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Simple Summary: Investigation of cancer biomarkers for prognostic, diagnostic, and
therapeutic applications has enhanced patient outcomes in hematological and solid cancer
types. Cancer biomarkers are discovered by evaluating genetic dysregulation compared to
normal samples. Homeobox genes, genes that are key players during embryonic develop-
ment, have been shown to have dysregulated expression patterns in multiple cancer types.
Therefore, this review covers the dysregulation of HOX genes and their encoded factors
and the HOX family’s role as potential cancer biomarkers.

Abstract: The HOX gene family encodes for regulatory transcription factors that play a
crucial role in embryogenesis and differentiation of adult cells. This highly conserved family
of genes consists of thirty-nine genes in humans that are located in four clusters, A–D, on
different chromosomes. While early studies on the HOX gene family have been focused
on embryonic development and its related disorders, research has shifted to examine
aberrant expression of HOX genes and the subsequent implication in cancer prediction
and progression. Due to their role of encoding master regulatory transcription factors, the
abnormal expression of HOX genes has been shown to affect all stages of tumorigenesis
and metastasis. This review highlights the novel role of the HOX family’s clinical relevance
as both prognostic and diagnostic biomarkers in hematological and solid tumors.

Keywords: homeobox (HOX) genes; biomarker; cancer

1. Introduction
The homeobox (HOX) gene family encodes for highly conserved transcription fac-

tors that are key regulators in human embryonic development. These genes were first
discovered in Drosophila melanogaster to function as master regulators of the development
of each segment of the fly and, therefore, coined “homeotic selector genes” [1–3]. A total
of 39 human HOX genes are categorized into 4 clusters: A, B, C, and D, which are located
on different chromosomes at 7p15, 17q21, 12q13, and 2q31, respectively (Figure 1). For
most of the genome, the arrangement of genes on chromosomes does not correlate to the
positional expression within the body. However, the HOX genes are specifically correlated
to positional expression, dependent on chromosomal order and location, known as the
anterior–posterior axis [4,5]. For example, genes that control the formation of upper-body
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development are clustered on the 3′ or anterior end of the chromosome, while genes that
regulate lower-body formation are on the 5′ posterior end, with genes that are centrally
located on the chromosome governing development of the center of the body [6–8].
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Figure 1. HOX gene family clusters on each corresponding chromosome, with transcriptional
direction and anterior and posterior expression noted. Figure created with BioRender (https://
biorender.com accessed on 14 October 2024).

Human HOX genes are small yet powerful transcription factors. They contain two
exons and a single intron, with a DNA-binding homeodomain always present within
the second exon [9]. While most HOX downstream targets are ill-defined, it has been
shown that HOX genes are crucial to normal embryogenesis, limb placement, and organ
development [10,11]. Gene expression is mainly restricted to the anterior–posterior axis to
ensure normal development of the embryo; however, some HOX genes have been shown to
be expressed into adult life, although this is not completely understood. For example, HOX
expression has been seen in neurons, lung, and hematopoietic centers past the embryonic
stage, yet the function of these genes in adulthood is under-researched [11]. Many genes and
pathways vital to embryonic development have been identified in carcinogenesis; therefore,
the HOX genes have been implicated as a link between these two processes [12]. Growing
evidence suggests that the dysregulation of HOX genes is a key factor in the development
and progression of cancer. Dysregulation can occur through epigenetic modification or
temporospatial deregulation, leading to either aberrantly increased or decreased HOX
expression [13,14]. Depending on the type of cancer and the type of dysregulation, HOX
genes can function as oncogenes or tumor suppressors [15,16]. Dysregulated HOX genes
have been shown to have numerous functions in cancer, including differentiation, invasion,
epithelial-to-mesenchymal transition (EMT), apoptosis, and receptor signaling [10–12,16].
The dysregulated HOX gene protein products aid in carcinogenesis through regulation
of multiple signaling pathways, including the Notch pathway, Sonic Hedgehog pathway,
Paxillin pathway, Wingless-type MMTV Integration Site Family, and Sry-box transcription
factor family members [12,17,18]. Through governance of these signaling pathways, HOX
genes and their encoded factors can drive cancer initiation, progression, and outcomes. The
multifaceted role of HOX genes in carcinogenesis prompted this narrative review, in which
we highlight the novel role of the HOX gene cluster and their encoded factors in cancer
detection and patient outcomes across the most studied cancer types within this research
area while investigating the mechanisms in which this occurs.

2. HOX Gene Family’s Role in Myeloid Leukemia
Leukemias are a group of malignant blood or bone marrow disorders with varying

pathologies and clinical outcomes. Acute myeloid leukemia (AML) is an aggressive hema-
tological malignancy that accounts for about 80% of all bone marrow cancers in which
genetic changes in hematopoietic precursor cells result in the accumulation of myeloid
progenitors [19]. This genetically diverse cancer is most common in adults, with the median
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age of diagnosis between 60 and 70 years old [20]. Intensive chemotherapy and allogeneic
stem cell transplants are common treatments; however, the increased age of diagnosis
renders many patients ineligible. AML patients have a five-year survival rate of no more
than 50%, with a worse prognosis of less than 20% in elderly patients [21]. Almost 50% of
AML patients have a normal karyotype, therefore making advanced treatments that are
common for other cancers a challenge [22]. Chronic myeloid leukemia (CML) accounts
for about 15% of all leukemias in adults and is marked by a reciprocal chromosomal
translocation known as the Philadelphia chromosome [23]. This translocation results in
the fusion and expression of the tyrosine kinase genes, BCR/ABL1, related to oncogenic
transformation and proliferation [24]. Current treatment includes tyrosine kinase inhibitors
(TKIs), allowing most chronic-phase patients a near-normal life expectancy [25]. However,
some patients become TKI resistant, allowing this disease to progress to blast-phase CML,
in which the only treatment is stem cell transplantation [26]. Thus, it is vital to identify
novel biomarkers for early detection and prognostic significance to treat patients with these
malignancies accordingly.

2.1. Role of HOXA10 in Acute Myeloid Leukemia

A study by Guo et al. explored the promising prognostic significance of HOXA10 in
AML [21]. The HOXA gene cluster plays a crucial role in adult hematopoiesis; however,
aberrant expression promotes oncogenesis [27]. Using bioinformatics, HOXA10 was found
to be overexpressed in AML patients compared to a control group consisting of unsorted
and CD3+ bone marrow cells. HOXA10 was also significantly enriched in AML patients
compared to patients with other myeloid malignancies, therefore indicating HOXA10’s
function as a prognostic indicator may be AML specific. HOXA10 shows promise as a
prognostic indicator in AML—patients with high HOXA10 expression had more advanced
risk stratification and shorter survival times. Kaplan–Meier survival plots demonstrated
that both the median overall survival and disease-free survival of AML patients with
HOXA10 overexpression were significantly reduced when compared to patients with low
expression. Previous research conducted by Thorsteinsdottir et al. has shown that retro-
viral overexpression of HOXA10 leads to the formation of AML through the alteration of
differentiation of murine myeloid progenitor cells [28]. Genome-wide expression profiles of
AML patients with high HOXA10 expression compared to low expression were undertaken
to elucidate the genetic signature related to poor prognosis in these patients [21]. In silico
analyses revealed several pathways significantly correlated with HOXA10 expression that
were either suppressed or activated, most notably, the dysregulation of reticular activation
system (RAS) and phosphatidylinositol 3-kinase (PI3K)-AKT signaling pathways, as well
as activation of ribosomal, oxidative phosphorylation (OXPHOS), and lysosomal path-
ways. Interestingly, nine other HOX family genes were upregulated in patients with high
HOXA10, therefore indicating, with further investigation, a potential HOX family genetic
signature of AML. Dysregulation of the RAS signaling pathway is frequently seen in AML
patients, with activating mutations and hyperactive mutations promoting cancer develop-
ment and oncogenesis [29]. Specifically, RAS signaling genes, protein tyrosine phosphatase
non-receptor type 11 (PTPN11), FMS-like tyrosine kinase 3 (FLT3), and KIT, were correlated
with high HOXA10 expression, thus contributing to the poor prognosis of high-HOXA10-
expressing AML patients. Furthermore, P13K-AKT signaling was repressed in patients
with HOXA10 overexpression. The P13K-AKT pathway is commonly upregulated in AML
cells, regulating glucose metabolism and glycolysis, which are key functions for controlling
blast cell proliferation and clonogenicity [30,31]. Previous research has shown that patients
with constitutively active PI3K-AKT genes have significantly longer overall survival [32].
Therefore, the low survival rate in AML patients with high-HOXA10 may be attributed
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to the downregulation of PI3K-AKT signaling. Ribosome-related genes, eukaryotic trans-
lation initiation factor 2 alpha kinase 2 (EIF2AK2) and 3 (EIF2AK3), were significantly
upregulated in patients with high HOXA10. EIF2AK2 and EIF2AK3 contribute to reduced
overall survival of high HOXA10 AML patients via reducing the DNA damage response
and promoting dissemination of leukemia cells, respectively. AML cells rely on OXPHOS
for energy instead of glycolysis seen in normal hematopoietic cells [33]. Past studies have
indicated that increased OXPHOS in AML induces chemotherapeutic resistance [34,35].
Therefore, HOXA10 could not only serve as a prognostic indicator but also as a potential
biomarker for chemoresistance in AML patients.

