiltration levels of 22 kinds of immune cells in pan-
cancer were evaluated by ‘CIBERSORT.R’ and R-package 'ggplot2,
‘ggpubr’ and ‘ggExtra’. The correlation analysis of TMB, MSI,
DNAss, and RNAss with gene expression was all conducted using
the Spearman correlation test. The P-values were generated by the
cor.test function to represent statistical significance.

2.5 The HOX score and connectivity
map analysis

The HOX score was calculated by Z-normalized expression for
the 39 HOX genes across all of the samples within each cancer type.
The HOX score per sample was determined by calculating the mean
value across the 39 HOX genes, which represents a relative and
overall estimate of the HOX family. In light of the previous results,
we next calculate the spearman correlation between HOX score and
mRNA expression of all coding genes in each sample. For each
cancer type, we identified the top 150 most positively and negatively
correlated protein-coding genes with valid gene symbols in the
database, which were then curated as input for the “Query” module
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of the Connectivity Map 1.0 (http://clue.io) (32). Query parameters
were set “gene expression(L1000)”. Subsequently, the most relevant
compounds (type: cp) for each of the 33 cancers were obtained.
Finally, compounds with enrichment scores > 90 or < -90 in at least
eight cancer types were selected for visualization to elucidate their
potential therapeutic relevance.

2.6 Protein—protein interaction network
construction and functional enrichment

The STRING online database (https://string-db.org/) was used
to build the protein-protein interaction (PPI) network (33). Gene
symbol names (HOXB7 and HOXC6) were subjected to PPI
analysis. The minimum interaction score was set to medium
confidence (0.400), and max number of interactors to show of 1st
and 2st shell were all no more than 60 and 70 interactors. Next, we
output the analysis results to a TSV format file, chose top 100
interacting proteins, and they were imported into Cytoscape v3.7.2
for detailed processing and visualization (34). The cytoHubba
plugin was used to perform network topology analysis and node
centrality analysis to find its hub genes and sub-networks.
Functional enrichment analysis including Gene ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) were
performed using the R-packages ‘limma’, ‘org.Hs.eg.db’,
‘clusterProfiler’ and ‘enrichplot’ based on the top 100 node genes.

2.7 Immunohistochemistry

Three lung adenocarcinoma cases and corresponding adjacent
normal tissues collected from the Department of Pathology, Beijing
Ditan Hospital, Capital Medical University were used to verify the
expression of HOXB7 and HOXC6 by using immunohistochemical
staining (IHC), respectively. All the images were taken under a 20x
microscope. The slides performed a series of procedures, including
deparaffinization, antigen retrieval solution for antigen restoration,
3% hydrogen peroxide to suppress endogenous peroxidase activity,
and goat serum to minimize non-specific staining. Subsequently,
HOXB?7 rabbit polyclonal antibody (bs-17364R, 1:100, Bioss
Antibodies, USA) and HOXC6 (PA4010, 1:100, Abmart, China)
covered the slides respectively, and they were left at 4°C for the
whole night. The next day, sheep anti-rabbit IgG polymer (PV-
6000, Zhongshan Jinqiao Biotechnology Company, Beijing, China)
was added for 30 minutes at room temperature, and then DAB was
added for three 3 minutes. Finally, they were counterstained with
hematoxylin, dehydrated and sealed with neutral glue.

2.8 Cell culture

The human embryonic kidney cell line 293T (HEK293T), the
human lung cancer A549 and NCI-H1975 cell lines originated from
American Type Culture Collection (ATCC). Both A549 and NCI-
H1975 are human lung adenocarcinoma cells. 293T and A549 were all
cultured in DMEM (HyClone, Logan, UT, USA) supplemented with
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10% Fetal Bovine Serum (FBS; ExCell Bio, China) and 1% Penicillin-
Streptomycin (Yuchun Bio, Shanghai, China) at 37°C and 5% CO,.
The NCI-H1975 cell line were maintained in RPMI-1640 (ZETA life,
USA) containing the same 10% FBS and 1% Penicillin-Streptomycin.

2.9 Construction of shRNA stably
transfected cell line

All target shRNA were designed by GPP Web Portal of Broad
institute (https://portals.broadinstitute.org/gpp/public/gene/
search_clones). The oligonucleotide primers were annealed and
connected to the pLKO.1 vector to produce the final plasmid
expressing the target shRNA. According to the manufacturer’s
protocol, 293T cells were used for lentivirus packaging of shRNA
using LipofectamineTM 2000 reagent (Invitrogen, USA). Next, A549
or NCI-H1975 cells were infected with packaged lentivirus, and a
stable A549 or NCI-H1975 cell line containing shRNA was
constructed after 1-2 weeks of puromycin screening. Oligo
Sequences of shRNA were: shHOXB7:5'-CCGGCCTCACGGA
AAGACAGATCAACTCGAGTTGATCTGTCTTTCCGTGAGG
TTTTTG-3"; shHOXC6:5CCGGGTGAGGCATTTCT
CGACCTATCTCGAGATAGGTCGAGAAATGC
CTCACTTTTTG-3’; shControl: 5-CCGGGTTCTTGCGATTGTC
TCTATTCTCGAGAATAGAGACAATCGCAAGA
ACTTTTTG-3.

2.10 Quantitative RT-PCR

Total RNA was extracted using Trizol and One step qRT-PCR
SYBR Green Kit (Vazyme Biotech Co., Nanjing, China) was used
for Quantitative RT-PCR (qQRT-PCR) assay. Ct values detected by
Bio-Rad qRT-PCR were processed using GAPDH as an internal

parameter. The 244

approach was employed to calculate the
comparative expression. GraphPad Prism (9.0.0 version) was used
for visualization. Primers used were shown as follows: GAPDH-F:
5'-CATGTTCGTCATGGGTGTGAACCA-3’, GAPDH-R: 5'-
ATGGCATGGACTGTGGTCATGAGT-3’; HOXB7-F: 5'-TCC
ACATTACCGGGAGCC-3’, HOXB7-R: 5'-CTGGGAGC
ACTCTGGACG-3’; HOXC6-F: 5'-TGACATCTGGCTTG

CGATTG-3’; HOXC6-R: 5'-GGCCCTCCAATCCGTCAG-3’.

