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Abstract

Background The homeobox (HOX) family consists of 39 genes whose expressions are tightly controlled and coordinated
within the family, during development. We performed a comprehensive analysis of this gene family in cancer settings.
Methods Gene correlation analysis was performed using breast cancer data available in The Cancer Genome Atlas (TCGA)
and data from the patients admitted to our hospital. We also analyzed the data of normal breast tissue (GSE20437). We next
collected gene expression and prognosis data of breast cancer patients (GSE11121, GSE7390, GSE3494, and GSE2990) and
performed unsupervised hierarchal clustering by the HOX gene expression pattern and compared prognosis. We additionally
performed this analysis to leukemia (available in TCGA) and sarcoma (GSE20196) data.

Results Gene correlation analysis showed that the proximal HOX genes exhibit strong interactions and are expressed together
in breast cancer, similar to the expression observed during development. However, in normal breast tissue, less interactions
were observed. Breast cancer microarray meta-data classified by the HOX gene expression pattern predicted the prognosis
of luminal B breast cancer patients (p =0.016). Leukemia (p =0.00016) and sarcoma (p =0.018) presented similar results.
The Wnt signaling pathway, one of the major upstream signals of HOX genes in development, was activated in the poor
prognostic group. Interestingly, poor prognostic cancer presented stronger correlation in the gene family compared to favora-
ble prognostic cancer.

Conclusion Comprehensive analysis of the HOX family demonstrated their similar roles in cancer and development, and
indicated that the strong interaction of HOX genes might be specific to malignancies, especially in the case of poor prog-
nostic cancer.
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Introduction and D, which are located on chromosomes 7p15, 17q21.2,

12q13, and 2q31, respectively, and are numbered from 1 to

Homeobox (HOX) genes were initially characterized as
developmental genes, which code for transcription factors
that subsequently lead to embryogenesis. These genes are
evolutionarily highly conserved. In humans, 39 HOX genes
are distributed in four paralogous clusters, namely, A, B, C,
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13, according to their 3'-to-5" order of alignment [1]. They
are known to control development along the anterior—poste-
rior axis, according to three unique precepts: spatial collin-
earity (the expression of HOX genes follow the same order
along the anterior—posterior axis of the embryo), posterior
prevalence (HOX genes that are positioned more toward 5’
in the cluster will have a dominant phenotype, compared
to those more toward 3’), and temporal collinearity (HOX
genes are activated in a timed sequence, which follows their
numeric order, i.e. 3'-to-5’ genomic order). They are respon-
sible for maintaining cell pluripotency, determining cell
fate, and promoting differentiation in multicellular organ-
isms. Their expression is tightly controlled and coordinated
within the family during development [1-3]. Contrarily,
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their expression in mature, normal tissue is generally lim-
ited, and gene coordination within the family has not been
observed or reported [4, 5].

A wide spectrum of regulatory mechanisms is involved
in the control of HOX expression during development. Wnt
signaling, Retinoic acid (RA) and CDX genes are dem-
onstrated to act upstream of HOX genes [6—10]. It is also
known that histone modification and transition in chromatin
configuration are crucial for collinear and sequential expres-
sion of HOX genes. Their expression depends on the distri-
bution of histone modifications associated with inactive (tri-
methylation at Lys27 of histone H3, H3K27me3) and active
(trimethylation at Lys4 of histone H3, H3K4me3) chromatin
[11, 12]. During activation, the relevant areas of the clus-
ter enter a nuclear territory of active transcription. This
relocation and change of configuration of HOX chromatin
lead to exposure of cis-regulatory elements and sequential
expression of HOX genes [13]. In addition, many noncod-
ing transcripts, including miRNA and IncRNA, embedded
within the HOX cluster play an important role in HOX gene
regulation and coordination [14, 15].

Furthermore, HOX genes are known to play a key role
in both solid and hematological malignancies, including
cancers of the colon, breast, prostate, lung, brain, thyroid,
ovary, bladder, kidney, skin, and blood [1, 16]. In breast
cancer, each HOX gene has been shown to play important
roles in the progression of cancer by contributing to anti-
apoptotic pathways, invasion, epithelial-to-mesenchymal
transition, tumor angiogenesis, and endocrine therapy resist-
ance [17-24].

Considering the strong coordination of and within the
HOX gene family during the embryonic period, we proposed
an idea that this might also be applicable in cancer. Previ-
ous studies on HOX genes and cancer focused on explor-
ing the role of individual HOX genes in cancer, and none
of the studies have performed an effective comprehensive
analysis on the whole gene family [16]. In the present study,
by conducting a comprehensive analysis of the role of the
HOX family in cancer, we aimed to determine whether HOX
gene coordination is also noted in cancer as well as to elu-
cidate the molecular-biological background underlying it.