2.2. Role of HOXB5 in Acute Myeloid Leukemia

According to Chen et al., bioinformatics analysis of patients with AML and healthy
volunteers indicated that HOXB5 was significantly overexpressed in AML patients [22].
Using TCGA and VIZOME databases, HOXB5 was revealed to be associated with leuko-
cytosis and hyperleukocytosis, both indicators of poor prognosis. Increased HOXB5 ex-
pression was found to be associated with a worse cytogenetic risk and decreased overall
survival. The AML dataset was then analyzed for four genes, DNA methyltransferase
3 alpha (DNMT3A), FLT3, nucleophosmin 1 (NPM1), and runt-related transcription factor
1 (RUNX1), commonly mutated in AML. Mutations in these genes have been associated
with worse outcomes in other studies [36–38]. Patients with high HOXB5 expression had
higher mutation frequencies in DNMT3A, FLT3, and NPM1. Further analysis indicated
that HOXB5 was associated with the tumor necrosis factor/nuclear factor kappa-light-
chain-enhancer of activated B cells (TNF/NF-kB) pathway and myeloid differentiation. The
TNF/NF-kB pathway is essential for maintaining AML proliferation while acting to prevent
apoptosis [39]. In vitro knockdown of HOXB5 resulted in the downregulation of TNF-α,
p-RELA, and p-IκBα, which are key TNF/NF-κB markers. NF-κB genes, SPI1, interleukin 1
beta (IL-1β), and interleukin 6 (IL-6), were also decreased in HOXB5 knockdown cells. It has
been shown that NF-κB activation is associated with leukemia stem cell (LSC) formation,
and a positive feedback loop exists between TNF-α secretion and NF-κB activation [40].
Flow cytometry revealed that HOXB5 knockdown cells expressed myeloid differentiation
markers CD11b and CD14, indicating that HOXB5 knockdown could promote differentia-
tion. Therefore, these findings indicate that HOXB5 may play a role in LSC maintenance,
thus contributing to the poor prognosis in patients with HOXB5 overexpression.

2.3. Role of HOXA5 in Chronic Myeloid Leukemia

Strathdee et al. indicated that HOXA5 hypermethylation was associated with poor
prognosis in CML [41]. Hypermethylation causes transcriptional repression, therefore
downregulating the expression of HOXA5. Aberrant hypermethylation has been previously
described to be a key factor in the transformation of normal cells into cancer cells [42].
Chronic-phase CML patients, those at high risk of blast crisis, frequently had HOXA5
hypermethylated, having more than 80% methylation of promoter CpG sites, and had
HOXA4, found via the COBRA method and pyrosequencing. As chronic-phase disease is
marked by blast crisis, in which differentiation is arrested, the repression of HOXA5 by
hypermethylation is proposed to be a key factor due to the HOX genes’ role as regulators
of hematological differentiation [27]. Both HOXA5 (91% of patients) and HOXA4 (87%)
hypermethylation are associated with high-risk patients and progression into blast crisis.
No other HOXA gene was hypermethylated, therefore indicating specificity to these two
genes. In vitro re-expression of HOXA5 was shown to induce myeloid cell differentiation,
as seen in the expression of CD13, CCAAT/enhancer-binding protein-alpha (C/EBPa),
and CCAAT/enhancer-binding protein-epsilon (C/EBPe). This indicates that HOXA5 is
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a key mediator of differentiation associated with the granulocytic lineage. A different
study conducted by Elias et al. showed that aberrant methylation of HOXA4 and HOXA5
has been associated with imatinib resistance in CML patients [43], thus confirming that
the hypermethylation of these genes correlates with a poor prognosis outcome. Overall,
HOXA5, and potentially in combination with HOXA4, hypermethylation could be utilized
as a prognostic biomarker for chronic-phase patients at high risk for blast cell crisis and
imatinib resistance, therefore indicating poor patient prognosis.

3. Multiple Myeloma
Multiple myeloma, a clonal plasma cell proliferative disorder, is the second most

common hematological malignancy. This neoplasm is characterized by an abnormal in-
crease in monoclonal immunoglobulins and originates in post-germinal B lymphoid cells.
Multiple myeloma is considered a stage in the spectrum of monoclonal gammopathy that
is thought to arise from a premalignant phase of clonal plasma cell growth referred to as
monoclonal gammopathy of undetermined significance (MGUS) [44]. MGUS occurs in an
asymptomatic phase and is defined as the detection of monoclonal immunoglobulins in the
blood or urine without evidence of organ damage [45]. However, there is notable morbidity
if left unchecked, as specific end-organ damage often occurs. Frequent alterations and
translocations of genes on chromosome 14 lead to disease development, and oncogenes,
such as KRAS, NRAS, and BRAF, have been shown to play roles in uncontrolled plasma
cell proliferation. Multiple myeloma is relatively uncommon, accounting for less than
2% of diagnosed cancer cases in the United States each year. It most commonly affects
the geriatric, male, and African American populations, with a median age of 70 at the
time of diagnosis, a 1.4:1 ratio of males to females, and two-fold more incidence in African
Americans as compared to Caucasians [46]. Within the past decade, multiple advances have
been made in the diagnosis and treatment of multiple myeloma, leading to better staging
criteria and improved overall survival. Traditional treatments, such as chemotherapy,
radiation, and bone marrow transplants, are common for patients with multiple myeloma.
In addition, novel immunotherapies, such as CAR-T-cell therapy, have been recently used
to treat multiple myeloma patients [44]. Although several effective therapies exist for
the treatment of multiple myeloma, the use of HOX genes as potential biomarkers and
therapeutic targets may be of great benefit [47].

3.1. Role of HOXB7 in Multiple Myeloma

A study conducted by Storti et al. found that HOXB7 expression is a key mediator of
angiogenesis in MM patients [48]. A subset of MM patients expressed HOXB7 in primary
tumors, of which all had increased bone marrow angiogenesis marked by upregulation of
the pro-angiogenic genes matrix metallopeptidase 2 (MMP2) and platelet-derived growth
factor subunit A (PDGFA). Angiogenesis of the bone marrow is associated with MM
progression, thus contributing to a worse prognostic outcome for these patients [49,50].
In vitro expression of HOXB7 in JJN3, a cell line that does not constitutively express
this gene, resulted in the significant expression of the pro-angiogenic markers vascular
endothelial growth factor A (VEGF-A) and fibroblast growth factor 2 (FGF2). HOXB7
overexpression also increased chemokines CCL3 and CCL5. These chemokines promote
angiogenesis in response to inflammatory stimuli, aiding in cancer progression [51]. These
findings were confirmed in vivo, where HOXB7 overexpression increased tumor growth
and stimulated bone marrow vascularization. The results of this study concluded that
HOXB7 expression in MM patients correlates with bone marrow angiogenesis, a marker of
MM progression. A previous study conducted by Colla et al. explored the link between
bone marrow angiogenesis and HOXB7 in multiple myeloma patients [52]. Therefore,
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HOXB7 can be used as a prognostic indicator for advanced-stage disease while identifying
patients who may benefit from treatments with anti-angiogenic properties.

3.2. Role of HOXC6 in Multiple Myeloma

HOXC6 overexpression in patients with MM has been indicated as a prognostic marker
by Li et al. [53]. HOXC6 mRNA and protein levels were significantly increased in all MM
patients’ peripheral blood that was studied. Kaplan–Meier analysis revealed patients with
high levels of HOXC6 had significantly decreased overall survival. HOXC6 expression was
significantly associated with a decreased hemoglobin level and increased ISS stage, which
are both indicators of disease progression [54]. In vitro silencing of HOXC6 was revealed
to decrease cell viability and proliferation while promoting apoptosis through caspase 3
and caspase 9 activity. Inflammatory mediators TNF-α, IL-6, and IL-8 were significantly
reduced by HOXC6 silencing. TNF-α has been identified as a crucial survival factor in
cytokine-dependent (i.e., IL-6) myeloma [55]. Therefore, HOXC6 could not only be used as
a prognostic indicator but also as a biomarker to identify patients for anti-TNFα therapies.

4. Thyroid Cancer
Thyroid cancer (TC) is the most common endocrine malignancy, accounting for about

3% of worldwide diagnosed cancer cases each year. There are various diagnostic and stag-
ing criteria due to the several distinct subtypes that exist due to differences in the degree of
differentiation [56]. Well-differentiated TC, including follicular (FTC) and papillary thyroid
cancer (PTC), account for about 10–20% and 80% of cases, respectively. Undifferentiated
thyroid cancer, including anaplastic thyroid cancer (ATC), accounts for less than 2% of
cases and is a much more aggressive and lethal subtype of this endocrine malignancy [57].
FTC and PTC cases have higher increased survival rates due to better responses to existing
treatments; however, disease recurrence remains a prominent issue, as these subtypes
typically affect younger populations. Well-differentiated TC is staged using the typical
staging system of I–IV, whereas undifferentiated TC is diagnosed as Stage IV metastatic
disease with further breakdown into Stage IVA, IVB, or IVC. Current diagnostic techniques
for identification of TC include fine-needle aspiration, but this technique fails to differ-
entiate between FTC and PTC. Common driver mutations in all TC subtypes include the
BRAF point mutation as well as other mutations in the MAPK cascade [58]. Although
this is well studied, these mutations alone are not sufficient enough for early diagnosis or
disease prognosis. Therefore, the identification of novel biomarkers and therapeutic targets,
including the HOX family of genes, in thyroid cancer progression and development may
be of significant interest.

