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Abstract  
Hox genes are critical regulators of embryonic development,being involved in formation of the 

skeleton and limbs, craniofacial morphogenesis, and in development of the central nervous system, 
gastrointestinal and urogenital tracts. Furthermore, in adults, Hox genes play an important role in cell 
renewal and tissue regeneration processes such as hematopoiesis, angiogenesis, spermatogenesis and 
endometrial remodeling. Aberrant expression of Hox genes have been described indevelopmental 
abnormalities and solid tumorsas well as inhematologic malignancies and this review aims to explore 
the connection between these two areas of pathology. 
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1. Introduction
Hox genes, an evolutionarily highly conserved subgroup of the homeobox superfamily, 

encode transcription factors that play essential roles in early developmental morphogenetic 
processes along the anteroposterior axis of the body, controlling proliferation, apoptosis and 
differentiation and establishing the identity of cells and tissues [1, 2].In addition to their 
crucial role during embryogenesis, the expression of Hox genes has also been detected in 
adults, emphasizing their involvement in cell renewal and tissue regeneration processes like 
hematopoiesis, angiogenesis, spermatogenesis and endometrial remodeling[3]. 

Since their discovery in 1978 in Drosophila melanogaster, Hox genes have been 
extensively studied providing new insights in their functioning. All Hox proteins share a 
homeodomain, a highly conserved 60 amino acid helix-turn-helix motif that represents the 
DNA binding domain.[4].Hox family comprises 39 genes that are tandemly organized in four 
different clusters (HOXA, HOXB, HOXC, HOXD) located on distinct chromosomal loci - 
7p15, 17q21, 12q13 and 2q31, respectively.Due to genome duplications during evolution, at 
corresponding positions within the four clusters there are genes with particular sequence 
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similarity named paralogous genes[5]. An important feature of the four gene clusters is their 
3′ to 5′ orientation with paralog group 1 (e.g., HOXA1, HOXB1, HOXD1) genes at the 3′ end 
of the cluster and higher number groups located at the 5′ end. This orientation allows a 
specific expression pattern of genes in a cluster, both spatially and temporally. Thus, 3′ genes 
in a cluster are expressed in the more anterior parts of the embryo while 5′ are expressed in 
the more posterior parts. Temporally, genes in a cluster are expressed in a 3′ to 5′ order. Also, 
in each individual cluster, there is a posterior prevalence, the function of the posterior gene 
products being dominant over the more anterior genes[6, 7]. 

Hox gene expression is regulated by both transcriptional activators and repressors. Mixed 
lineage myeloid lymphoid leukemia (MLL), and a family of caudal-type homeobox 
transcription factors (CDX1, CDX2, and CDX4) are positive upstream regulators of Hox 
genes. On the other hand, members of polycomb group (PcG) are the main repressors of Hox 
gene transcription [5]. Of particular interest is ASXL1 (additional sex combs-like 1), one of 3 
mammalian homologs of the Drosophila additional sex combs (Asx), that is involved both in 
activation and silencing of Hoxgenes as an enhancer of trithorax and polycomb group. On the 
other hand, trithorax group is involved in maintaining activation of gene expression[8], 
including Hox, while polycomb group induces gene silencing – Fig. 1. 

 

 
 

Fig. 1. Activators and repressors of Hox gene expression 
Hox genes are highly expressed in hematopoietic stem cells and progressively downregulatedduring 

differentiation and maturation. 
trxG =trithorax group (activator); PcG = polycomb group (repressor) 

 
Aberrant expression of the Hox genes has been described in association with 

developmental abnormalities and malignancy. Depending on malignancies type, there are 
studies that support the involvement of these genes in either oncogenesis or tumor suppressor 
processes [4, 5].  

Most cases of aberrant Hoxgene expression are represented by primary tumors (e.g. brain, 
mammary, kidney cancers) showing gain of expression of genes, normally active only in 
embryonic development period [9]. 

In this regard, analysis of differential Hox genes expressions in various cancers may have 
diagnostic and therapeutic relevance. 
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2. HOX GENES IN NORMAL AND MALIGNANT HEMATOPOIESIS 
The involvement of Hox genes in normal hematopoiesis has been demonstrated by gene 

expression analysis of both human and murine bone marrow samples. Most of the genes of 
the A, B and C clusters are preferentially expressed in hematopoietic stem cells (HSCs) and 
immature progenitor compartments. Their expression is gradually reduced during 
differentiation and maturation processes [10]. 