Table 1 Data and purpose in this study

Moreover, we hypothesized that cancer with characteristics
similar to embryogenesis might present with a higher degree
of malignancy, as undifferentiated (stem cell-like or pluripo-
tent) cancer is often clinically unfavorable. Here, we present
a comprehensive analysis of the HOX gene family in cancer,
with the purpose to understand the true role of this gene
family as well as the associated mechanisms.

Methods
Data in this study
Following data and their uses are listed in Table 1.

(1) Breast cancer microarray data for meta-analysis
Publicly available microarrays and prognosis data
were retrieved from the NCBI Gene Expression Omni-
bus (GEO) data repository. We collected breast cancer
data from four array datasets (GSE11121, GSE7390,
GSE3494, and GSE2990).
(2) TCGA breast cancer data and leukemia data
Normalized transcriptome data available for breast
cancer (512 samples) and acute myeloid leukemia (148
samples) were downloaded via cBioPortal (https://
www.cbioportal.org/) with information related to their
prognosis.
(3) Sarcoma microarray data
Public microarray and prognosis data for synovial
sarcoma were retrieved from the GEO data repository
(GSE20196; 18 samples).
(4) Microarray breast cancer data available at our hospital
Clinical specimens of estrogen receptor-positive,
HER2-negative human breast cancer (n =30) were col-
lected from patients with primary operable breast can-
cer (invasive ductal carcinoma) who underwent total
or partial mastectomy between October 2017 and April
2019 in Keio University Hospital (Tokyo, Japan). ER
and HER?2 expression was evaluated by IHC, and addi-
tional fluorescence in situ hybridization (FISH) was
performed for HER2, if necessary. The present study

Data No. of samples Analysis performed

Breast cancer microarray meta-data (GSE11121, GSE7390, 702 HOX expression clustering and prognosis analy-
GSE3494, and GSE2990) sis, gene enrichment analysis

TCGA leukemia data 148 HOX expression clustering and prognosis analysis

Microarray sarcoma data (GSE20196) 18 HOX expression clustering and prognosis analysis

TCGA breast cancer data 512 Gene correlation analysis

Breast cancer microarray data in our hospital 30 Gene correlation analysis

Normal mammary tissue microarray data (GSE20437) 42 Gene correlation analysis
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was approved by the Ethics Committee at the Keio
University School of Medicine (Approval Number,
20170406), and the study was performed in accord-
ance with the provisions of the Declaration of Helsinki
(as revised in Fortaleza, Brazil, October 2013). All
subjects provided informed consent. The microarray
platform used was Affymetrix Human Genome U133
Plus 2.0 Array. The possibility of a bias between for-
malin-fixed paraffin-embedded (FFPE) and fresh frozen
samples was assessed by hierarchal clustering.
(5) Normal breast tissue microarray data

Public microarray data of histologically normal
breast epithelium was retrieved from the GEO data
repository (GSE20437; 42 normal samples).

Gene correlation analysis

Pearson correlation coefficient was calculated for the expres-
sion of each HOX gene, and the genes showing strong cor-
relation were extracted in each subtype. The relationships
of HOX genes as well as the strongly correlated genes were
drawn by R package "corrplot version 0.84".

Prognosis analysis

(1) Meta-analysis of public breast cancer transcriptome
data

Microarray data was normalized by the robust multi-
array average algorithm (RMA) method. Batch-specific
effects for each study were adjusted, considering the
proportions of breast cancer subtypes calculated by
PAMS50. Subtypes of PAMS50 of each sample were
calculated using R package "genefu version 2.12.0"
(http://www.pmgenomics.ca/bhklab/software/genefu).
All statistical analyses in this study were performed
using R ver3.25.

We extracted samples of the luminal B subtype and
classified them into two groups based on the HOX
genes expression pattern, by unsupervised hierarchal
clustering. The recurrence-free survival (RFS) rate
of the two groups was compared by Kaplan—Meier
method and evaluated by the log-rank test.

(2) Gene enrichment analysis

Using aforementioned meta-data, gene ontology
(GO) enrichment analysis using differently expressed
genes (DEGs) (FDR <0.05; fold change > 1.5) was
performed using David ver6.7. In the function annota-
tion chart obtained from DAVID, the GO term with a
p value of < 0.1 was considered indicative of a statisti-
cally significant difference.