4.1. Role of HOXD10 in Papillary Thyroid Cancer

Cao et al. investigated HOX gene expression through the use of immunohistochemistry
(IHC) in patient PTC tissue [59]. This study consisted of 98 patients in whom HOXD10
expression was found to be decreased in PTC tissue compared to para-cancer tissues using
IHC. In silico analysis revealed that decreased expression of HOXD10 was associated with
lymph node metastasis and extrathyroidal extension in the PTC patients, both of which
are markers of disease progression and poor prognosis [60,61]. There has been growing
evidence to suggest that HOXD10 functions as a tumor suppressor. For example, in vitro
studies in other cancer types have shown that reduced expression of HOX10 activates
extracellular signal-regulated kinases (ERK) signaling and promotes proliferation and
aggressive cancer phenotypes [62,63]. On the other hand, one study demonstrated that the
reintroduction of HOXD10 resulted in a significant reduction in cell survival, cell migration,
and metastasis while increasing apoptosis [64]. While the role of HOXD10 in PTC is
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currently unknown, evidence supports that HOXD10 has a crucial role as a prognostic
indicator while also functioning as a potential tumor suppressor gene in PTC, however
further studies are warranted.

4.2. Role of HOXD9 in Anaplastic Thyroid Cancer

A study conducted by Zhong et al. reported that HOXD9 is significantly upregulated
in anaplastic thyroid cancer and correlated with poor prognosis [65]. Both HOXD9 mRNA
and protein were found to be significantly elevated in most ATC tumor tissues when com-
pared to normal tissues via bioinformatics analysis. ATC patients with high expression of
HOXD9 had a poorer prognosis compared to patients with low HOXD9 expression. A linear
regression analysis was used to determine the correlation between HOXD9 expression
and pathological characteristics, where high HOXD9 expression was positively correlated
with the TNM stage, tumor size, and distant metastasis. HOXD9 levels correlated with
proliferation markers proliferating cell nuclear antigen (PCNA) and antigen Kiel 67 (Ki-67),
as well as cell cycle genes cyclin A2 (CCNA2) and cyclin B1 (CCNB1), therefore indicating
that HOXD9 promotes ATC tumorigenesis [66,67]. Knockdown of HOXD9 resulted in a
significant decrease in cell viability, cell migration, invasion, and the ability to form colonies.
On the other hand, HOXD9 overexpression led to significantly increased cell proliferation,
cell migration and invasion, and reduction of apoptosis. Further Western blot analysis
revealed that the oncogenic activity of HOXD9 is related to epithelial-to-mesenchymal trans-
formation, specifically through the modulation of E-cadherin, N-cadherin, and PI3K/AKT
signaling to induce a mesenchymal phenotype that results in malignant dissemination [68].
This study’s comprehensive analysis using bioinformatics, in vitro, in vivo, and human
tissue samples revealed the potential of HOXD9 as a diagnostic and prognostic biomarker
in ATC.

4.3. Role of HOXA9 in Papillary Thyroid Cancer

HOXA9 was found to contribute to PTC tumorigenesis in a study by Jin et al. [69].
Increased expression of HOXA9 enhanced calcification, migration, and invasion in PTC
in vitro. Calcifications seen in PTC have been associated with increased tumor size, lymph
node metastasis, and a more aggressive phenotype [70,71]. This study suggests that the
molecular mechanism of HOXA9-mediated carcinogenicity is due to the positive regulation
of oncogene Runt-related transcription factor 2 (RUNX2). It has been shown that RUNX2
expression is increased in thyroid cancer tissues compared to patient-matched controls,
and this gene correlates with increased invasiveness [72]. RUNX2 has also been identified
as a regulator of EMT, thus the enhanced expression of this gene due to positive regulation
from HOXA9 results in a more aggressive PTC phenotype [73]. HOXA9 was found to
promote calcification, migration, and invasion in PTC, both in a RUNX2-dependent and
independent manner. Therefore, HOXA9 can be used as a novel prognostic indicator to
identify patients at risk for thyroid calcification and advanced PTC.

5. Breast Cancer
Breast cancer is among the most commonly diagnosed malignancies in females each

year and accounts for about 30% of female cancers in the United States. About 66% of
breast cancer cases will be diagnosed at a localized stage, however, metastasis remains
a prominent issue for many cases, with primary metastatic sites including the bones,
lungs, and brain. Metastasis at these sites creates several challenges for effective treatment;
therefore, diagnosis before metastatic spread is key to proper treatment efficacy and better
patient prognosis. Despite a yearly increase in breast cancer incidence of about 5%, there
is a five-year survival rate of about 80%, largely due to routine examinations such as
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mammography and MRI. Most breast cancers are considered sporadic, over 90%, meaning
that only 5–10% of cases have an identifiable driver gene mutation [74]. The most common
genetic mutations present in patients with this malignancy are the breast-cancer-associated
genes 1 and 2, BRCA1 and BRCA2. BRAC1 and BRCA2 are identified as the most high-
risk oncogenes and functionally encode tumor suppressor proteins that drive cell cycle
immortality [75]. Another significant gene of interest in this malignancy is the human
epidermal growth factor-2 (HER2) protein, which plays a significant role in the propagation
and progression of breast cancer [76]. There are several molecular subtypes of breast
cancer based on a variety of genetic, environmental, and hormonal factors. These subtypes
include luminal A, luminal B, basal-like, and HER-enriched. Luminal A and luminal B are
both hormone-receptor-positive, however, they differ in their human epidermal growth
factor receptor-2 status, with luminal A being HER-2-negative and luminal B being HER-2-
positive. Basal-like is both hormone-receptor- and HER-2-negative and HER-enriched is
HER-2-positive but hormone-receptor-negative [74,77]. Hormone status is also a highly
significant factor in breast cancer diagnosis, with the estrogen receptor and progesterone
receptor both playing a role in the proper treatment protocol for the differing status among
patients. Cases that lack all three hormone receptors are collectively referred to as triple-
negative breast cancer and have the lowest survival rate among all breast cancer patients.
This is due to a significant portion of breast cancer treatment being hormone- and hormone-
receptor-based [78,79]. Therefore, there is a significant need for the continuing study of
potential biomarkers and therapeutic targets that are not dependent upon hormones and
hormone receptors, which opens up an avenue of exploration among genes, such as the
HOX family of genes, which have been shown to play a role in breast cancer development.

Role of HOXC8 in Breast Cancer

The role of HOXC8 in breast cancer stem cells (CSCs) was explored by Shah et al. [80].
Breast CSCs were isolated from normal mammary cells as well as all breast cancer subtypes
via flow cytometry. HOXC8 was significantly decreased in all breast CSC types compared to
normal mammary stem cells. In silico analysis of breast cancer patient datasets confirmed
HOXC8’s significant repression in primary breast cancer tumors when compared to non-
cancerous tissue. However, there was no significant difference in HOXC8 expression
between metastatic tumors and normal tissue, thus indicating that decreased HOXC8
expression is important for breast cancer transformation and initiation, indicating that
HOXC8 could be a potential biomarker for early detection. Bisulfite sequencing revealed
that the low expression of HOXC8 in breast CSCs is due to methylation of the promoter
region. In silico analysis using TCGA breast cancer patient data confirmed the significant
increase in DNA methylation at the HOXC8 promoter region in breast cancer tumors
compared to normal tissues. In vitro overexpression of HOXC8 in breast CSCs reduced
stemness by inducing differentiation into epithelial cells, as seen by flow cytometry analysis
of CD44/CD24 fractions and reduced expression of aldehyde dehydrogenase (ALDH1),
where ALDH1 is a marker of stem-cell-like characteristics and associated with poor survival
in breast cancer patients [81]. Breast CSCs with HOXC8 overexpression were more sensitive
to chemotherapy agents, had reduced self-renewal capacity, and had reduced anchorage
independence, all indicating the role of HOXC8 in breast cancer initiation [82,83]. In vitro
silencing of HOXC8 in non-tumorigenic mammary epithelial cells resulted in increased
stemness, self-renewal, and anchorage independence, thus suggesting that HOXC8 could
be a factor in transforming normal breast cells into highly plastic CSCs. Therefore, these
results indicate that low HOXC8 expression/HOXC8 methylation has the potential to be a
marker for early detection of breast cancer regardless of subtype.
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6. Ovarian Cancer
Ovarian cancer (OC) is the fifth most deadly cancer in women worldwide as well

as the most severe form of gynecological cancer. OC has an incidence of 3.4%, affects
approximately 300,000 women annually, and has a 30% survival rate [84]. This poor pa-
tient prognosis is heavily reflected by the current absence of accurate diagnostic screening
or narrative biomarkers. Currently, the only biomarker used for OC diagnosis is cancer
antigen 125 (CA125), which, even so, is extremely limited for usage due to its low speci-
ficity [85]. Only about 50% of patients in the early stages of OC express CA125, as well
as more than 50% of patients with high CA125 do not have OC, making CA125 an unre-
liable biomarker [86]. Other instances of elevated CA125 are seen in a plethora of other
malignancies, such as breast cancer, uterine cancer, colon cancers, and other inflammatory
diseases [87,88]. The need for OC-specific markers is extremely pertinent—markers for
diagnostic, prognostic, and/or therapeutic value will significantly contribute to combating
OC. The embryonic development of the female reproductive system is orchestrated by a se-
ries of genes, including many HOX family genes [89]. Four HOX genes, HOXA9, HOXA10,
HOXA11, and HOXA12, are reported to have extensive roles in the embryonic development
of the female reproductive system, and subsequently play a role in the extensive structural
and functional uterine (HOXA11), cervical (HOXA12), and vaginal (HOXA13) changes
throughout the female lifetime [90,91]. It is reported that HOX genes, when overexpressed,
can contribute to the development of ovarian neoplasia due to their significant role as
differentiation drivers [92,93]. Moreover, HOXA7 was found to be overexpressed in OC
tissues that contain the Mullerian-like phenotype, and HOXA7 can induce this phenotype
by upregulating HOXA9, HOXA10, and HOXA11, suggesting a specific prognostic or diag-
nostic role for individual HOX genes in OC [94]. Therefore, studying HOX genes in OC can
lead to successful biomarker discovery, which, in turn, will combat the main hurdle with
OC and ameliorate the diagnostic burden.