2.11 CCKS8, colony formation assay and
wound healing assay

The shRNA-transfected A549 or NCI-H1975 cells were fully
digested, inoculated into 96-well culture plates at 2 x 10 cells per
well and incubated at 37°C for different days. The original culture
medium was removed and replaced with 100 pL of fresh culture
medium and 10 pL of working solution containing CCK-8 working
solution (TargetMol, USA) in each well. Then, the cells were
incubated at 37°C for 2 h and the absorbance was measured using
the CCK-8 at 450 nm on days 1, 3, 5 and 7, respectively. A total of 2
x 10% transfected control, HOXB7 or HOXC6 shRNA-transfected

frontiersin.org


http://clue.io
https://string-db.org/
https://portals.broadinstitute.org/gpp/public/gene/search_clones
https://portals.broadinstitute.org/gpp/public/gene/search_clones
https://doi.org/10.3389/fonc.2025.1521652
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wang et al.

A549 or NCI-H1975 cells were positioned on a new 6-well plate and
cultured for 2 weeks as described above, during which times the
medium was changed every 3 days. Formed colonies were fixed in
4% paraformaldehyde for 20 minutes, washed with PBS, and stained
with Crystalline Violet (Beyotime, Shanghai, China) for 15-20
minutes. Finally, washed and photographed. Evenly transfected
A549 or NCI-H1975 cells were inoculated in 6-well plates at 6 x
10° cells per well for wound healing assay. After the cells completely
adhered to the 6-well plates, a straight line was drawn vertically in
the center of each well with a sterile 20l pipette tip to ensure that
the cells on this line were scraped off, which was regarded as 0 hour
and marked it. After washing off the cell debris with PBS, the cells
were incubated for 48 h. The migration of the cells was observed at 0
h, 24 h and 48 h, respectively.

2.12 Statistical analysis

The statistical software R (v4.2.1) was applied to perform the
statistical analysis. P-value < 0.05 is deemed statistically significant.
*P<0.05; **P<0.01; ***P<0.001. The Wilcoxon test was applied to
investigate HOX expression according to the TCGA database. All
survival analyses in this study were conducted using the Cox
proportional hazard regression model. The qRT-PCR and CCK-8
assays employed the Student’s t-test to evaluate the statistical
significance of differences between two groups. Preprocessing of
expression data and calculation of TMB were analyzed by
Perl (v5.30.0).

3 Results

3.1 Somatic alteration characteristics of
HOX family in pan-cancer

In order to explore the mutation of the HOX genes in pan-
cancer, we used the cBioPortal web tool (31) to analyze the
mutation of the whole HOX gene family. The oncoprint shows
that the frequency of genetic changes in the HOX family in 32
cancer studies ranged from 0.8% to 2.1% (Figure 1A), with relatively
few mutations in the whole genome. The mutation types of all HOX
genes are similar, but the main mutation types in different cancers
are different. There is a conservative mutation pattern in the same
HOX subfamily, in which HOXA genes have the greatest mutations
in pan-cancer and HOXC genes have the fewest mutations. This
conservative mutation pattern may be linked to sequence similarity
during evolution (4, 6). For the HOX family, among the 32 cancers,
the most common genetic alterations are amplification, missense
mutation, and deep deletion. Gene amplification occupied the
largest proportion, followed by missense mutations. The
alteration frequency of the HOX genes in patients with Skin
cutaneous melanoma (SKCM) is highest across 32 cancers, and
the majority of the gene alterations are mutations, followed by
amplification (Figure 1B). In addition, we also predicted the
mutation sites and types of each HOX gene in pan-cancer
samples (Supplementary Figure S1).
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3.2 Correlation between HOX gene
expression and pan-cancer

We examined the overall expression of HOX genes in 33 cancer
types from UCSC Xena database (Figure 2A) and discovered that
there were obvious differences in the expression of each HOX gene in
tumor samples, with the average expression levels of HOXAS5,
HOXA10, HOXB2, HOXB3, HOXB7, HOXC4, HOXDS, and
HOXD?9 being higher in pan-cancer samples, indicating that they
might play an indispensable role. However, other genes, such as
HOXB1, HOXC5, HOXC12, HOXD3, and HOXD12, have extremely
low expression levels, suggesting that they are more expressed in
normal tissue samples than in tumor samples. Excluding cancer types
with less than five normal tissue samples, we analyzed the difference
in expression of 39 HOX genes in 18 cancers between primary tumors
and normal tissues with clustering (Figure 2B). The expression of
most HOX genes shows tumor heterogeneity among different cancer
types. For example, in GBM, STAD, ESCA, HNSC, LUSC, LUAD,
LIHC, and other tumors, most HOX genes are up-regulated in
primary tumor samples, whereas in KICH, KIRC, and KIRP, the
expression is opposite (p<0.05, Figure 2B).

Among them, the up-regulation of HOX gene expression in glioma
(GBM) is particularly obvious, indicating that the high expression of
HOX genes may be closely related to the occurrence of GBM.
Furthermore, HOX genes differ in expression, meaning they are up-
or down-regulated in various tumors. We also looked at the Pearson
correlation between 39 HOX genes to see how they related to one
another. The results showed that some HOX genes in pan-cancer had
significant strong correlation (R>0.8; Figures 2C-F): HOXA9 with
HOXA10, HOXB5 with HOXB6 and HOXB8, HOXB8 with HOXB6
and HOXB9, HOXB3 with HOXB4 and HOXB5 and HOXBS6,
HOXC8 with HOXC9, HOXC9 with HOXC10, HOXD10 with
HOXDI11. In addition, there are many HOX gene pairs with strong
correlation (0.5<R < 0.8). The majority of these gene pairs with strong
correlation come from the same subfamily, they may have the same or
similar functional characteristics, and may interact and play a
synergistic role in the occurrence and progression of cancer.

3.3 Differential expression of HOX genes in
pan-cancer

Based on the FPKM expression data of 33 cancers from the
UCSC Xena, the expression of 39 HOX genes in 18 cancer types
with more than 5 normal samples (normal tissues vs. tumor tissues)
was inquired about (Supplementary Figure S2). A boxplot was used
to depict the first six genes that were up-regulated in at least 12
different types of tumor tissues (Figure 3). The expression of
HOXA13 was greatly up-regulated in 8 tumors, including GBM,
HNSC, KIRC, KIRP, LIHC, LUAD, LUSC, and STAD (p<0.001).
HOXB3 expression was greatly up-regulated in 7 tumors, including
CHOL, COAD, GBM, LIHC, LUAD, LUSC, and PRAD (p<0.001).
HOXB9 was shown to be considerably up-regulated in 12 different
tumors, including CHOL, COAD, GBM, LIHC, LUAD, LUSC, et al.
(p<0.001). HOXC9 was shown to be considerably up-regulated in
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FIGURE 1
The Pan-Cancer Genome Landscape of the homeobox family (HOX). (A)

The oncoprint of HOX family in 32 cancer types from TCGA showing the

comprehensive genetic alternations. (B) The barplot is used to display the data on the alteration frequency of mutation and copy number

alternations data of HOX gene family in 32 cancer types.