(3) Comparison of HOX pattern classification and other
risk scores

Using available meta-data, the risk scores of
OncotypeDX and gene70 were virtually calculated by
R package "genefu version 2.12.0".

(4) Comparison of prognosis of non-epithelial malignan-
cies

Using the gene expression pattern of HOX genes,
unsupervised hierarchal clustering was performed for
publicly retrieved leukemia RNA-Seq data and sar-
coma microarray data, and samples were divided into
two groups. The overall survival (OS) rates of the two
groups were compared by Kaplan—Meier method and
evaluated by the log-rank test.

Results

HOX genes strongly correlate within the gene family
in breast cancer, but not in normal breast tissue

To investigate the genes which are expressed together with
the HOX family, we calculated the correlation coefficients of
each HOX gene in breast cancer and the normal breast gland.
In all subtypes of breast cancer, the neighboring HOX genes,
especially those in the same clusters of HOX-A, HOX-B, and
HOX-C, strongly correlate with each other (Fig. 1a, Sup-
plementary Fig. la—c). HOX genes in the same cluster or
those proximal to each other tend to work together and are
expressed together. We also analyzed the correlation in lumi-
nal breast cancer data of our hospital patients and observed
similar strong correlation among HOX genes, as recorded in
aforementioned public data results (Supplementary Fig. 1d).
No bias was noted between FFPE and fresh frozen samples.
Howeyver, in the normal breast tissue, much less correlations
were observed among HOX genes (Fig. 1b).

In addition, we recognized several non-HOX genes whose
expressions strongly correlated with the HOX genes in each
subtype. The important non-HOX genes include HOTAIR,
CDX2, SKAP1, SKAP2, BMP4, and FGF5 (Fig. 1a, Sup-
plementary Fig. la—d). HOTAIR, the long non-coding
RNA coded in the opposing strand of HOXC11, presented
strong correlation within the HOX-C cluster in the lumi-
nal and basal types (Fig. 1a, d, Supplementary Fig. 1a, b).
CDX2, one of the major upstream signals of the HOX gene,
strongly correlated with the HOX-B cluster in all breast can-
cer subtypes (Fig. 1a, c, Supplementary Fig. 1a—d). SKAP1,
a 3'-side neighboring gene of HOXBI, strongly correlated
with the HOX-B cluster (Supplementary Fig. 1a, d), and
SKAP2, a 3'-side neighboring gene of HOXA1, strongly cor-
related with the HOX-A cluster (Supplementary Fig. 1b—d).
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«Fig. 1 Correlation analysis of all HOX genes in a luminal B breast
cancer and b normal mammary tissue. Size and color of each circle
show the strength of correlation of the two genes in the upper row
and left-side column. Larger and thicker colored circles represent
stronger correlation between the two genes (positive correlations,
blue circles; negative correlations, red circles). In breast cancer,
neighboring HOX genes, especially in the same clusters of HOX-A,
HOX-B, and HOX-C, strongly correlate with each other, and are pre-
sented as large blue circles. However, in normal mammary tissue, the
correlation is weaker among the members of the HOX family, and are
presented as less large blue circles and more red circles. Correlation
analysis of ¢ HOX-B genes and d HOX-C genes in luminal B breast
cancer. Thicker lines represent stronger correlation between the two
genes (correlation values are shown as digits). CDX2 strongly cor-
relates with HOX-B genes, and HOTAIR strongly correlates with
HOX-C genes. CDX, CDX2; HOT, HOTAIR; ANK, ANKRD22;
BMP, BMP4. HOX-C cluster gene correlation pattern in e HOTAIR-
high-expressing breast cancer and f HOTAIR-low-expressing breast
cancer. In HOTAIR-high-expressing breast cancer, neighboring
HOX-C genes strongly correlate with each other, and are presented as
large thick blue circles. However, in HOTAIR-low expressing breast
cancer, less correlations are observed among the members of the
HOX family, and are presented as smaller pale blue circles

Breast cancer with high expression of HOTAIR
presents stronger gene correlations
within the HOX-C cluster

To further investigate the role of HOTAIR in breast cancer,
we compared the gene correlation pattern of the HOX-C
cluster by dividing TCGA breast cancer samples into two
groups according to the strength of HOTAIR expression.
The HOTAIR-high-expressing group presented stronger cor-
relation within the HOX-C cluster, especially in the poste-
rior genes which are proximal to HOTAIR, compared to the
HOTAIR-low-expressing group (Fig. le, f).