6.1. Role of HOXB13 in Ovarian Cancer

The role of HOXB13 in ovarian cancer was explored in a study conducted by Yuan
et al. [95]. In a search to find genes associated with EMT and aggressive phenotypes in
ovarian cancer, siRNA inhibition of HOXB13 resulted in the restoration of cell–cell adhesion
through the re-expression of E-cadherin. HOXB13 silencing resulted in mesenchymal-to-
epithelial transition (MET), in which E-cadherin was upregulated while N-cadherin and
vimentin were downregulated. The induction of MET resulted in decreased cell invasion,
implicating the key role HOXB13 plays in EMT in ovarian cancer and, therefore, is a
promising biomarker for early detection. HOXB13 does not function alone. HOXB13
can form a heterodimer with homeobox protein aristaless-like 4 (ALX4) to induce the
expression of transcription factor Snail family transcriptional repressor 2 (SLUG). SLUG
has been identified as a key factor in OSC progression, metastasis, and angiogenesis, all
characteristic of worse patient prognosis [96]. Additionally, HOXB13 has been shown
to enhance breast cancer proliferation and decrease apoptosis while also contributing to
tamoxifen resistance, widely used for recurrent OSC [97]. Overall, the use of HOXB13 as a
prognostic indicator for advanced disease and tamoxifen resistance is promising due to
this gene’s role in cancer progression.

6.2. Role of HOXD4 in Ovarian Cancer

Yu and Guo revealed the prognostic significance of HOXD4 in ovarian cancer [98].
HOXD4 protein expression in OSC tissue samples was compared to patient-matched non-
cancerous adjacent tissue by IHC. OSC tissues had enriched HOXD4 levels compared to
normal tissue, which was confirmed by increased mRNA levels in OSC patients as well.
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High HOXD4 levels correlated with lymph node metastasis and an increased FIGO stage.
Kaplan–Meier survival analysis showed that HOXD4 expression correlated significantly
with decreased survival and was confirmed as an independent risk factor of OSC progres-
sion by multivariate analysis. In vitro silencing of HOXD4 reduced cell proliferation and
survival, thus suggesting the function of HOXD4 as an oncogene in OSC. The mechanism by
which HOXD4 drives oncogenesis has yet to be explored and requires further examination.
However, the use of HOXD4 as a prognostic biomarker allows healthcare professionals to
take a more aggressive approach to treatment in patients with high expression of this gene.

7. Gastric Cancer
Gastric cancer (GC) is the fourth leading cause of cancer-related deaths worldwide

and the fifth most common cancer worldwide. There are several types of GCs, the most
common being gastric adenocarcinoma, with less common types such as gastrointestinal
stromal tumors (GIST), carcinoid tumors, and gastroesophageal junction adenocarcinoma
(GEJ). Risk factors include Helicobacter pylori infection, consumption of highly processed or
salty foods, obesity, and smoking. Current treatments for this malignancy include surgical
resection, chemotherapy, radiation, and in some cases, immunotherapy. Despite advances
in detection and therapeutic intervention, prognosis remains poor, with early-stage disease
only accounting for 10% of all GC cases [99]. With a five-year survival rate of 30% for
regional GC and less than 5% for metastatic disease, there is a great need for biomarker
discovery [100]. Currently, there are three biomarkers used for GC diagnosis: human
epidermal growth factor receptor 2 (HER2), microsatellite instability-high (MSI-H), and
programmed death-ligand 1 (PD-L1) [101]. However, the specificity of these biomarkers
is low due to intra-tumoral heterogeneity and high discordance rates, with about 5–25%
of GCs having overexpression of any of the three biomarkers [102]. With the overall poor
prognosis for GC patients and lack of effective biomarkers, the role of HOX genes in GC
progression and development is of significant interest.

7.1. Role of HOXA10 in Gastric Cancer

HOXA10 was associated with the gastric cancer phenotype in a study conducted by
Sentani et al. [103]. Microarray and IHC analysis of patient samples revealed an upreg-
ulation of HOXA10 in GC tissue compared to normal gastric mucosa. In silico analysis
indicated that HOXA10 expression was correlated with a decreased depth of invasion
and increased patient survival. Differentiated GC, specifically Mucin 2 (MUC2)-positive
tissues, significantly correlated with HOXA10 expression. Goblet cells of the intestinal
tract express MUC2, thus this gene is used to identify the intestinal phenotype of gastric
cancer [104]. HOXA10 expression also occurred more frequently in GC tissues that ex-
pressed caudal type homeobox 2 (CDX2), in which this gene plays an important role in
the regulation of intestinal epithelial cells and has been recognized as a possible GC tumor
suppressor gene [105]. In vitro silencing of HOXA10 increased cancer cell viability and
invasion, therefore suggesting that HOXA10 functions as a tumor suppressor gene in GC.
However, further studies to elucidate the exact mechanism by which HOXA10 mediates
the carcinogenic effects in GC is necessary, possibly acting jointly with CDX2. Therefore,
HOXA10 has potential as a novel prognostic biomarker for increased survival in patients
with intestinal mucin phenotype GC through possible action as a tumor suppressor gene.

7.2. Role of HOXB9 in Gastric Cancer

Kato et al. examined the role of HOXB9 in GC, finding that increased expression was
associated with a worse patient prognosis [106]. HOXB9 overexpression was identified in
about 50% of all GC patient tissue samples studied. In silico analysis of patients with high
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HOXB9 expression displayed an increased tumor depth, lymph node involvement, and
vascular invasion, therefore indicating a worse patient outcome. In vitro overexpression of
HOXB9 resulted in increased vascular endothelial growth factor D (VEGF-D) expression,
indicating a positive relationship between the two. In GC, VEGF-D has been correlated
with distant metastasis and reduced relapse-free survival due to its role in lymphatic and
venous invasion [107]. In conclusion, patients with high HOXB9 expression are prone to a
more aggressive GC phenotype, marked by increased VEGF-D expression and, therefore,
a negative clinical outcome. With that being said, high-HOXB9-expressing patients may
benefit from anti-VEGF treatment due to the correlation between these two genes.

7.3. Role of HOXA5 in Gastric Cancer

A study conducted by Wu et al. demonstrated that HOXA5 acts as a tumor suppressor
in gastric cancer [108]. Thirty GC patient tissues compared to adjacent non-cancerous
tissues showed decreased expression of HOXA5 mRNA and protein. IHC confirmed de-
creased HOXA5 staining, and these results were consistent with in vitro cell lines. HOXA5
downregulation was significantly associated with an increased tumor size and advanced
TNM stage. Patients with high HOXA5 expression had significantly better overall survival
(OS) and disease-free survival (DFS) via Kaplan–Meier analysis. In vitro overexpression of
HOXA5 in gastric cells resulted in decreased cell viability and induced apoptosis, whereas
knockdown had the inverse effect. HOXA5 was shown to be regulated by miR-196a through
an inverse relationship. miR-196a is transcribed from the HOX loci, and identified as an
oncogene in several cancer types, while specifically inducing invasion and metastasis in
GC [109]. Taken together, HOXA5 has significant prognostic power in GC.

7.4. Role of HOXC9 in Gastric Cancer

An investigation of GC by Zhao et al. revealed that HOXC9 correlates with poor patient
prognosis [110]. HOXC9 mRNA and protein were significantly increased in GC tissues
vs normal gastric tissue. High HOXC9 expression was correlated with increased tumor
size, lymphatic invasion, depth of invasion, lymph node metastasis, and increased TNM
stage. Kaplan–Meier curves demonstrated that high HOXC9 expression was associated
with decreased OS and DFS. Cox regression revealed HOXC9 as an independent poor
prognostic indicator in GC. HOXC9 in vitro silencing resulted in decreased migration and
invasion, however, the mechanism by which this occurs remains unexplored. A different
study elucidated that HOXC9 functions as an oncogene in GC by modulating the immune
response, specifically inhibiting interferon-gamma (IFN-γ)-dependent apoptosis [111].
Therefore, these data conclude that HOXC9 is a powerful prognostic biomarker for patients
with increased levels of this gene.

8. Renal Cancer
Renal cancer, also known as kidney cancer, is among the top ten most common cancers

in males, with a recent rise in incidence. There are several types of kidney malignancies,
with renal cell carcinoma (RCC) being the most prevalent, with more than 300,000 new
cases every year [112]. RCC has several subtypes that are diagnosed based on pathology,
which include kidney renal clear cell carcinoma (KIRC), chromophobe renal cell carcinoma
(KICH), papillary renal cell carcinoma (KIRP), and renal collecting duct carcinoma. KIRC,
also named clear cell renal cell carcinoma, is the main subtype and comprises more than
80% of all RCC cases [113]. Treatment options include surgical resection, targeted therapies,
such as tyrosine kinase inhibitors, and immunotherapies; however, there are limitations due
to treatment resistance and challenges of surgical resection in advanced-stage disease. The
majority of patients are diagnosed at an advanced stage due to the asymptomatic nature of
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RCC and the lack of definitive biomarkers [114]. Furthermore, 30% of patients experience
tumor recurrence after curative treatment for local RCC [114]. Current biomarkers are
associated with rare hereditary diseases, such as VHL and MET gene mutations that play a
crucial role in guiding therapy and predicting responses, however, they only occur in about
4% of RCC cases [115]. Therefore, it is essential to explore novel effective biomarkers that
can guide therapeutic interventions and improve patient survival.