There is also a specific expression pattern of Hox genes in HSCs and progenitors that 
follows 3′ to 5′ orientation, similarly to their expression in early development stage. Thus, 
anterior 3′ Hoxgenes are highly expressed in the most primitive HSCs and afterwards are 
downregulated during the commitment. On the other hand, posterior 5′end Hox genes are 
expressed in committed cells. In addition to this, distinct patterns of lineage restricted 
expression have been described for different Hox gene clusters: HOXA are expressed in the 
myeloid cells, HOXBgenes in erythroid cells, and HOXCgenes in lymphoid cells [5]. 

Normal hematopoiesis requires a fine balance between HSC self-renewal, differentiation 
and apoptosis[11]. Several Hox-proteins, like HOXB4, HOXA9, HOXA10 are known to be 
involved in the induction of HSC self-renewal and consequently, in maintenance of HSC 
pool. Overexpression of HOXB4 in mouse HSCs, using viral vectors, causes a marked 
expansion of HSCs, both in vivo and in vitro[12]. Of particular interest is the fact that 
HOXB4 homeoprotein induces mouse HSC expansion without developing leukemia and this 
information may be useful for cell therapy strategies [13]. Increased expression of HOXA9 is 
also associated with HSC expansion but, contrary to HOXB4, its overexpression leads to 
leukemia overtimethrough interaction with enhancers of genes involved in hematopoiesis and 
leukemia. HOXA10 is another gene whose overexpression induces both HSC expansion and 
differentiation arrest, leading to acute leukemia[12, 14]. 

A dysregulated expression of Hox genes is frequently seen in leukemia, especially in 
acute myeloid leukemia (AML)[7]. Mechanisms involved in Hox gene alteration include 
MLL rearrangements,overexpression of CDX2 or CDX4, chromosomal translocations that 
create fusion genes between a Hox gene and a nucleoporin, such as NUP98, somatic 
mutations in the exon 12 of the nucleophosmin (NPM1), a gene that is involved in critical 
biological processes, such as ribosome biogenesis, centrosome duplication, genomic stability, 
cell cycle progression and apoptosis [5, 7, 15-22]. 

Concerning ASXL1 involvement in Hox gene expression regulation, it was shown that 
loss of ASXL1 leads to overexpression of posterior HOXA cluster, including HOXA9, that are 
well known proto-oncogenes in hematopoietic malignancies[23].  
Mutations and large deletions of ASXL1 were reported in 10-15% of patients with 
myeloproliferative neoplasms (MPN) and myelodysplastic syndromes (MDS), 40% of 
chronic myelomonocytic leukemia, in refractory anemia with ringed sideroblasts and 
thrombocytosis, in some cases of chronic myeloid leukemia, as well as in 15-20% of acute 
leukemia. In most of studies ASXL1 mutations confer an unfavorable prognosis [24-28]. 
 
3. HOX AND SOLID CANCERS  

Germline mutations were reported in 10 Hox genes (HOXA1, HOXA2, HOXA11, 
HOXA13, HOXB1, HOXB13, HOXC13, HOXD4, HOXD10, and HOXD13) and cause various 
human disorders with different inheritance patterns, penetrance, expressivity and mechanism 
of pathogenesis. The spectrum of disorders includes limb anomalies, facial dysmorphisms, 
urogenital malformations, neurological defects, hematological diseases, breast and prostate 
cancer susceptibility[4]. As examples, disorders of limb formation, such as hand-foot-genital 
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syndrome (HFGS), synpolydactyly (SPD), and brachydactyly were described in association 
with mutations in HOXA13 and HOXD13[7, 29]. 

Up- and downregulation of Hox genes was identified in many cancers and remarkably, 
the expression of these genes seems to differ according to tissue type or tumor site. HOXA 
and HOXB gene expression patterns are similar in tumors of tissues with the same 
endodermal origin, like colon, prostate and lung cancers opposed to mammary tumor tissue 
which originates from the ectoderm [30]. Up-regulation of HOXC is observed in colon, lung, 
and prostate cancer, HOXA genes expression is altered in breast and ovarian cancers, HOXD 
genes in colon and breast cancers, while HOXB genes expression is altered in colon cancers 
[30]. In vitro studies conducted on mammalian cells showed that downstream targets of Hox 
proteins are molecules involved in cell adhesion and migration (e.g. integrin) and also in 
epithelial-mesenchymal transition and its reverse process (e.g. cadherin) [31].   

In normal brain, Hox genes are expressed at very low levels while brain tumors, including 
glioblastoma, present overexpression of HOXA10 and HOXA9, correlated with treatment 
resistance and shorter survival; the major effects are inhibition of apoptosis and increasing 
cell proliferation, PI3K pathway being considered an upstream regulator of Hox genes [32].  

Breast and colorectal cancers have been also associated with missense germlineHOXB13 
mutations, most commonly G84E [4]. Moreover, HOXD8 seems to have a metastasis 
suppressor function since its expression was significantly lower in hepatic metastatic tissues 
comparing with primary tissues[33]. 