HOX gene expression pattern predicts the prognosis
of luminal B breast cancer

We collected 702 samples of breast cancer microarray
and prognosis data from four datasets. We classified these
meta-data samples into two clusters, based on the HOX gene
expression pattern, by unsupervised hierarchal clustering.
In luminal B patients, the RFS of the patients in the two
clusters was statistically different (p =0.016) (Fig. 2a, b).
Gene Ontology (GO) analysis using differentially expressed
genes (DEGs) between the two groups showed that the Wnt
signaling pathway (GO: 00016605) was activated in the poor
prognostic cluster.

We virtually calculated OncotypeDX and gene70 score
for the same set of luminal B patients and compared their
sensitivity and specificity with respect to recurrence predic-
tion. The HOX pattern classification achieved well-balanced
sensitivity and specificity, which were equivalent to or better
than preexisting risk scores (Supplementary Table 1).

Poor prognostic luminal B breast cancer presents
stronger HOX gene correlation

We compared the correlation of the two luminal B groups,
which were formerly classified by HOX gene expression.
Favorable prognostic cluster 1 showed weak correlation
among the HOX genes, similar to the correlation pattern of
normal tissues, while poor prognostic cluster 2 presented
strong correlation (Supplementary Fig. 1e, f).

HOX gene expression pattern predicts the prognosis
of non-epithelial malignancies

We next aimed to explore if prognosis prediction by the
HOX gene expression pattern is universally applicable to
malignancies. Given that breast cancer belongs to the solid
cancer group, we chose two non-epithelial malignancies,
namely, leukemia and sarcoma for further verification. We
classified each dataset samples into two groups based on the
HOX gene expression pattern, by unsupervised hierarchal
clustering. The OS of the patients in the two groups was
statistically different in both leukemia (p =0.00016; Fig. 3a)
and sarcoma (p =0.018; Fig. 3b).

Discussion

One of our major findings in this correlation analysis was
that proximal HOX genes strongly interact with each other
and are expressed together in breast cancer. We obtained
similar results for both TCGA and in-house hormone recep-
tor-positive breast cancer data, which further supports the
hypothesis of the presence of this powerful interaction, irre-
spective of the data type or set. Interestingly, these correla-
tions were not observed in the normal breast tissue. This
discovery is also applicable to some non-HOX genes located
near HOX, such as SKAP1, which strongly correlates with
the HOXB cluster and is a 3'-side neighboring gene of
HOXBI1, and SKAP2, which strongly correlates with the
HOXA cluster and is a 3'-side neighboring gene of HOXAL.
During embryogenesis, SKAP1 is known to be a enhancer
of HOXB1 expression [25], and SKAP2 is known to play
an important role in the initiation of collinear HOXA gene
expression [26]. Also, IncRNA HOTAIR, which strongly
correlates with HOXC10 and 11, is transcribed from the
opposing strand of HOXC11. Our results indicate that high
expression of HOTAIR may lead to stronger correlation
among HOX-C cluster genes, especially in posterior genes
(HOXC10-13) which are proximal to HOTAIR. The strong
interactions within proximal HOX genes in cancer indicate
that they orchestrate and control each other. This is simi-
lar to the pattern observed during embryogenesis, wherein
HOX genes delicately control each other to be expressed in a
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Fig.2 Classification of microarray breast cancer meta-data by the
HOX gene expression pattern. a Luminal B samples were classi-
fied into two clusters, based on the HOX gene expression pattern,
by unsupervised hierarchal clustering. b In luminal B patients, the
recurrence-free survival (RFS) of the patients in the two clusters was
statistically different (p=0.016). Correlation analysis of all HOX
genes in the luminal B breast cancer clusters: ¢ Luminal B cluster 1
(favorable prognosis), d Luminal B cluster 2 (poor prognosis). Size
and color of each circle show the strength of correlation of the two
genes given in the upper row and left-side column. Larger and thicker

collinear pattern. Moreover, interactions among HOX genes
might be specific to cancer tissue, because this has not been
observed in normal breast tissue data. Expression of HOX
genes in mature, normal tissue is known to be limited and
their gene coordination has not been reported, indicating
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colored circles represent stronger correlation between the two genes;
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In cluster 1 (favorable prognosis) luminal B breast cancer (c), less
correlations are observed among the members of the HOX family,
presenting few large blue circles and more red circles. This correla-
tion pattern is similar to the results obtained for normal mammary tis-
sue (Fig. 1b). In cluster 2 (poor prognosis), neighboring HOX genes,
especially those in the same clusters of HOX-A, HOX-B, and HOX-
C, strongly correlate with each other, presenting large blue circles

lack of HOX gene correlation. This is consistent with our
results in normal breast epithelium.