8.1. Role of HOXD1 in Renal Cancer

Cui et al. demonstrated the promising usage of HOXD1 as a prognostic indicator in
KIRC [116]. Bioinformatics analysis revealed that HOXD1 was significantly downregu-
lated in KIRC samples compared to normal renal tissue. Low expression of HOXD1 was
associated with decreased OS, DFS, and increased TNM stage, therefore indicating that
reduced HOXD1 correlates with a worse patient prognosis. In vitro overexpression of
HOXD1 resulted in decreased proliferation and cell cycle arrest in KIRC cells by inhibiting
transforming growth factor beta (TGF-β) signaling. TGF-β has been implicated in EMT in
renal cancer, thus suggesting that HOXD1 functions as a tumor suppressor via inhibition
of TGF-β [117]. A different study also found that HOXD1 was significantly decreased in
KIRC as well as other RCC types—KICH and KIRP [118]. KIRC and KICH patients with
high HOXD1 expression had significantly longer OS as well as improved progression-free
survival. Further bioinformatics analysis using TIMER revealed that HOXD1 positively
correlated with immune infiltration, thus indicating that HOXD1 could be an indicator for
the use of immunotherapeutic agents in patients with RCC.

8.2. Role of HOXC11 in Kidney Renal Clear Cell Carcinoma

Bioinformatics analysis conducted by Cui et al. revealed that HOXC11 was signifi-
cantly upregulated in KIRC patient samples [119]. High HOXC11 expression was correlated
with worse OS, and in vitro knockout of HOXC11 resulted in decreased proliferation and
apoptosis induction, therefore suggesting HOXC11 functions as an oncogene. Further in
silico analysis demonstrated that HOXC11 mediates fatty acid metabolism and mechanistic
target of rapamycin kinase (mTOR) pathways, each of which plays a role in carcino-
genesis [120,121]. HOXC11 inhibited peroxisome-proliferator-activated receptor gamma
(PPARγ), a gene shown to induce apoptosis and cell cycle arrest, therefore suggesting that
the oncogenic effects of HOXC11 arise from inactivation of PPAR signaling [122]. A second
study by Liu et al. confirmed the prognostic value of HOXC11 [123]. HOXC11 mRNA
and protein expression were both significantly increased in RCC compared to normal
kidney tissue. In vitro overexpression of HOXC11 in the HK-2 human epithelial cell line
fostered proliferation, whereas downregulation of naturally increased HOXC11 levels in
human RCC cells had an inhibitory effect. IHC staining of RCC tissues indicated a strong
correlation between HOXC11 and Ki67 expression, indicating that HOXC11 promotes
tumor proliferation and, therefore, a worse prognosis [124]. Elevated levels of HOXC11
were also attributed to patients with an advanced TNM stage, shorter OS, and shorter
progression-free survival than patients with low levels of this gene. Overall, these data
suggest that HOXC11 is an important mediator of carcinogenesis in RCC and a novel
determinant of patient prognosis.

8.3. Role of HOXA13 in Kidney Renal Clear Cell Carcinoma

Cui et al. identified HOXA13 as an oncogene in KIRC [125]. Bioinformatics analysis
resulted in HOXA13 significantly upregulated in KIRC vs normal tissues. High HOXA13
expression was correlated with decreased OS and DFS. HOXA13 knockdown in vitro re-
sulted in significant proliferation inhibition through arresting cells in the G0/G1 phase
of the cell cycle. The cell cycle arrest seen in HOXA13 knockdown cells was attributed
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to the increase of tumor suppressor gene P53 and decrease of cell cycle promoter cyclin
D1 (CCND1). Overexpression of HOXA13 had the opposite effect, therefore suggesting
that HOXA13 acts as an oncodriver through promoting proliferation. A different study
confirmed that HOXA13 expression was increased in KIRC tissues via bioinformatics
analysis [126]. HOXA13 was found to interact with miRNAs: miR-4668-5p, miR-4768-5p,
and miR-25-3p. MiR-4668-5p has been associated with sunitinib resistance in metastatic
RCC patients, while miR-25-3p promoted renal cell proliferation through inhibiting au-
tophagy [126,127]. Therefore, HOXA13 shows promise as a prognostic indicator in RCC
due to its action as an oncogene.

9. Colon Cancer
Colon cancer, also known as colorectal cancer (CRC), is the third most diagnosed cancer

globally, with the occurrence in the young population on the rise [128]. Early detection
is highly successful, as this malignancy is characterized by the sporadic accumulation
of mutations over a period of 10–15 years and pre-cancerous adenomas can be removed,
leading to a decrease in CRC incidence and mortality [129]. The standard screening strategy
is regular colonoscopies starting at the age of 45, however patient compliance is low due to
the invasiveness and risks associated with this procedure [130]. Non-invasive screening
using a fecal occult blood test is cost-effective but comes with poor selectivity and sensitivity.
Treatment options typically include surgical resection, chemotherapy, radiation therapy,
and targeted therapies, targeting EGFR or VEGF pathways. However, there are limitations
with these therapeutic interventions that include challenges in resection and therapeutic
resistance due to tumor heterogeneity and high mutational burden [131]. Many of the
published findings on molecular biomarkers in CRC are considered controversial, with
KRAS being the most reliable marker for metastatic patients receiving EGFR therapy [132].
Thus, novel biomarker discovery is crucial for early detection and prognostic stratification
to improve patient survival.

9.1. Role of HOXD10 in Colon Cancer

Yaun et al. explored the role of HOX10 in colon cancer [133]. Bioinformatics analysis
revealed that HOXD10 was reduced in colorectal cancer due to hypermethylation of the
HOXD10 promoter. Increased HOXD10 methylation was associated with a non-significant
decrease in overall survival based on TCGA datasets. In vitro colon cancer cell lines
exhibited the same pattern of HOXD10 hypermethylation subsequent to mRNA repression.
Demethylation of HOXD10 in vitro resulted in increased HOXD10 levels, which reduced
cell proliferation and induced apoptosis. In vitro overexpression of HOXD10 resulted in the
same impact on proliferation and apoptosis, therefore suggesting that HOXD10 functions
as a tumor suppressor and, thus, hypermethylation of this gene allows for CRC progression.
HOXD10 overexpression resulted in the inactivation of the AKT and ERK/MAPK pathways,
thus abrogating carcinogenicity. AKT and the ERK/MAPK pathways are key mediators
of CRC, regulating metabolism, EMT, cell cycle progression, and metastasis [134–136].
Similarly, HOXD10 expression is inversely related to RAS homolog family member C
(RHOC) expression, a gene implicated in metastasis and CRC recurrence [137]. As a result,
hypermethylation of HOXD10 or decreased HOXD10 can be a vital diagnostic biomarker
for early detection of CRC.

9.2. Role of HOXA5 in Colon Cancer

Bioinformatics analysis of colon cancer datasets revealed that HOXA5 was significantly
downregulated in both colorectal adenoma and carcinoma when compared to normal colon
tissue [138]. These samples exhibited a strong inverse relationship between HOXA5 and
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leucine-rich-repeat-containing G protein-coupled receptor 5 (LGR5), a Wnt target gene.
Wnt signaling is often hyperactive in colon cancer, leading to metabolic reprogramming
that is key in cancer stemness and progression [139,140]. This study also demonstrated that
HOXA5 was strongly inversely correlated with MYC, where in vitro silencing of MYC in-
creased HOXA5 expression. Increased expression of MYC is a driver of carcinogenesis and
is often correlated with hyperactive Wnt signaling [141,142]. Further exploration revealed
that patients with high levels of HOXA5 had significantly better relapse-free survival. For
that reason, HOXA5 functions as a tumor suppressor gene in CRC and is repressed by
MYC and Wnt signaling. HOXA5 expression in colon cancer cell lines induced terminal
differentiation and epithelial morphology instead of a stem cell phenotype. Specifically,
cancer stem cell markers LGR5, CD44v6, and AC133 drastically decreased with HOXA5 re-
expression in vitro, indicating that loss of HOXA5 is imperative to stem cell transformation.
Stemness has been associated with worse patient outcomes, immunosuppressive TME, and
treatment resistance in CRC patients, thus indicating that decreased HOXA5 expression
and its relationship to stemness could identify patients at risk [143]. Overall, HOXA5 has
been shown to block stemness in colorectal cells by inhibiting Wnt signaling activity and,
as a result, can be useful as a powerful prognostic biomarker for colorectal cancer.

9.3. Role of HOXD8 in Colon Cancer

A study published by Mansour et al. identified HOXD8 as a tumor suppressor gene
in CRC [144]. Analysis of 18 CRC patients revealed that HOXD8 mRNA levels were
significantly decreased in CRC tissue compared to normal tissues. In silico analysis of
several datasets showed the same reduction of HOXD8 in CRC. In vitro expression of
HOXD8 inhibited proliferation while inducing apoptosis. HOXD8 expression also reduced
anchorage independence and cell invasion, two processes fundamental in tumorigenesis.
This reduction was due to HOXD8 suppression of paladin and enhancement of E-cadherin.
Paladin overexpression has been correlated with decreased survival in CRC due to its
function in actin cytoskeleton organization, while decreased expression of E-cadherin, a
marker of epithelial integrity, is correlated with shorter OS, metastasis, and decreased
DFS in CRC patients [145]. This implies that the loss of HOXD8 seen in CRC is crucial for
EMT and cancer progression. Moreover, HOXD8 was inversely related to serine/threonine
kinase 38 (STK38) and MYC, two genes related to cancer progression. As a result, HOXD8
is a novel determinant of patient outcomes due to this gene’s role as a tumor suppressor
in CRC.