Disorderslinked with Hox gene abnormalities include congenital genital malformations 
(ureteral abnormalities, developmental defects of the uterus, hypospadias) whose genetic basis 
is represented mainly by HOXA13 mutations or deletion of HOXA genes.Complete aplasia of 
the uterus, cervix and upper vagina (Mayer-Rokitansky-Küster-Hauser syndrome) in female 
subjects with normal endocrine status is associated with mono-allelic dominant mutations of 
HOXA9, HOXA10 or HOXA11[34-36]. 

Hox gene network was also associated with the initiation and evolution of tumors of 
urogenital sphere (cervical, ovarian, and endometrial cancers) representing a possible 
therapeutic target.Proliferation, cell migration and DNA repairare processes linked toHox 
genes expression, but mechanisms and pathways involved are still unknown. HOXB4 is 
expressed in cancer cell lines and in ovarian cancer tissues, but not in normal ones, being also 
considered acancer-related gene in leukemia, breast cancer, osteosarcoma and lung cancer 
[37, 38].HOXA7 is another Hox aberrantly expressed at RNA and protein levels in ovarian 
cancer exhibiting müllerian-like features. HOXA7induces E-cadherin expression which in turn 
promotes proliferation of human ovarian cancer cells in vitro by activating MEK/ERK 
signaling pathway [39, 40]. 

Prostate tumors also present dysregulation of Hox genes, especially increased expression 
compared to normal prostate tissue[41].Neoplasia of the prostate gland is the most 
predominant malignant disorder in aging men. Recently it was identified a rare but recurrent 
germline mutation (G84E) in the HOXB13 gene that confers increased susceptibility to 
prostate cancer. HOXB13 gene encodes a transcription factor with an important role in 
prostate development and this mutation has been described more frequently in men with 
prostate cancer and early-onset,familial prostate cancer[42].Morgan et al. showed that 
expression of HOXC4 and HOXC6is significantly increased in tumor prostatetissue compared 
to the normal prostate and is associated with proliferation; moreover prostate cancer cells are 
eradicatedby HXR9, competitive antagonist of the interaction between HOX proteins and 
their PBX co-factor,an inhibitor of HOX function [41].Waltregny et al. found an association 
between HOXC8 overexpression and the loss of tumor differentiation hinting a possible 
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implication of thishomeobox gene in acquisition of the invasive and metastatic phenotype in 
human prostate cancer [43]. 

Hox genes play critical roles in different stages of kidney organogenesis and primary 
renal carcinoma present upregulation (HOXC11) or downregulation of Hox genes. Moreover, 
aberrant expression of paralogous group 11 Hox genes (HOXA11, HOXC11 and HOXD11) 
results in a complete loss of metanephric kidney induction. [37, 44].  

The main mechanisms leading to homeobox gene deregulation are loss of heterozygosity 
and gene amplification, DNA methylation and chromatin modification, repression of 
homeobox gene expression by non-coding RNAs [6]. 

Mutations (amplification, overexpression, truncation mutations) in ASXL1 and ASXL2 were 
also found in solid tumors like breast cancer, metastatic prostate cancer, cervical cancer, 
colorectal cancer, head and neck squamous cell carcinoma while ASXL3 mutations are observed 
in melanoma [45, 46].This gene family is involved both in activation and silencing of Hox genes.  

These few examples highlight the involvement of Hox genes in human developmental 
processes and the association of Hox genes with several types of cancers. HOXB4 plays an 
important role in hematologic stem cell regulation, HOXB7 is involved in angiogenesis 
processes,HOXA10 has a role in invasion of breast cancer cells andHOXB13contributedto 
differentiation of epidermal tissues [37].With the nowadays possibility to detect cell-free fetal 
DNA in maternal circulation, noninvasive approach for detection of the mutations involved in 
developmental anomalies and cancer might be easily identified as early as first trimester of 
pregnancy [47].  

 
4. REMARKS AND PERSPECTIVES  

Hox genes are important players in various biological processes, in early developmental 
stages as well as in adulthood. Aberrant expression of Hox genes may lead to developmental 
anomalies or different types of cancer (including hematological malignancies). In addition, 
germline and somatic mutations in ASXL1 (an important factor involved in epigenetic control 
of Hox gene expressions) were described also in developmental disorders, malignant myeloid 
diseases and solid tumors. That is why, the combined studies of ASXL1 mutations and Hox 
gene expression might identify new connections between these different disorders and 
provide useful data for diagnosis improvement and new therapeutic approaches. This analysis 
will be especially informative in patients that associate a hematological disorder with a 
developmental anomaly or a solid tumor. 
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