Another finding in correlation analysis was that CDX2
strongly correlated with HOX genes in breast cancer.
Although not many studies discuss the relevance of CDX
and HOX in cancer, CDX is widely known to be one of
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Fig.3 Classification of non-epithelial malignancies by the HOX gene
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the major upstream signals of HOX gene during develop-
ment, together with Wnt and retinoic acid (RA) [7, 27]. The
anterior (3') part of HOX cluster is initially activated by the
Whnt signal, and subsequent collinear induction of the HOX
genes located centrally and more toward 5’ is maintained by
CDX, until the posterior (5) HOX13 arrests the activation
of the central HOX gene [8]. Moreover, some embryologists
suspect that CDX and HOX genes are involved in a positive
feedback loop on Wnt signaling during body axis elongation,
in order to sustain the signal [9]. Our results indicate that
HOX gene expression is influenced and maintained by CDX,
not only during development, but also in cancer.

Collectively, the results of gene correlation analysis
showed concordance with published developmental studies.
Moreover, although these data were derived from animal or
cell line models, our study succeeded in showcasing the sim-
ilarities in clinical samples. We suspect that the principles
and phenomena pertinent to HOX genes during development
are also applicable and pertinent to cancer.

Classification of breast cancer microarray meta-data on
the basis of the HOX gene expression pattern aided in pre-
dicting the prognosis of luminal B patients with statistical
difference, achieving comparable sensitivity and specificity
with pre-existing risk scores. GO analysis revealed that the
Whnt signaling pathway was activated in the poor prognos-
tic cluster. Moreover, the poor prognostic cluster, as classi-
fied by HOX genes, presented stronger correlation among
the members of the HOX family. Considering that the Wnt

gene expression pattern, by unsupervised hierarchal clustering. Over-
all survival (OS) in the two groups was statistically different in both
malignancies (leukemia, p =0.00016; sarcoma, p=0.018)

signaling pathway is one of the major upstream signals of
HOX genes and controls their activation during embryo-
genesis [8, 10], it is possible that the HOX gene expres-
sion pattern and the correlations in breast cancer reflect the
activation of the Wnt signaling pathway. In this regard, we
hypothesize that the HOX gene expression pattern predicts
prognosis by detecting the activation of the Wnt signaling
pathway in breast cancer. Although several HOX genes have
been reported to be influenced by the Wnt signaling pathway
in cancer [28, 29], further studies are necessary to elucidate
the complete picture of the Wnt signaling pathway and HOX
gene expression in cancer.

Given our findings that favorable prognostic cancer, as
classified by HOX genes or normal tissue, hardly shows cor-
relation among the members of the HOX gene family, the
strong interaction of HOX genes seems specific to malignan-
cies, especially in poor prognostic cancer. Considering that
the HOX genes play important roles in various solid can-
cers, we suspect that similar phenomena would also be pre-
sent among them. This should be verified in future studies.
Similar results obtained for leukemia and sarcoma (Fig. 3)
indicate that the HOX gene expression pattern also predicts
prognosis of other malignancies, not only cancer, but also
non-epithelial malignancies.

As mentioned in the introduction, a variety of regulatory
mechanisms is involved in HOX expression, and it is difficult
to focus on one to explain the upregulated expression and
correlation of HOX genes in cancer. However, in addition to
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previously discussed Wnt signaling pathway, histone meth-
ylation pattern alterations accompanied by chromatin con-
figuration remodeling is crucial during development. Pro-
gressive activation of HOX genes corresponds to removal
of Histone H3K27me3 and appearance of H3K4me3, and
later in development, the genes are silenced by methylation
at H3K27 and H3K9 [11, 12]. Moreover, when the cluster is
transcriptionally inactive, HOX genes associate into a single
structure delimited from flanking regions, and when tran-
scription starts, HOX clusters switch to a bimodal organiza-
tion where newly activated genes progressively cluster into
a transcriptionally active compartment, to be expressed in
a collinear manner [12]. Considering the strong correlation
among neighboring HOX genes in our results, we suspect
that this mechanism is also present in cancer, however in
a dysregulated way, which the genes fail to be inactivated
once they are activated. Several studies report that loss
of H3K27me3 in HOX gene lesion leads to an increased
expression of HOX genes and promotes cancer progression
[30-32]. Future research is warranted to explore the underly-
ing mechanism of upregulated expression and correlation of
HOX genes in cancer.