11 different tumors, including BLCA, BRCA, CHOL, LIHC, LUAD,
LUSC, et al. (p<0.001). HOXC11 was shown to be considerably up-
regulated in 10 different tumor tissues, including BRCA, COAD,
LIHC, LUAD, LUSC, et al. (p<0.001). HOXC13 was significantly
up-regulated in 14 tumors such as BLCA, BRCA, ESCA, GBM,
LIHC, LUAD, et al. (p<0.001). Of course, some of the mentioned
genes that show considerable up-regulation in certain tumors do
not rule out the possibility that there are too few samples accessible.

Frontiers in Oncology

3.4 Prognostic analysis of HOX genes in
pan-cancer

In order to further understand the possible prognosis and
therapeutic effect of the HOX family in pan-cancer, we conducted
the univariate cox regression analysis using the expression and
survival data of HOX genes from UCSC Xena. Firstly, we calculated
the Hazard ratio (HR) with their 95% confidence interval for each
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Human pan-cancer has abnormal expression of the 39 HOX genes. (A) Boxplot displaying the HOXs expression only in tumor tissues across all 33
different cancer types. (B) Heatmap showing the difference in HOXs expression between the primary tumor and normal tissues of 18 cancer types
with more than five normal samples. (C—F) Spearman correlation plots between HOX gene expression in all 33 cancer types. The positive correlation
coefficients are represented in blue and negative correlation coefficients are represented in red color. The numbers in the lower left part represent
the correlation coefficients, and the color intensity and circle size in the upper right part are also proportional to the correlation coefficients.

*P<0.05; **P<0.01; ***P<0.001.

gene in the HOX family within each cancer and visualized it as a
risk heatmap to show the significant prognostic genes in the HOX
family (Figure 4A). Protective genes (HR<1) are depicted by red
dots, whereas risky genes (HR>1) are represented by blue dots.
Overall, HOX genes showed risk in most cancers, with just a few
HOX genes being protective in some cancers (p<0.05). At least 18
HOX genes are risky genes in ACC, KIRC, and LGG, with LGG

Frontiers in Oncology

having the highest HOX risk genes. Furthermore, five HOXB genes
are protective in BLCA, and four HOXD genes are protective in
KIRC. Interestingly, three genes, HOXA4, HOXAS5, and HOXAG6,
are found in both PCPG and SKCM.

Then, we analyzed the Kaplan-Meier survival curve of all HOX
genes in pan-cancer based on the expression data of HOX genes
from cancer patients in the TCGA database in order to explore the
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FIGURE 3

Expression level distribution of HOX gene family in primary tumor tissues and normal tissues across 18 cancer types which have more than five
normal tissue samples. Boxplots showing the top 6 genes of HOXA13 (A), HOXB3 (B), HOXB9 (C), HOXC9 (D), HOXC11 (E) and HOXC13 (F) that are
upregulated in tumor tissues at least 12 cancer types(P<0.05). *P<0.05; **P < 0.01; ***P < 0.001.

prognostic effect of the HOX family in pan-cancer. High expression
of genes such as HOXB5, HOXC11, HOXA13, HOXD13, HOXAS6,
and HOXC6 in certain cancers is linked to poor overall survival
(OS) (Figure 4B). On the contrary, there are also some genes, such
as HOXB3, HOXD1, HOXCY9, and HOXA13, that are highly
expressed in some cancers and have better OS (p<0.05)
(Figure 4C). However, some genes exhibit cancer heterogeneity,
such as HOXA13, whose high expression has better OS in SKCM
and worse OS in KIRC. We also chose Disease Specific Survival
(DSS) (Supplementary Figure S3), and Progression Free Interval
(PFI) to investigate the prognosis of HOX family in pan-cancer
(Supplementary Figure S4).

The results of the risk heatmap and survival curve are
independent between each other. Some genes have opposite
results in these two analyses. In the survival curve analysis, for
example, high expression of HOXA13 indicates better survival in
SKCM and worse survival in KIRC (p<0.05); nevertheless, in the
risk heatmap obtained by cox regression analysis, HOXA13 showed
no significance in SKCM or KIRC. Simultaneously, some genes
showed consistent results in both analyses. For example, in the K-M
survival curve analysis, the high expression of HOXB7 and HOXC6
in LUAD led to worse OS. At the same time, consistent with the
survival analysis, these two genes were also predicted as risky genes
in the risk heatmap. The consistent findings establish a solid
groundwork for further research.

3.5 Relationship between HOX genes and
immune subtypes and immune
microenvironment in pan-cancer

To gain further insights into the relationship between HOX and
immune cell infiltration, we conducted an in-depth analysis of the
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correlation between the HOX family and immune cell infiltration using
the CIBERSORT method in pancancer (Figure 5A). Different HOX
subgroups exhibit similar correlation patterns with specific immune
cells. The HOXB subgroup is positively correlated with regulatory T
cells (Tregs), suggesting that the HOXB subgroup may influence
immune cell infiltration by enhancing the immunosuppressive
functions of Tregs. Studies have shown that HOXB7 binds with
members of the PBX family in melanoma, promoting the expression
of miR-221 and miR-222, which in turn regulate downstream factors,
leading to increased cell proliferation and infiltration, blocking cell
differentiation, and reducing cell apoptosis (35, 36). Additionally,
HOXD?9 is positively correlated with CD8+ T cells and negatively
correlated with naive B cells, showing a starkly opposite correlation
pattern among different types of immune cells. Studies have indicated
that specific epigenetic regulatory factors, such as Dnmt3a, Tet2, and
Asxll, can modulate the response of CD8+ T cells in immunotherapy
by affecting their stemness (37). HOXD9 may affect the epigenetic state
of CD8+ T cells through similar mechanisms, thereby enhancing their
anti-tumor activity. Furthermore, as CD8+ T cells play a central role in
anti-tumor immunity, HOXD9 may improve the efficacy of
immunotherapy by enhancing their function. Concurrently, the
inhibitory effect of HOXD9 on naive B cells may reduce the number
of immunosuppressive B cells in the TME, further potentiating the
power of immunotherapy.