10. Melanoma
Melanoma is one of the most aggressive skin cancers, and in the last decade, its inci-

dence has been rapidly increasing. Nearly 92% of all skin cancer diagnoses are melanoma,
and it represents 60% of all skin-cancer-related deaths in the United States [146]. Exposure
to ultraviolet (UV) light is the major risk factor for melanoma, with sunlight exposure being
the main source of UV rays. Other risk factors include light skin color, family or personal
history of melanoma, weakened immune system, old age, and being male, according to
the American Cancer Society. Melanoma that is detected early, usually presenting as an
irregularly shaped mole, will be removed with a wide local excision. However, accumu-
lating mutations caused by these risk factors in melanin-producing cells or melanocytes
cause the rapid expansion and proliferation of a malignant tumor that either remains
localized or disseminates and metastasizes throughout the body [147]. All other stages of
melanoma require immune checkpoint inhibitors (ICIs) or targeted drug therapies, which
have significantly improved overall survival rates. Before the use of these therapies, malig-
nant melanoma had a five-year survival rate of less than 5% [148]. ICIs most commonly
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used to treat malignant melanoma include anti-CTLA-4 or anti-PD-1/anti-PD-L1 treat-
ment [149]. Although modern immunotherapies like ICIs have significantly improved the
overall survival of melanoma patients, the effectiveness is limited to approximately 50% of
patients [150]. Therefore, there is a crucial need for biomarker discovery in this cancer type
to identify risk progression and treatment options for these patients.

10.1. Role of HOXC10 in Melanoma

Miao et al. determined that HOXC10 is a key factor in melanoma development [151].
HOXC10 was upregulated in melanoma patient tissue compared to non-cancerous adjacent
tissues from a cohort of 60 patients. In vitro melanoma cell lines also exhibited upregulation
of HOXC10 mRNA and protein. Silencing of HOXC10 reduced cell viability, prolifera-
tion, and clone formation while inducing apoptosis in vitro. HOXC10 was implicated in
EMT, as in vitro knockdown of this gene reduced migration, invasion, and EMT markers
N-cadherin and Snail. In melanoma, N-cadherin has been shown to promote proliferation
and migration, while Snail promotes tumor growth through the promotion of an immuno-
suppressive TME [152,153]. Endogenous HOXC10 increased SLUG activity, a target of the
yes-associated protein/transcriptional coactivator with PDZ-binding motif (YAP/TAZ)
pathway. The YAP/TAZ pathway has been indicated in EMT and the invasive phenotype
of melanoma [154]. The use of HOXC10 knockdown cells in vivo resulted in a decreased
tumor size and decreased lung metastasis. These data conclude that HOXC10 promotes the
progression of melanoma through its role in EMT and, therefore, can function as a potential
early diagnostic biomarker.

10.2. Role of HOXA1 in Melanoma

A study conducted by Wardell-Ozgo et al. implied that HOXA1 is a key driver of
melanoma tumorigenesis [155]. In silico analysis of murine metastatic melanoma tumors
pinpointed HOXA1 as the most significant pro-invasion gene. Non-metastatic cells ec-
topically expressing HOXA1 showed increased invasion, formed lung metastasis, and
showed stellate protrusions, which indicated an invasive cell morphology. HOXA1 demon-
strated pro-invasion capabilities in human melanoma cell lines as well, where immortalized
melanocytes that overexpressed HOXA1 had enhanced invasion and invasive morpho-
logical changes. These cells also exhibited anchorage-independent growth in vitro and an
increased tumor size when implanted in vivo. Transcriptome analysis of HOXA1 endoge-
nous melanoma cells revealed upregulation of TGF-β signaling and downregulation of
melanocyte-inducing transcription factor (MITF). The TGF-β pathway has been implicated
in many parts of tumorigenesis, including EMT, cell growth, differentiation, and apop-
tosis [156]. Eighty-four TGF-β signaling genes were associated with HOXA1 expression,
indicating that HOXA1 drives melanoma progression through interaction with the TGF-β
signaling axis. MITF has been identified as a regulator of normal melanocyte develop-
ment and differentiation and has demonstrated the ability to inhibit invasion and EMT
in melanoma [157]. Therefore, the downregulation of MITF in melanoma cells with en-
hanced HOXA1 expression may lead to melanocyte de-differentiation and thus an invasive
phenotype due to the upregulation of TGF-β activation. Lastly, bioinformatics analysis
uncovered that patients with high HOXA1 had a highly invasive melanoma signature and a
reduced time to distant metastasis formation. Therefore, HOXA1 is a prognostic biomarker
for highly invasive melanoma and metastasis.

10.3. Role of HOXC13 in Melanoma

HOXC13 expression has been identified as an important factor in melanoma pro-
gression in a study by Cantile et al. [158]. Forty-eight primary melanoma and corre-
sponding metastatic tissue samples were evaluated for HOXC13 expression by IHC and
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qRT-PCR. Metastatic tissues had significantly increased HOXC13 expression compared to
primary melanoma. In vitro HOXC13 expression confirmed this pattern, in which primary
melanoma cell lines had moderate HOXC13 expression, while metastatic cell lines had
significantly higher expression. The exact mechanism in which HOXB13 plays a role in the
metastatic switch in melanoma has yet to be determined and is a vital area of study that
needs further exploration. However, HOXB13 expression has been linked with metastatic
progression in prostate cancer through lipid accumulation [159,160]. The studies show the
prognostic significance of HOXC13 as a biomarker for metastatic melanoma and, therefore,
decreased overall survival.

11. Lung Cancer
Lung cancer (LC) is the second most common malignancy worldwide, yet it accounts

for the most cancer-related deaths according to the World Health Organization. Risk factors
for this type of cancer include tobacco use, secondhand smoke, asbestos, alcohol use, ioniz-
ing radiation, pulmonary fibrosis, and radiation therapy to treat other malignancies [161].
LC is divided into two histological types: small-cell lung cancer (SCLC) and non-small-
cell lung cancer (NSCLC). NSCLC makes up 80–90% of all lung cancer cases, with the
majority of newly diagnosed cases being advanced stage with an overall survival rate of
10–15% [162]. NSCLC is further divided into three subtypes: lung squamous cell carcinoma
(LUSC), lung adenocarcinoma (LUAD), and large-cell lung cancer (LCLC). While LUSC
and LUAD are the most common subtypes of NSCLC, their biological signatures vary
greatly, and biomarkers are few and far between [163]. SCLC accounts for approximately
15% of all LC cases but is highly aggressive and has a high propensity for relapse, with
a two-year survival rate of less than 5% due to chemoresistance [164]. Typical treatment
for early-stage patients includes lobectomy, chemotherapy, radiation therapy, or a com-
bination of these treatment modalities. However, 30–50% of patients will relapse even
after complete resection during early-stage disease [165]. Despite advances in early LC
identification and the use of standard treatments, the majority of patients are diagnosed
at an advanced stage in which the prognosis is poor, with a five-year survival rate of
approximately 10% [166]. Therefore, biomarker discovery is essential, as early detection
will prolong patient survival, and prognostic indicators are crucial for the identification of
specific therapeutic interventions.

11.1. Role of HOXA1 in Lung Cancer

Zhang et al. elucidated the role of HOXA1 as an oncogene in NSCLC tissues via
RT-qPCR and bioinformatics-based analyses [167]. The cohort of 53 NSCLC samples was
collected during surgical resection, with 22 patients having LUSC and 31 patients with
LUAD. NSCLC tissue had increased HOXA1 mRNA when compared to normal lung
tissue. Expression of HOXA1 was associated with advanced-stage disease and lymph
node metastasis. Three databases, TCGA, Oncomine, and GEPIA, were utilized to explore
HOXA1 expression patterns across 11 NSCLC datasets. Ten of the eleven datasets matched
the RT-qPCR data, in which NSCLC tissue had high HOXA1 levels compared to normal
lung tissue. Further bioinformatics analysis revealed that HOXA1 is associated with the
P53 signaling pathway, specifically cyclin-dependent kinase inhibitor 2A (CDKN2A) and
checkpoint kinase 1 (CHEK1). As these genes are related to cell cycle control and mainly
function to prevent carcinogenic advancement, it is suggested that HOXA1 may contribute
to dysregulation of the p53 pathway, therefore resulting in tumorigenesis. However, the
specific mechanism by which this takes place has yet to be studied [168]. This study
hypothesized that the overexpression of HOXA1 is essential for NSCLC oncogenesis and a
promising diagnostic biomarker.
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A different study conducted by Xiao et al. showed the overexpression of HOXA1
in SCLC patients [169]. Immunohistochemistry was performed on tissues collected from
63 SCLC patients, where 46% of the patients were HOXA1-positive. Patients with positive
HOXA1 staining had a significantly increased overall survival and enhanced chemotherapy
response. Chemotherapeutic-resistant SCLC cells exhibited a significant downregulation
of HOXA1 in vitro when compared to chemoresponsive SCLC cells. Overexpression of
HOXA1 in chemotherapeutic-resistant SCLC cells significantly reduced cell proliferation
and survival, as well as reduced the IC50 of chemotherapy needed for treatment. On the
other hand, HOXA1 silencing in SCLC resulted in chemoresistance and increased cell
proliferation and survival. Expression of HOXA1 was inversely correlated with miR-100
and, after further analysis, it was found that HOXA1 is a direct target of miR-100. MiR-100
has been implicated as a tumor suppressor gene by abrogating invasion and migration
capacities in NSCLC; however, the role of this miRNA in SCLC appears to have a different
role and needs further investigation [170]. Overall, this study implies that HOXA1 is a
positive predictor of increased survival and chemotherapeutic response in SCLC.