Advances in cancer biology has primarily attributed the
origin of cancer to mutation-involving genetic mechanisms.
However, accumulating evidence indicates close similarities
between embryo development and cancer process [33-35].
By demonstrating the similarities in the roles played by
HOX genes in development and cancer, we could offer a
new perspective to underscore this idea.

This study has several limitations. One limitation is that
we were unable to perform gene correlation analysis in
embryo and directly compare the results with cancer and
normal tissue. This was because there was no comprehen-
sive gene expression data available for analysis. Another
limitation is that in gene correlation analysis, which was
performed using RNA sequence data or microarray data,
the different platform could create an artifact of differences
in expression. However, we obtained similar results in dif-
ferent platforms, and found concordances in the results and
previous literature in each platform.

To summarize, to the best of our knowledge, this is the
first study to focus on the entire HOX family and demon-
strate that its role in cancer and development are similar.
We discovered that HOX genes strongly interact with each
other in breast cancer, similar to that during development,
contrary to the findings observed for normal breast tissue.
We also found that the HOX gene expression pattern predicts
breast cancer prognosis by reflecting the activation of the
Wnt signaling pathway, which is one of the major upstream
signals of HOX genes in development. The findings of this
study might be applicable to other cancers and malignan-
cies, considering that similar findings have been obtained
for leukemia and sarcoma.

@ Springer

Acknowledgements The authors greatly thank Mr. Kazuya Takakuwa
for help in bioinformatics analysis. They also thank Mr. Kazuhiro
Miyao for scientific advice.

Funding This work was supported by Japan Society for the Promotion
of Science (Grant Number 19K23897).

Data availability The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on
reasonable request.

Compliance with ethical standards

Conflict of interest The authors declare that there is no conflict of in-
terest regarding the publication of this paper.

Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards.

Informed consent Informed consent was obtained from all individual
participants included in the study.

References

1. Shah N, Sukumar S (2010) The Hox genes and their roles in onco-
genesis. Nat Rev Cancer 10:361-371. https://doi.org/10.1038/
nrc2826

2. Wellik DM (2009) Hox genes and vertebrate axial pattern. Cur-
rent topics in developmental biology. Elsevier, Amsterdam, pp
257-278

3. Deschamps J, Duboule D (2017) Embryonic timing, axial stem
cells, chromatin dynamics, and the Hox clock. Genes Dev
31:1406-1416. https://doi.org/10.1101/gad.303123.117

4. Rux DR, Wellik DM (2017) Hox genes in the adult skeleton: novel
functions beyond embryonic development. Dev Dyn 246:310-
317. https://doi.org/10.1002/dvdy.24482

5. de Bessa Garcia SA, Aradjo M, Pereira T et al (2020) HOX genes
function in breast cancer development. Biochim Biophys Acta -
Rev Cancer. https://doi.org/10.1016/j.bbcan.2020.188358

6. Huang D, Guo G, Yuan P et al (2017) The role of Cdx, as a
lineage specific transcriptional repressor for pluripotent network
during the first developmental cell lineage segregation. Sci Rep
7:17156. https://doi.org/10.1038/s41598-017-16009-w

7. Rawat VPS, Thoene S, Naidu VM et al (2008) Overexpression
of CDX, perturbs HOX gene expression in murine progenitors
depending on its N-terminal domain and is closely correlated with
deregulated HOX gene expression in human acute myeloid leuke-
mia. Blood. https://doi.org/10.1182/blood-2007-04

8. Neijts R, Amin S, van Rooijen C, Deschamps J (2017) Cdx is
crucial for the timing mechanism driving colinear Hox activation
and defines a trunk segment in the Hox cluster topology. Dev Biol
422:146-154. https://doi.org/10.1016/j.ydbio.2016.12.024

9. Young T, Elizabeth Rowland J, van de Ven C et al (2009) Cdx and
Hox genes differentially regulate posterior axial growth in mam-
malian embryos. Dev Cell 17:516-526. https://doi.org/10.1016/].
devcel.2009.08.010

10. Denans N, limura T, Pourquié O (2015) Hox genes control verte-
brate body elongation by collinear Wnt repression. Elife. https://
doi.org/10.7554/eLife.04379


https://doi.org/10.1038/nrc2826
https://doi.org/10.1038/nrc2826
https://doi.org/10.1101/gad.303123.117
https://doi.org/10.1002/dvdy.24482
https://doi.org/10.1016/j.bbcan.2020.188358
https://doi.org/10.1038/s41598-017-16009-w
https://doi.org/10.1182/blood-2007-04
https://doi.org/10.1016/j.ydbio.2016.12.024
https://doi.org/10.1016/j.devcel.2009.08.010
https://doi.org/10.1016/j.devcel.2009.08.010
https://doi.org/10.7554/eLife.04379
https://doi.org/10.7554/eLife.04379