In order to clarify the relationship between HOX genes and
immune infiltration subtypes, we studied the relationship between
each HOX gene and six immune infiltration subtypes related to
tumor immune promotion or inhibition in various cancers
(Figures 5B, C). Previous studies have divided 33 kinds of tumors
in TCGA into six immune subtypes (38): C1 (Wound Healing), C2
(INF-y Dominant), C3 (Inflammatory), C4 (Lymphocyte Depleted),
C5 (Immunologically Quiet), and C6 (TGF-B Dominant). Among
them, the C1, C2, and C6 subtypes are related to tumors. Patients
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the survival plots.

with C3 and C5 subtypes have better survival, while patients with
Cl1, C2, C4, and C6 have worse survival, possibly because these four
subtypes are more aggressive (39). The expression level of almost all
HOX genes in the C5 subtype is very low, indicating that they may
play a role in promoting tumorigenesis. However, HOXB7,
HOXC4, and HOXDS8 are highly expressed in six immune
subtypes, with C5 subtype expression levels greater than other
HOX genes, indicating that they may be a new breakthrough in
immunosuppression. In addition, the expression levels of HOXBI,
HOXC5, HOXC12, and HOXDI12 in six immune subtypes are
much lower than those of other HOX genes. Because of the poor
prognosis of C4 and C6 immune subtypes, it is characterized by
high macrophage content, limited lymphocyte infiltration, and high
M2 macrophage content. The high expression of HOXB2 and
HOXB7 in C4 and C6 subtypes also indicates that the two genes
are highly correlated with immune infiltration and the possibility of
immunosuppressive therapy. Additionally, HOXB2 and HOXB7
are highly expressed in C1, C2, and C6 subtypes, which also
indicates that they play a role in promoting tumor progression.
These three subtypes are known to have high cell proliferation and
poor survival (38). Among the HOXB genes, except for HOXB1 and
HOXB2, the order of expression levels of other genes in various
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immune subtypes is C1>C2>C3>C4, showing a relatively
consistent trend.

We subsequently investigated the relationship between HOX
gene expression levels, the infiltration levels of stromal and immune
cells, and tumor purity (Figures 5D-F). Among them, the tumor
purity is evaluated based on the stromal score, immune score, and
estimate score of each sample in TCGA using the ESTIMATE
algorithm (40). In the process of tumor occurrence and
development, macrophages, dendritic cells, neutrophils, B cells, T
cells, cancer associated fibroblasts (CAFs), and other cells are
recruited into the microenvironment around tumor cells, playing
their respective roles, and together with extracellular matrix and
other elements, constitute the tumor immune microenvironment.
In the tumor immune microenvironment, except tumor cells, other
cells are generally divided into two categories: stromal cells and
immune cells, and the content of these two cells is used as an index
to judge the tumor purity. In each cancer sample, the higher the
stromal cell score, the higher the stromal cell content, and the
higher the immune cell score, the higher the immune cell content.
The estimate score is the sum of the immune cell score and the
stromal cell score. The lower the estimate score, the lower the
content of these two kinds of cells in the tumor sample, and the
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more tumor cells it contains, the higher the tumor purity. There are
great differences in stromal score, immune score, and estimate score
of HOX genes in different cancers, but overall, the trend of the three
scores is similar. Among BRCA, LGG, PRAD, TGCT, THCA, and
THYM, more than half of HOX genes were positively correlated
with stromal score (p<0.05). On the contrary, in ACC, KIRP, and
STAD, more than half of HOX genes were negatively correlated
with stromal score (p<0.05) (Figure 5D). The correlation between
specific HOX genes and stromal scores in different cancer types can
also be completely opposite. For example, HOXB7 was positively
correlated with the stromal scores of patients with BRCA, LGG,
LIHC, PRAD, THCA, and THYM (p<0.05). On the contrary,
HOXB7 was negatively correlated with the stromal scores of
patients with ACC, BLCA, CESC, COAD, HNSC, KIRP, LUSC,
PCPG, and STAD. Similarly, in the correlation between HOX genes
and immune score and estimate score, it showed a similar trend to
stromal score (Figures 5E, F). For example, HOXB7 was positively
correlated with the immune scores of patients with BRCA, LGG,
LIHC, PRAD, SARC, THCA, THYM, and UVM (p<0.001), while
HOXB7 was positively correlated with BRCA and LGG. However,
in TGCT, the correlation between most HOX genes and stromal
score is opposite to its correlation with immune cells.

In addition, we also studied the relationship between the HOX
gene and tumor stemness and evaluated the similarity between
tumor cells and stem cells through the stemness score. The stemness
score is related to the active biological process in stem cells and the
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higher degree of tumor dedifferentiation (41). Based on RNAss and
DNAss, we explore tumor stemness score from two aspects: gene
expression and DNA methylation characteristics (Supplementary
Figure S5). The high degree of immune infiltration is characterized
by low RNAss or high DNAss. We found that most HOX genes
were negatively correlated with RNAss in BRCA, KIRC, KIRP,
LGG, TGCT, and THCA. At the same time, most HOX genes were
positively correlated with DNAss in CHOL, GBM, LGG, and STAD.
It is worth noting that most HOX genes are negatively correlated
with RNAss and DNAss in TGCT.

3.6 Identification of potential compounds
targeting HOX family using connective
map analysis

The fundamental goal of biomedical research is to establish the
connection between diseases, physiological processes, and small-
molecule drug therapy. The Connective map is such a powerful tool to
help achieve this goal (32, 42). It can find small molecules or drugs that
share the mechanism of action through gene expression characteristics.
Therefore, we further searched the small molecular compounds that may
target the HOX family through the Connective map tool (version 1.0) in
the hope offinding potential targets for disease treatment. We further set
a threshold to narrow the scope of the final target compounds after
collecting compounds with an absolute value of connective score greater
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in significantly correlated cancer types.

than 90: at least 8 of the 33 cancer types are related to HOX score. Finally,
we found 33 negatively related compounds (Figure 6A) and 7 positively
related compounds (Figure 6B).