11.2. Role of HOXA13 in Non-Small-Cell Lung Cancer

Evaluation of HOXA13 in NSCLC by Wang et al. revealed that expression of this gene
is elevated in malignant tissue compared to normal lung tissue [171]. This upregulation
of HOXA13 was demonstrated by qRT-PCR, IHC, and bioinformatic analysis of NSCLC
patients. Patients with high HOXA13 had a worse OS and DFS and were determined to
have an independent unfavorable prognostic factor via Cox regression. In vitro overex-
pression of HOXA13 resulted in increased proliferation, while knockdown of this gene
inhibited NSCLC growth. qRT-PCR screening and IHC revealed that HOXA13 exerts
its oncogenic properties by reducing P53 signaling while stimulating the Wnt/β-catenin
pathway. Specifically, P53, a tumor suppressor gene, and its targets, P21, phorbol-12-
myristate-13-acetate-induced protein 1 (PMAIP1), and BCL-2-associated X protein (BAX),
were inhibited by HOXA13 expression, thus allowing oncogenic proliferation to occur [172].
HOXA13 expression increased β-catenin, and its downstream MYC, CCND1, and matrix
metalloproteinase 7 (MMP7) have been shown to promote EMT, metastasis, and poor
patient prognosis in NSCLC [173,174]. Further to this point, mice implanted with stably
expressing HOXA13 cells had a significantly increased tumor volume as well as increased
lung and liver metastasis. Thus, HOXA13 shows promise as a predictor of unfavorable
patient outcomes due to this gene’s role in tumorigenesis.

11.3. Role of HOXB3 in Lung Adenocarcinoma

A study by Yan et al. revealed that high expression of HOXB3 plays a key role in
oncogenesis in LUAD [175]. In silico analysis indicated that HOXB3 was significantly
upregulated in LUAD tumors when compared to normal tissue and was a risk factor for
decreased survival regardless of tumor stage. HOXB3 was also correlated with shorter
relapse-free survival in LUAD patients. Interestingly, the association of high HOXB3
expression and decreased OS and DFS was only significant in females. Using bioinformat-
ics, HOXB3 expression was positively correlated with ten different immune checkpoint
molecules, therefore indicating that immune checkpoint blockade (ICB) therapy may be
beneficial for these patients in addition to standard treatment. A negative correlation was
exhibited between HOXB3 and the quantity of tumor-infiltrating lymphocytes (TILs) and
tumor immune stimulators. High levels of TILs have been associated with increased patient
prognosis, therefore suggesting that HOXB3 mediates tumor immunity in LUAD [176].
Additionally, HOXB3 is implicated in oncogenic maintenance through modulation of apop-
totic pathways. Specifically, HOXB3-silencing-induced apoptosis decreased BCL-2 and
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increased BAX expression. In conclusion, HOXB3 functions as an oncodriver in LUAD and
is a promising novel marker for worse patient prognosis.

12. Glioblastoma
Glioblastoma (GBM) is the most common primary brain cancer and is very aggressive

and fast growing. GBM has a median survival of approximately 15 months and a 5-year
survival of less than 7% [177]. Diagnosis consists of tumor biopsy for histological and molec-
ular evaluation, specifically looking for irregular-shaped tumor cells and the expression of
mutations like TP53, PTEN, IDH1, TERT, and EGFR overexpression [178,179]. The current
standard treatment for GBM includes surgical resection of the tumor and radiotherapy
with adjuvant temozolomide (TMZ), yet GBM continues to have low survival rates due to
its refractory nature [180,181]. Major obstacles in treating GBM are related to the invasive
nature of this cancer type, difficulty in overcoming the challenges posed by the blood–brain
barrier, intra-tumoral heterogeneity, and the immunosuppressive microenvironment [182].
Tumor borders are diffuse, making total surgical resection difficult, and any cells that have
invaded and recolonized in healthy tissue may cause treatment-resistant growth, while
the high levels of immunosuppressive cells limit the efficacy of immunotherapy [183].
There are several emerging therapies, including immune checkpoint blockade, CAR-T-cell
therapy, oncolytic virotherapy, vaccine therapy, and focused ultrasound therapy, however,
similar challenges in treatment efficacy still occur [180,184]. There is great potential in the
research evaluating aberrant expression of the HOX family in glioblastoma, as HOX genes
are important in the development of the brain during fetal development.

12.1. Role of HOXC6 in Glioblastoma

A comprehensive study by Eryi et al. investigated the role of HOXC6 in glioblas-
toma [185]. Using GBM patient gene expression profiles from ONCOMINE and TCGA,
HOXC6 expression was revealed to be significantly upregulated in GBM patients compared
to healthy controls. Increased expression of HOXC6 was associated with low survival rates
and a high risk ratio. IHC staining of GBM patient tissue for HOXC6 resulted in most
GBM patients showing HOXC6 expression, whereas no expression was seen in normal
control tissues, thus confirming the results seen in the bioinformatic analysis. Glioma cell
lines U251 and U97 were used for in vitro experimentation, as HOXC6 expression was the
highest in these cell lines. Knockdown of HOXC6 using RNA interference resulted in a
significant reduction in proliferation and colony formation. HOXC6 knockdowns also had
impaired migration and invasion evaluated via transwell cell migration/chamber invasion
assays and the scratch wound-healing assay. In vivo implantation showed that HOXC6
knockdown cell lines had decreased growth and tumor volume. These results led to the
investigation of HOXC6’s role in EMT. E-cadherin, an epithelial marker, was significantly
upregulated, while N-cadherin and vimentin, markers of mesenchymal cells, were signifi-
cantly downregulated in the knockdown cell lines, thus indicating that HOXC6 expression
regulates EMT in GBM. HOXC6 modulates EMT through the TGF-B/Smad pathway in
this cancer type, as HOXC6 knockdowns have decreased TGF-B1, TGFB2, Smad4, and
p-Smad2 expression. Therefore, this implicates that the increased expression of HOXC6
in GBM patients regulates the proliferative, migratory, and invasive capacity through the
TGFb/Smad pathway. Previous studies have shown that HOXC6 overexpression in GBM
promotes proliferation and migratory capacity; however, the specific mechanisms differ, as
one study indicated MAPK signaling as the mechanism [186] and another study implicated
the WNT pathway [187]. As HOX genes are transcription factors, multiple downstream
pathway involvement is not unusual. Overall, HOXC6 shows promise as a prognostic
indicator for poor survival in patients with high HOXC6 expression.
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12.2. Role of HOXD10 in Glioblastoma

A study by Li et al. identified HOXD10 as an indicator of poor prognosis in GBM [188].
Bioinformatic analysis of GBM patient datasets showed that HOXD10 mRNA expression
was significantly increased in GBM patients compared to normal tissue. Patients with
high HOXD10 expression had a decreased rate of survival via Kaplan–Meir curve analysis.
IHC analysis of 71 GBM patients and 15 normal brain samples resulted in 26% staining in
GBM patients and 71% staining in normal tissue, thus conflicting with the bioinformatic
analysis. However, the authors proposed that the underlying mechanism was due to the
bifunctional role of TGF-B as either an activator or inhibitor of cell proliferation, but this
has yet to be researched in GBM in relation to HOXD10. A study by Yachi et al. found
that miR-23a promotes invasion of GBM via HOXD10-regulated EMT [189]. miR-23a
expression was significantly correlated to Matrigel invasion capacity in all six GBM cell
lines tested. Bioinformatic analysis concluded that HOX10 was a reliable target of miR-
23a, and in vitro overexpression of miR23a resulted in post-transcriptional degradation
of HOXD10. Kaplan–Meier analysis using PrognoScan indicated decreased survival in
patients with low HOXD10 expression, therefore confirming the IHC results presented
by Li et al. It has been shown that HOXD10 suppresses the invasive capacity of GBM via
uPAR, MMP14, and RhoC inhibition [190]. Thus, miR23a overexpression caused uPAR
and RhoC expression, as well as the expression of the EMT markers Snail, Slug, MMP2,
MMP9, and MMP14, with E-cadherin having decreased expression. However, HOXD10
overexpression reversed the alterations induced by miR-23a overexpression, therefore
indicating HOXD10’s role as a tumor suppressor in GBM and a regulatory axis between
miR-23a and HOXD10. The scratch wound-healing assay and Matrigel invasion were used
to measure migration and invasive capacity in vitro. miR-23a overexpression significantly
promoted invasion but not wound-healing capacity. HOXD10 overexpression reversed the
invasion induced by miR-23a while also altering the morphology of the GBM cells from
spindle shaped to flat with an enlarged cytoplasmic area, thus resulting in the reduction
of invasion. Overall, these data implicate HOXD10 as a tumor suppressor in GBM and
suggest that the miR-23a–HOXD10 regulatory axis plays a key role in the regulation of
EMT in this cancer type.