Breast Cancer Research and Treatment (2021) 186:353-361

361

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Soshnikova N, Duboule D (2009) Epigenetic temporal control of
mouse Hox genes in vivo. Science 324:1320-1323. https://doi.
org/10.1126/science.1171468

Jambhekar A, Dhall A, Shi Y (2019) Roles and regulation of his-
tone methylation in animal development. Nat Rev Mol Cell Biol
20:625-641. https://doi.org/10.1038/s41580-019-0151-1
Noordermeer D, Leleu M, Splinter E et al (2011) The dynamic
architecture of Hox gene clusters. Science 334:222-225. https://
doi.org/10.1126/science.1207194

De Kumar B, Krumlauf R (2016) HOX s and lincRNAs: two sides
of the same coin. Sci Adv 2:e1501402. https://doi.org/10.1126/
sciadv.1501402

Botti G, De Chiara A, Di Bonito M et al (2019) Noncoding RNAs
within the HOX gene network in tumor pathogenesis and pro-
gression. J Cell Physiol 234:395-413. https://doi.org/10.1002/
jep-27036

Bhatlekar S, Fields JZ, Boman BM (2014) HOX genes and their
role in the development of human cancers. J] Mol Med 92:811-
823. https://doi.org/10.1007/s00109-014-1181-y

Jin K, Sukumar S (2016) HOX genes: major actors in resistance
to selective endocrine response modifiers. Biochim Biophys Acta
- Rev Cancer 1865:105-110. https://doi.org/10.1016/j.bbcan
.2016.01.003

Wang J, Chen J, Wang Y (2015) Prognostic role of HOTAIR in
four estrogen- dependent malignant tumors: a meta-analysis. Onco
Targets Ther. https://doi.org/10.2147/OTT.S84687

Shah N, Jin K, Cruz LA et al (2013) HOXB13 mediates tamoxifen
resistance and invasiveness in human breast cancer by suppressing
ERa and inducing IL-6 expression. Cancer Res 73:5449-5458.
https://doi.org/10.1158/0008-5472.CAN-13-1178

Zhong Z, Shan M, Wang J et al (2015) HOXD13 methylation
status is a prognostic indicator in breast cancer. Int J Clin Exp
Pathol 8:10716-10724

Hayashida T, Takahashi F, Chiba N et al (2010) HOXB?9, a gene
overexpressed in breast cancer, promotes tumorigenicity and lung
metastasis. Proc Natl Acad Sci USA 107:1100-1105. https://doi.
org/10.1073/pnas.0912710107

Zhussupova A, Hayashida T, Takahashi M et al (2014) An E2F1-
HOXB9 transcriptional circuit is associated with breast cancer
progression. PLoS ONE 9:1-11. https://doi.org/10.1371/journ
al.pone.0105285

Carrio M, Arderiu G, Myers C, Boudreau NJ (2005) Homeobox
D10 induces phenotypic reversion of breast tumor cells in a three-
dimensional culture model. Cancer Res 65:7177-7185. https://doi.
org/10.1158/0008-5472.CAN-04-1717

Nakashoji A, Hayashida T, Kawai Y et al (2020) Identification of
a modified HOXB9 mRNA in breast cancer. J Oncol. https://doi.
org/10.1155/2020/6065736

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Nolte C, Jinks T, Wang X et al (2013) Shadow enhancers flanking
the HoxB cluster direct dynamic Hox expression in early heart
and endoderm development. Dev Biol 383:158—173. https://doi.
org/10.1016/J.YDBIO.2013.09.016

Neijts R, Deschamps J (2017) At the base of colinear Hox gene
expression: cis -features and trans -factors orchestrating the initial
phase of Hox cluster activation. Dev Biol 428:293-299. https://
doi.org/10.1016/j.ydbio.2017.02.009

Deschamps J, van Nes J (2005) Developmental regulation of the
Hox genes during axial morphogenesis in the mouse. Develop-
ment 132:2931-2942. https://doi.org/10.1242/DEV.01897
Ordéiiez-Moran P, Dafflon C, Imajo M et al (2015) HOXAS coun-
teracts stem cell traits by inhibiting Wnt signaling in colorectal
cancer. Cancer Cell 28:815-829. https://doi.org/10.1016/j.ccell
.2015.11.001