Among the compounds negatively related to the expression of
HOX, 9 compounds belong to HDAC inhibitors, which are widely
used as anti-tumor drugs (43), especially in the treatment of glioma,
which means that inhibiting histone deacetylase may inhibit the
expression of HOX, and the negative correlation between the
compounds of this pathway and the expression of HOX can be
found in 15 different cancers at most, including BLCA, CHOL,
COAD, GBM, LUAD, and LUSC (Figure 6A). For example,
Scriptaid has also been predicted to be a potential targeting drug
that is negatively correlated with the expression of the oncogene
TGIF1 in gliomas (44), which is consistent with our research
findings. Besides, existing studies have demonstrated the effective
role of scriptaid in cancer treatment. The combination of
trichostatin A and scriptaid can enhance fenretinide-induced
apoptosis in fenretinide-sensitive hepatocellular carcinoma (HCC)
cells, reducing the resistance of HCC cells to fenretinide-induced
apoptosis (45). At the same time, the Tubulin inhibitor and NF-xB
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pathway inhibitor are also drugs that are negatively correlated with
HOX genes in many cancer types. For example, the Tubulin
inhibitor flubendazole may down-regulate the expression of the
HOX gene in 12 different cancers, including BLCA, BRCA, CESC,
GBM, KICH, and LUAD, thus inhibiting the occurrence or
progression of these cancers to some extent. Protein kinase
inhibitors, protein synthesis inhibitors, and mTOR inhibitors, on
the other hand, have been linked to increased HOX expression. The
mTOR inhibitor dactolisib (BEZ-235), in combination with BMS-
1166, promotes apoptosis in colorectal cancer cells by blocking the
PI3K/mTOR pathway and disrupting the crosstalk of the MAPK
pathway (46). Inhibition of these physiological processes can induce
the expression of HOX genes.

3.7 Mutation, expression, and prognostic
analysis of HOXB7 and HOXC6 in LUAD

Lung cancer, as one of the main causes of cancer death in the
world, includes two pathological types: small cell lung cancer
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(SCLC, 15%) and non-small cell lung cancer (NSCLC, 85%) (47).
Lung adenocarcinoma (LUAD) is the most prevalent histological
subtype of non-small cell lung cancer with a poor prognosis,
accounting for about 40% of lung malignant tumors (48). The
molecular mechanism of LUAD is not clear enough at present, so it
is important to identify and screen the markers targeting LUAD in
time, which can help us better understand the critical role these
genes play in the occurrence and development of LUAD.

Based on the above expression data, survival analysis, and
results of univariate cox regression analysis, we chose HOXB7
and HOXC6 from LUAD for further analysis. They are identified
by higher expression in LUAD tissue (p<0.05), worse OS in survival
analysis (HR>1.5, p<0.05), and being predicted as risky genes in the
univariate cox regression analysis (HR>1, p<0.05). Only HOXB7
and HOXC6 meet all three criteria in LUAD, thus making them
more credible candidates for further research. In LUAD, the
frequency of genetic alternations in HOXB7 only accounts for 1%
of the genome, and HOXC6 accounts for 1.6% (Figure 7A). Gene
amplification is their main alternation type. Furthermore, HOXC6
exhibits deep deletion, while HOXB7 does not. The lollipop chart of
the mutation site revealed that both HOXB7 and HOXC6 had a
mutation at a certain amino acid location, G24A and S76C,
respectively (Figures 7B, C). Besides, we also evaluated the
expression differences of HOXB7 (Figure 7D) and HOXC6
(Figure 7E) between tumor tissues and normal tissues in LUAD
(based on log2(FPKM+1)), and both exhibit greater expression in

Lung Adenocarcinoma (TCGA, PanCancer Atlas)
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tumor tissues with significant differences (p<0.001). Next,
we performed univariate cox regression analysis on the
HOX family in order to identify the HOX genes in LUAD that
may have prognostic value (Figure 7F). HOXB7 and HOXC6
may be employed as prognostic genes in LUAD, as expected
(HR>1, p<0.05).

3.8 Analysis of tumor mutation burden,
microsatellite instability of HOXB7 and
HOXC6 in LUAD

As a biomarker of immunotherapy, Tumor mutation burden
(TMB) can measure the number of tumor mutations. The higher
TMB, the more new antigens are produced, and the easier it is to
cause an immune response. Therefore, we explored the relationship
between the expression of the HOX genes and TMB. HOXB7 and
HOXC6 were positively correlated with TMB in most cancers, and
HOXB?7 was strongly correlated with TMB in ACC, HNSC, PAAD,
and STAD, and HOXC6 was strongly correlated with TMB in
COAD, LGG, MESO, and PRAD (R>0.2, Figure 8A).

Microsatellite instability (MSI) associated with DNA mismatch
repair functional defects is an important tumor marker in clinical
research (49, 50). Multiple cancer forms, including colon cancer,
glioblastoma, ovarian cancer, gastric cancer, and prostate cancer,
have been reported to be associated with MSI. Therefore, we
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Mutation, expression, and univariate cox regression analysis of HOXB7 and HOXC6 in LUAD. (A) Oncoprint showing genetic alternations of HOXB7
and HOXC6 in LUAD. Mutation sites of HOXB7 (B) and HOXC6 (C) in LUAD by cBioportal. Violin plots showing differential expression HOXB7 (D) and
HOXC6 (E) between normal and tumor tissues in LUAD. (F) Forest plot of univariate cox regression analysis of HOX family in LUAD. The symbol ***

provided in Figures 7D, E represents that their p-values < 0.001.
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analyzed the microsatellite instability of the above six genes. We
found that HOXB7 had a stronger positive correlation with MSI in
CHOL, DLBC, ESCA, HNSC, and STAD (R>0.2), while HOXC6
had a stronger positive correlation with MSI in COAD, KICH,
UCEC, and UCS (R>0.2). Strangely, HOXC6 had a strong negative
correlation with DLBC (R<-0.4, Figure 8B).

Then, the reference marker gene expression matrix “LM22.txt” of
22 kinds of immune cells was downloaded from CIBERSORT website
(51). We studied the correlation between the two genes and 22
immune cell subtypes in LUAD (Figures 8C, D). We found that
HOXB7 in LUAD had the strongest positive correlation with
macrophage MO and macrophage M1 and the strongest negative
correlation with mast cells resting and dendritic cells resting
(p<0.001). HOXC6 in LUAD had the strongest positive correlation
with macrophage MO and the strongest negative correlation with
mast cells resting and dendritic cells resting (p<0.001).

3.9 Exploration on the interaction genes
and functions of HOXB7 and HOXC6
in LUAD

In order to further understand the functions of these six genes, we
used the STRING database to construct PPI networks of six interacting
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proteins of HOX genes and visualized them by Cytoscape (Figure 9A).
The genes marked in red are the two HOX genes of interest in this
project. Node size indicates the number of genes interacting with the
node. We found that interaction genes which has high degree include
HOXC4, H3C12, PBX1, WDR5, KMT2A, RBBP5, and so on. Like the
HOX family, PBX1 has a strong correlation with organogenesis,
differentiation, and development, and it is also a key character of the
hallmarks of cancer, its up-regulation of expression is linked to
carcinogenesis and a worse prognosis (52). WDR5, a member of the
WDA40 protein family, up-regulates expression in oral squamous cell
carcinoma (OSCC), and silencing WDRS5 can inhibit the occurrence of
OSCC (53), and it might be a target for OSCC treatment. KMT2A is
involved in coding lysine methyltransferase and epigenetics, and is also
associated with various processes of embryonic development, which are
conservative in evolution and mostly connected to the emergence of
hematological malignant tumors (54). RBBP5, retinoblastoma binding
protein 5, has been proven to be related to the progress of
hepatocellular carcinoma (55).

Next, we visualized the functions of top 100 interacting genes
predicted by the STRING database and showed the top 30 terms of
GO enrichment results, each of which corresponds to three categories:
biological process (BP), cellular component (CC), and molecular
function (MF) (Figure 9B). GO enrichment function showed that the
genes interacting with HOXB7 and HOXC6 are involved in the following
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Functional exploration of HOXB7 and HOXC6. (A) Construction of PPI network involved in top 100 interacting genes with HOXB7 and HOXC6 from
STRING database. The interacting genes were visualized in Cytoscape. Degree is shown in terms of node size and node color. (B) Gene Ontology
functional enrichments in the network of top 100 interacting genes from STRING database. The strength of functional association between their
respective products of top 30 GO terms are showed. (C) TOP 20 KEGG pathway of interacting genes related to HOXB7 and HOXC6. (D) Network of

gene interactions of top 10 KEGG pathways.

terms: pattern specification process, embryonic organ development,
histone H3-K4 methylation, Wnt—protein binding and so on. Besides,
these genes play a role in several significant KEGG pathways (Figures 9C,
D), including the Wnt signaling pathway, pathways of
neurodegeneration—multiple diseases, transcriptional misregulation in
cancer, hepatocellular carcinoma and mTOR signaling pathway, which
are closely tied to cancer. These results suggest a potential link between
carcinogenesis and HOXB7 and HOXC6.

3.10 Expression verification of HOXB7 and
HOXC6 in LUAD
following immunohistochemistry

We further used immunohistochemistry to confirm the essential
function of HOXB7 and HOXC6 in LUAD at the tissue level.
Consistent with the previous results, HOXB7 and HOXC6 showed
significantly higher expression in tumor tissues as compared to the
adjacent normal tissues. Besides, HOXB?7 is expressed in the nucleus,
whereas HOXCE6 is in the cytoplasm (Figure 10).
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3.11 HOXB7 and HOXCG6 affected the
proliferation and migration of LUAD cells

We further verified their role in the development of lung
adenocarcinoma by knocking down HOXB7 and HOXC6 in A549
and NCI-H1975 cells respectively (Figure 11, Supplementary Figure
S6). RT-PCR results showed that the knock-down efficiency of
HOXB7 and HOXC6 was more than 70% in A549 and NCI-
H1975. We studied their effects on cell viability, proliferation and
migration. Therefore, the outcomes of these experiments in vitro
showed that HOXB7 and HOXC6 are key oncogenes that promote
tumor malignant behavior and cell proliferation in LUAD cell lines.

4 Discussion

Numerous studies have shown that the normal expression of
the HOX gene is strongly related to embryonic development, cell
differentiation, and cancer. When HOX expression is aberrant, it
can disrupt downstream signal transduction by itself or in
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FIGURE 10

The representative immunohistochemistry images of HOXB7 and HOXC6 genes expression in normal and tumor tissue in LUAD.

collaboration with other molecules, leading to the occurrence and
development of tumors. At the same time, in some tumors, if the
signal pathway of organ development related to HOX genes is
disturbed during embryonic development, it may affect the
differentiation and growth of normal cells, and the cells will turn
in a worse direction, thus promoting the emergence of tumors.

Currently, most HOX gene research focuses on a single gene
and a single cancer, a single gene and multiple cancers, and multiple
genes and a single cancer. A previous study found that HOXB9 can
mediate tumor angiogenesis, epithelial-mesenchymal transition
(EMT), and cancer stemness through the TGF-B pathway, leading
to chemical resistance and poor survival in pancreatic cancer
patients (56); There are also studies to explore the carcinogenesis
of the HOX gene cluster in head and neck squamous cell carcinoma
(57) and potential tumor suppressor in renal clear cell carcinoma
(20); HOXA4 and HOXAS5 affect the function and prognosis of lung
cancer cells and may be potential biomarkers of LUAD (58).
However, research on the HOX gene family in pan-cancer is still
limited, so it is necessary for us to conduct a comprehensive study
on it to learn about the overall situation of the HOX family in pan-
cancer and provide some evidence for further exploring the
mechanism of HOX genes and cancers and finding potential
therapeutic targets.

This study examined the mutation landscape of the HOX family
using cBioPortal data. Results revealed that the types of genetic
alterations within the HOX family subtypes were comparable,
which might be attributed to their common genetic background
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and evolutionary conservatism (59). Furthermore, this HOX family
mutation pattern has some tumor specificity. Additionally, the
expression data analysis based on the TCGA database revealed
the cancer heterogeneity of HOX gene expression, which may play
distinct roles in different cancers. Previous research had shown that
reducing HOXA5 expression contributes to the proliferation of
breast cancer cells (14); In addition, MicroRNA-224 promotes the
migration and invasion of hepatocellular carcinoma cells by
targeting the expression of HOXA5 (60). Down-regulating its
expression by regulating hypermethylation in the promoter region
of HOXA5 can be regarded as a new direction for a future
therapeutic target (61). According to this study, HOXAS5 is down-
regulated in BRCA, LUAD, COAD, and READ but up-regulated in
LIHC, GBM, and HNSC, which coincides with previous studies.
Similar genes include HOXB7, HOXC6, HOXAS®, et al. In addition,
the expression of HOX genes in GBM is almost up-regulated, which
is consistent with the conclusion that HOX genes are usually
oncogenes in GBM in previous studies (62).