Nguyen DX, Chiang AC, Zhang XHF et al (2009) WNT/TCF
signaling through LEF1 and HOXB9 mediates lung adenocar-
cinoma metastasis. Cell 138:51-62. https://doi.org/10.1016/j.
¢cell.2009.04.030

Paco A, de Bessa Garcia SA, Freitas R (2020) Methylation in
HOX clusters and its applications in cancer therapy. Cells 9:1-20.
https://doi.org/10.3390/cells9071613

Marcinkiewicz KM, Gudas LJ (2014) Altered histone mark depo-
sition and DNA methylation at homeobox genes in human oral
squamous cell carcinoma. J Cell Physiol 229:1405-1416. https://
doi.org/10.1002/jcp.24577

Collins CT, Hess JL (2016) Role of HOXAO9 in leukemia: dysregu-
lation, cofactors and essential targets. Oncogene 35:1090-1098.
https://doi.org/10.1038/onc.2015.174

Manzo G (2019) Similarities between embryo development and
cancer process suggest new strategies for research and therapy of
tumors: a new point of view. Front Cell Dev Biol 7:20. https://doi.
org/10.3389/fcell.2019.00020

Cofre J, Abdelhay E (2017) Cancer is to embryology as muta-
tion is to genetics: hypothesis of the cancer as embryologi-
cal phenomenon. Sci World J 2017:3578090. https://doi.
0rg/10.1155/2017/3578090

Ben-David U, Benvenisty N (2011) The tumorigenicity of human
embryonic and induced pluripotent stem cells. Nat Rev Cancer
11:268-277. https://doi.org/10.1038/nrc3034

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1126/science.1171468
https://doi.org/10.1126/science.1171468
https://doi.org/10.1038/s41580-019-0151-1
https://doi.org/10.1126/science.1207194
https://doi.org/10.1126/science.1207194
https://doi.org/10.1126/sciadv.1501402
https://doi.org/10.1126/sciadv.1501402
https://doi.org/10.1002/jcp.27036
https://doi.org/10.1002/jcp.27036
https://doi.org/10.1007/s00109-014-1181-y
https://doi.org/10.1016/j.bbcan.2016.01.003
https://doi.org/10.1016/j.bbcan.2016.01.003
https://doi.org/10.2147/OTT.S84687
https://doi.org/10.1158/0008-5472.CAN-13-1178
https://doi.org/10.1073/pnas.0912710107
https://doi.org/10.1073/pnas.0912710107
https://doi.org/10.1371/journal.pone.0105285
https://doi.org/10.1371/journal.pone.0105285
https://doi.org/10.1158/0008-5472.CAN-04-1717
https://doi.org/10.1158/0008-5472.CAN-04-1717
https://doi.org/10.1155/2020/6065736
https://doi.org/10.1155/2020/6065736
https://doi.org/10.1016/J.YDBIO.2013.09.016
https://doi.org/10.1016/J.YDBIO.2013.09.016
https://doi.org/10.1016/j.ydbio.2017.02.009
https://doi.org/10.1016/j.ydbio.2017.02.009
https://doi.org/10.1242/DEV.01897
https://doi.org/10.1016/j.ccell.2015.11.001
https://doi.org/10.1016/j.ccell.2015.11.001
https://doi.org/10.1016/j.cell.2009.04.030
https://doi.org/10.1016/j.cell.2009.04.030
https://doi.org/10.3390/cells9071613
https://doi.org/10.1002/jcp.24577
https://doi.org/10.1002/jcp.24577
https://doi.org/10.1038/onc.2015.174
https://doi.org/10.3389/fcell.2019.00020
https://doi.org/10.3389/fcell.2019.00020
https://doi.org/10.1155/2017/3578090
https://doi.org/10.1155/2017/3578090
https://doi.org/10.1038/nrc3034

	Comprehensive analysis of the homeobox family genes in breast cancer demonstrates their similar roles in cancer and development
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Data in this study
	Gene correlation analysis
	Prognosis analysis

	Results
	HOX genes strongly correlate within the gene family in breast cancer, but not in normal breast tissue
	Breast cancer with high expression of HOTAIR presents stronger gene correlations within the HOX-C cluster
	HOX gene expression pattern predicts the prognosis of luminal B breast cancer
	Poor prognostic luminal B breast cancer presents stronger HOX gene correlation
	HOX gene expression pattern predicts the prognosis of non-epithelial malignancies

	Discussion
	Acknowledgements 
	References