The tumor immune microenvironment (TME) is made up of
cellular components (such as tumor cells, vascular endothelial cells,
immune cells, and mesenchymal stem cells) as well as non-cellular
components (such as cytokines, adhesion molecules, and growth
factors) that work together to form a barrier for tumor cells.
Additionally, as integral non-neoplastic components of TME, the
scoring of stromal and immune cells can be utilized as significant
indicators for the survival, recurrence, and metastasis in cancer
patients (63). A burgeoning scientific literature corroborates that
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Knockdown of HOXB7 and HOXC6 inhibits cell viability, proliferation and migration. The mRNA expression levels of HOXB7 (A) and HOXC6 (B) in
A549 cell line. The results of CCK-8 showed that the knock-down of HOXB7 (C) and HOXC6 (D) in A549 can inhibits cell viability. (E) Colony
formation assay of A549-shControl/shHOXB7/shHOXCE6 for 14 days. (F) Wound healing assays for evaluating the migration capacity of A549 cells
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with shControl/shHOXB7/shHOXC6. (****p< 0.0001, compared with shControl).

immune cell infiltration is a pivotal factor in both tumor
progression and the efficacy of immunotherapeutic interventions
(64). The HOX gene plays an important role in the tumor immune
microenvironment (22, 65). In colorectal cancer, for example, high
HOXC6 expression is highly associated with the remodeling of
TME, which can be used as a potential biomarker to predict the
efficacy of immunotherapy for non-metastatic colorectal cancer
(22). Therefore, we explored the relationship between HOX
expression and the immune microenvironment, immune
subtypes, and immune infiltration in pan-cancer via
bioinformatics analysis and evaluated the tumor purity. The
results showed that the expression of most HOX genes had a
strong relationship with immune subtypes (p<0.001). HOXB?7,
HOXC4, and HOXDS are all highly expressed in six immune
subtypes, which indicates that they may be a new
immunosuppressive breakthrough. In some cancers, such as
BRCA, KIRC, LGG, TGCT, CHOL, GBM, and STAD, most HOX
genes have significant levels of immune infiltration—higher DN Ass
or lower RNAss. Consequently, the exploration of the association
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between HOX genes and the immune microenvironment can aid in
identifying biomarkers related to TME, which may be correlated
with disease prognosis, therapeutic response, or disease progression.
We can also shed light on the associated genes and pathways to help
us understand the molecular mechanisms of diseases and provide a
basis for developing new treatment strategies. Given the intricacies
of the tumor microenvironment, the translation of cancer research
into clinical practice remains a formidable challenge for
future oncology.

Immunosuppressant therapy has become a new milestone in
the treatment of malignant tumors. Among them, TMB, MSI,
mismatch repair (MMR), and other biomarkers have been proven
to have certain predictive values for immune efficacy and have been
widely recognized. Based on the results of expression data, survival
analysis and cox regression analysis, HOXB7 and HOXC6 were
further analyzed, including TMB, MSI, and CIBERSORT immune
infiltration analysis. HOXB7 showed strong positive correlations
with TMB and MSI in STAD, and HOXC6 showed strong positive
correlations with both TMB and MSI in COAD, suggesting that
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they might be employed as biomarkers in STAD and COAD in
the future.

The abundance of immune cells, especially T cells, is closely
related to tumor progression. Regulatory T Cells (Tregs) are the main
immunosuppressive and anti-inflammatory cells, which can inhibit T
cell reactions and lead to T cell failure and immune escape (66, 67).
Natural killer (NK) cells have an anti-tumor effect (68). Tumor-
associated Macrophages (TAMs) can be polarized into different
functional phenotypes, including macrophages M1 and
macrophages M2. Macrophages M1 can inhibit the proliferation of
tumor cells by presenting antigens to adaptive immune cells,
producing proinflammatory cytokines, and phagocytizing tumor
cells (69). Macrophages M2 contribute to cell proliferation and
promote the progress of cancer (70). MO macrophages developed
from M1 macrophages can also kill tumor cells (71, 72). The
correlation of immune cell infiltration indicates that the
relationship between HOX genes and immune cell infiltration is
multifaceted, reflecting their role in shaping the TME. Studies have
demonstrated that the expression of HOX genes correlates with the
level of immune cell infiltration, particularly in certain types of cancer
where the expression patterns of HOX genes are associated with the
presence and status of immune cells within the TME (65). For
instance, HOXB-AS1 has been shown to have significantly higher
expression levels in glioma compared to low-grade glioma tissues. In
vitro cellular functional experiments have indicated that HOXB-AS1
supports tumor stem cells and plays a crucial role in the metastasis of
glioma (73). This suggests that HOX genes may influence the
infiltration and function of immune cells by modulating the
characteristics of tumor stem cells. Furthermore, the role of HOX
genes in the TME extends beyond immune cell infiltration; they are
also implicated in immune regulation and the efficacy of
immunotherapy. In hepatocellular carcinoma (HCC), the
expression pattern of the HOX gene family defines the TME and
the effects of immunotherapy. HCC samples with a high HOXscore
exhibit a richer infiltrate of suppressive immune cells and are more
sensitive to certain anticancer drugs such as mitomycin and cisplatin
(65). Importantly, the HOXscore is associated with the therapeutic
effects of PD-L1 blockade, indicating that HOX genes may modulate
immune responses within the TME by affecting the expression and
function of immune checkpoints. In addition, the correlation of two
HOX genes in 22 kinds of immune cells were evaluated by
CIBERSORT. In LUAD, we observed a robust positive correlation
between HOXB7 and macrophages MO and MI, suggesting an
association with tumor inhibition. Interestingly, HOXC6 exhibited
a similar pattern, contrary to prior research findings. The positive
correlation between HOXB7, HOXC6, and tumor suppressor genes
may have certain limitations. We hypothesize that the expression of
HOXB7 and HOXC6 follows a normal distribution trend during
cancer cell occurrence and development. Elevated expression of
HOXB7 and HOXC6 potentially facilitates cancer progression,
leading to the accumulation of cancer cells. Upon reaching a
critical mass, immune cells associated with cancer suppression
gather, resulting in the observed positive correlation phenomenon.

In summary, the correlation between HOX genes and immune
cell infiltration is a complex phenomenon that involves the shaping
of the TME, immune regulation, and the effects of immunotherapy.
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These findings provide new perspectives and potential targets for
future cancer treatment strategies targeting HOX genes. Future
research is needed to further elucidate how HOX genes precisely
regulate the behavior of immune cells and their specific
mechanisms of action within the TME.

In order to establish the relationship between diseases,
physiological processes and small molecular drugs, we searched
for potential targeted compounds with positive and negative
correlation with the HOX score through the Connective Map,
which laid the foundation for future clinical cancer treatment.
Most of the predicted compounds belong to HDAC inhibitors,
Tubulin inhibitors, and NF-kB inhibitors, which can down-regulate
the expression of HOX in specific cancers, thus inhibiting the
development of tumors. HDAC inhibitors are widely used as anti-
tumor drugs (43), especially in the treatment of glioma. Tubulin
inhibitors have an anti-tumor effect and can limit the proliferation
of several cancer cell lines (74, 75). The dysfunction of NF-kB
regulation is related to many human disorders, such as cancer,
inflammation, autoimmune diseases, and aberrant immune system
development, and the occurrence and development of these diseases
can be hindered by suppressing the NF-xB pathway (76, 77). On the
contrary, protein kinase inhibitors, protein synthesis inhibitors, and
mTOR inhibitors can induce the expression of HOX genes, so we
can induce the expression of HOX genes as tumor suppressors by
using related small molecular drugs, thus inhibiting the
proliferation of tumor cells.

The exploration of gene family expression across various
cancers and its significance in prognosis and the immune
microenvironment in 33 types of cancer is of great importance.
Firstly, the expression levels of gene family members have the
potential to predict prognosis and response to immunotherapy in
cancer. For instance, the expression of APOBEC family genes in
bladder cancer is associated with patient prognosis and response to
immunotherapy (78). Secondly, the immune microenvironment
correlates with tumor prognosis and can predict treatment
response and outcomes in cancers such as breast cancer. In HER2
+ breast cancer, the expression profile of immune genes and tumor-
infiltrating lymphocytes (TILs) serve as predictive factors,
indicating the prognostic value of early treatment (79). Thirdly,
gene expression not only affects the biological characteristics of
tumor cells but may also regulate immune cell infiltration and
immune responses within the tumor microenvironment. For
example, the expression of CXCL13 in the microenvironment of
mouse breast cancer can regulate the infiltration of immune cells to
induce anti-tumor immune responses (80). Finally, the expression
patterns of gene family members can interact with the tumor
immune microenvironment, offering new perspectives for cancer
treatment. They can serve not only as prognostic biomarkers but
also as potential targets for immunotherapy. The P2Y family of
genes may emerge as new targets for tumor immunotherapy (81).

HOX genes have a complex relationship with immune
responses, being involved not only in the initiation and
progression of tumors but also potentially influencing the tumor’s
immune microenvironment and the efficacy of immunotherapy
through various mechanisms. The activation of the TGF-beta
signaling pathway dependent on HOXB7 leads to increased cell

frontiersin.org


https://doi.org/10.3389/fonc.2025.1521652
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wang et al.

motility and invasiveness, while also recruiting and activating
macrophages of the immune system, indicating that HOXB7 is a
crucial hub for tumor cells to activate and exploit their own immune
system (82). HOXCS not only affects the progression and prognosis
of CRC by mediating the upregulation of tumor escape-related
pathways such as EMT, but it may also be involved in immune
regulation within the TME (83). The role of HOXB7 extends
beyond its influence on tumor-associated macrophages (TAMs).
It also promotes immune modulation by regulating the recruitment
and polarization of these cells, thereby affecting their activity within
the tumor microenvironment. This influence may steer TAMs
towards an M2-like anti-inflammatory phenotype, ultimately
suppressing the immune response against the tumor and actively
facilitating immune evasion by the cancer (65, 84).

To sum up, by examining gene expression across 33 cancers in
the context of the immune microenvironment and prognosis, we
can better understand the role of gene families in cancer
development, identify prognostic biomarkers, and uncover
potential targets for immunotherapy. Such insights are
instrumental not only for the improvement of early diagnostic
paradigms and therapeutic modalities within clinical oncology but
also for formulating new treatment strategies that may reshape the
therapeutic landscape for cancer patients.

In this research, we executed an examination of the HOX family’s
oncogenic and prognostic significance spanning diverse tumors, a
novel contribution to the field. Our analysis revealed that HOXB7
and HOXC6 are prognostic indicators in LUAD, markedly affecting
cell migration and proliferation. Unlike typical pan-cancer studies, we
introduced a HOX score to denote average expression levels across
cancers. Using connective map analysis, we identified drugs that
modulate HOX expression or related pathways, suggesting that HOX
gene targeting could be a promising therapeutic strategy. The impact
of these compounds on HOX expression and cancer progression
merits further research. Our findings also hold significant
implications for clinical applications. Firstly, the high expression of
HOXB7 and HOXCS, along with poor prognosis, suggests they may
serve as potential therapeutic targets, with their gene expression being
utilizable for assessing patient outcomes. Given the dual roles of some
HOX genes in different tumors, precision medicine and tailored
treatment plans for patients are essential. Secondly, the positive
correlation between the HOXB subgroup and the infiltration level
of Tregs indicates that the immunosuppressive function of Tregs in
tumor tissues is closely related to their ability to take up lactate (85). It
is anticipated that directly targeting lactate metabolism or inhibiting
tumor acidity could disrupt Treg-mediated immunosuppression,
thereby synergizing with cancer immunotherapies. Additionally, the
correlation of the HOX family with indicators such as TMB and MSI
suggests that the expression levels of HOX genes could predict patient
responses to immunotherapy, helping to identify potential
beneficiaries of immunotherapy and guide treatment decisions and
immune effect assessments. Lastly, combining results from cMap, the
development of small molecule inhibitors targeting HOX genes, such
as HDAC inhibitors, may emerge as a new therapeutic strategy. The
above summarizes the distinctive contributions of our research.
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However, it is essential to acknowledge the limitations inherent in
our research. Initially, the expression data and clinical annotations
utilized in this study were derived exclusively from UCSC Xena, which
may bias results due to limited normal tissue samples. Future work
should include more databases, an independent cohort for validation,
and expanded sample cohorts. Furthermore, Pan-cancer analysis deals
with a vast amount of data with varying biological and molecular
characteristics, which increases the complexity of analysis and
computational demands. Algorithms may have limitations and need
continuous optimization to improve the precision and reliability of
results. While our findings suggest prognostic value of certain HOX
genes and potential therapeutic targets, further in vivo or clinical trials
are needed to clarify mechanisms and ensure safe, effective treatments.
Moving forward, it is imperative to conduct in-depth investigations
into the expression and regulatory mechanisms of the HOX family in
cancer, utilizing a multifaceted approach to enrich our understanding
and pave the way for potential therapeutic advancements.
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