12.3. Role of HOXA10 in Glioblastoma

He et al. researched the role of HOXA5 in GBM patient tissue and glioblastoma stem
cells (GSCs) [191]. HOXA5 protein expression was analyzed in GBM tissue sections using
IHC and fluorescence in situ hybridization (FISH). HOXA5 expression was significantly up-
regulated compared to low-grade glioma (LGG) and paired normal brain tissue in both IHC
and FISH analyses. Bioinformatic analysis of TCGA patient datasets revealed that increased
HOXA5 is associated with a significant decrease in overall survival in both GBM and LGG
patients. HOXA5 mRNA expression was also upregulated, as indicated by the TCGA
dataset and RNA-seq analysis of CD133+ GSC cell lines. GSEA and immunofluorescence
staining revealed a positive correlation between HOXA5 expression and GSC markers in
GBM samples, thus indicating that HOXA5 is associated with the GSC signature. As GSCs
are required for GBM tumor initiation and the main cause of tumor recurrence [192,193],
HOXA5 enrichment may be a powerful diagnostic tool and a potential therapeutic target.
HOXA5’s role in GSC maintenance was further investigated. HOXA5 was silenced using
shRNAs. HOXA5 in GSCs has a reduction of SOX2 and CD133 expression, both important
markers for GSC formation and propagation [194,195]. The ability of GSCs to form tumor-
spheres was significantly reduced with HOXA5 silencing, indicating the role of HOXA5 in
GSC self-propagation. In vivo HOXA5 silencing reduced GSC tumor-derived growth, and
mice bearing HOXA5-silenced GSC lines had prolonged overall survival rates, indicating
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the importance of HOXA5 in GSC proliferation and tumor development. Upregulation
of HOXA5 in non-stem tumor cells (NSTCs) resulted in increased tumorsphere formation
and size, confirming the role of HOXA5 in GSCs. HOXA5 silencing in GSCs resulted in a
significant decrease in invasion in transwell invasion chambers, with MMP-2 and MMP-7,
two markers of cellular invasion, having decreased expression. Bioinformatic analysis to
determine genes with HOXA5 binding sites revealed PTPRZ1. PTPRZ1 has been previously
implicated in GBM migration and GSC maintenance [196,197]. A positive correlation be-
tween HOXA5 and PTPRZ1 expression in GBM was established using a luciferase reporter
and ChiP assays. Lastly, PTPRZ1 silencing reduced the self-renewal capacity, invasiveness,
and marker expression of GSCs, thus indicating that GSC maintenance relies on PTPRZ1
transcriptional activation by HOXA5. Taken together, these data suggest that enhanced
levels of HOXA5 are associated with GSC propagation and invasion, therefore indicating
the potential role of HOXA5 as a diagnostic and/or therapeutic target in GBM.

13. Conclusions
This narrative review discussed the clinical relevance of the function of HOX genes

as diagnostic markers, therapeutic biomarkers, and/or prognostic indicators in a vari-
ety of solid and hematological malignancies (Table 1). Multiple studies, including those
highlighted in this review, have shown that HOX gene dysfunction can orchestrate cancer
progression and treatment resistance, specifically through epigenetic regulation or de novo
dysregulation. We have seen that transcription factors, like the HOX gene family, exert
significant influence on malignant transformation and potentiation. Specifically, HOX
genes govern cancer advancement through direct regulation via transcriptional control
or indirectly through methylation of numerous cancer-related genes. The vast breadth
of HOX downstream targets is still widely unknown. Recent studies have shown that
dysregulated HOX gene expression leads to aberrant regulation of genes related to pro-
liferation, metastasis, angiogenesis, apoptosis, and chemotherapeutic resistance. HOX
genes may function as oncodrivers or tumor suppressors depending on the cancer type
and the form of dysregulation. HOX genes have unique expression signatures in different
cancer types, thus acting as promising biomarkers for the development of diagnostic assays,
enabling more precise stratification of patients and tailored therapeutic approaches. There
is a crucial need to understand HOX downstream targets, as identification, may lead to ad-
vances in cancer treatment and positive patient outcomes. Additionally, targeted therapies
that modulate HOX activity are being explored, as re-establishing normal HOX function
could inhibit tumor growth. For example, the HOX/PBX dimerization is attributed to the
carcinogenic phenotype of multiple malignancies [198]. HXR9, an 18 amino acid peptide
inhibitor of this interaction, has been shown to reduce cell proliferation, tumor growth, and
induce apoptosis, originally in melanoma cell lines [199]. HXR9 has been shown to be effec-
tive in a range of cancer cell types, including esophageal squamous cell carcinoma [200],
glioblastoma [201], prostate cancer [202], oral squamous cell carcinoma [203], malignant
mesothelioma [204], breast cancer [205], and ovarian cancer [206]. Furthermore, there has
been some research on the differentiation inducer retinoic acid (RA) and the expression
of HOX genes. RA has been shown to interact with HOX genes to drive differentiation
during embryogenesis [207], modulate hematopoietic development [208], regulate cell
proliferation, apoptosis, and metastasis [209,210], and maintain cellular identity and differ-
entiation [211,212]. Overall, HOX genes represent a valuable frontier in cancer research,
with the potential to improve both diagnosis and treatment strategies.
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Table 1. Reviewed HOX genes.

Gene Name Cancer Type Sample Type Dysregulation
Pattern Clinical Relevance

HOXA1

Melanoma

Tissue Overexpression

Prognostic indicator

Lung cancer
Diagnostic
marker/therapeutic
biomarker

HOXA5

Chronic myeloid leukemia Bone marrow Hypermethylation

Prognostic indicator
Gastric cancer

Tissue

Decreased
expressionColon cancer

Glioblastoma Overexpression

HOXA9 Papillary thyroid cancer Tissue Decreased
Expression Prognostic indicator

HOXA10
Acute myeloid leukemia Bone marrow

Overexpression

Prognostic
indicator/therapeutic
biomarker

Gastric cancer Tissue Prognostic indicator

HOXA13

Kidney renal clear cell
carcinoma Tissue Overexpression Prognostic indicator
Non-small-cell lung cancer

HOXB3 Lung adenocarcinoma Tissue Overexpression Prognostic indicator

HOXB5 Acute myeloid leukemia Bone marrow Overexpression Prognostic indicator

HOXB7 Multiple myeloma Tissue Overexpression
Prognostic
indicator/therapeutic
biomarker

HOXB9 Gastric cancer Tissue Overexpression
Prognostic
indicator/therapeutic
biomarker

HOXB13 Ovarian cancer Tissue Overexpression
Diagnostic
marker/prognostic
indicator

HOXC6
Multiple myeloma Peripheral blood Overexpression

Prognostic
indicator/therapeutic
biomarker

Glioblastoma Tissue Decreased
expression Prognostic indicator

HOXC8 Breast cancer Tissue Decreased expres-
sion/methylation Diagnostic marker

HOXC9 Gastric cancer Tissue Overexpression Prognostic indicator

HOXC10 Melanoma Tissue Overexpression Diagnostic marker

HOXC11 Kidney renal clear cell
carcinoma Tissue Overexpression Prognostic indicator

HOXC13 Melanoma Tissue Overexpression Biomarker/prognostic
indicator
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Table 1. Cont.

Gene Name Cancer Type Sample Type Dysregulation
Pattern Clinical Relevance

HOXD1 Renal cancer Tissue Overexpression
Prognostic
indicator/therapeutic
biomarker

HOXD4 Ovarian cancer Tissue Overexpression Prognostic indicator

HOXD9 Anaplastic thyroid cancer Tissue Overexpression
Diagnostic
marker/prognostic
indicator

HOXD10

Papillary thyroid cancer

Tissue

Decreased expression Prognostic indicator

Melanoma Overexpression Diagnostic marker

Glioblastoma Overexpression
Prognostic
indicator/therapeutic and
diagnostic marker
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in acute myeloid leukemia is associated with NPM1 mutations and poor survival. J. Adv. Res. 2019, 20, 105–116. [CrossRef]
[PubMed] [PubMed Central]

37. Döhner, H.; Wei, A.H.; Roboz, G.J.; Montesinos, P.; Thol, F.R.; Ravandi, F.; Dombret, H.; Porkka, K.; Sandhu, I.; Skikne, B.; et al.
Prognostic impact of NPM1 and FLT3 mutations in patients with AML in first remission treated with oral azacitidine. Blood 2022,
140, 1674–1685. [CrossRef] [PubMed]

38. Gaidzik, V.; Teleanu, V.; Papaemmanuil, E.; Weber, D.; Paschka, P.; Hahn, J.; Wallrabenstein, T.; Kolbinger, B.; Kohne, C.H.; Horst,
H.A.; et al. RUNX1 mutations in acute myeloid leukemia are associated with distinct clinico-pathologic and genetic features.
Leukemia 2016, 30, 2160–2168. [CrossRef]

39. Bosman, M.C.J.; Schuringa, J.J.; Vellenga, E. Constitutive NF-κB activation in AML: Causes and treatment strategies. Crit. Rev.
Oncol. Hematol. 2016, 98, 35–44. [CrossRef] [PubMed]

https://doi.org/10.1007/s00109-014-1181-y
https://www.ncbi.nlm.nih.gov/pubmed/24996520
https://doi.org/10.1002/path.1710
https://doi.org/10.1006/excr.1999.4451
https://www.ncbi.nlm.nih.gov/pubmed/10094807
https://doi.org/10.3390/ijms242115849
https://www.ncbi.nlm.nih.gov/pubmed/37958832
https://pmc.ncbi.nlm.nih.gov/articles/PMC10647248
https://pmc.ncbi.nlm.nih.gov/articles/PMC10647248
https://doi.org/10.3390/cancers13225722
https://www.ncbi.nlm.nih.gov/pubmed/34830877
https://pmc.ncbi.nlm.nih.gov/articles/PMC8616498
https://doi.org/10.1186/s12885-020-07088-6
https://www.ncbi.nlm.nih.gov/pubmed/32571260
https://doi.org/10.3389/fgene.2021.678368
https://www.ncbi.nlm.nih.gov/pubmed/34421991
https://www.ncbi.nlm.nih.gov/books/NBK531459/
https://doi.org/10.1182/blood-2008-03-144790
https://www.ncbi.nlm.nih.gov/pubmed/18827185
https://pmc.ncbi.nlm.nih.gov/articles/PMC3952549
https://doi.org/10.1016/j.blre.2021.100825
https://doi.org/10.3390/ijms231911836
https://www.ncbi.nlm.nih.gov/pubmed/36233138
https://pmc.ncbi.nlm.nih.gov/articles/PMC9569862
https://doi.org/10.1182/blood-2015-02-626390
https://www.ncbi.nlm.nih.gov/pubmed/26585953
https://doi.org/10.1128/MCB.17.1.495
https://www.ncbi.nlm.nih.gov/pubmed/8972230
https://pmc.ncbi.nlm.nih.gov/articles/PMC231774
https://doi.org/10.1038/s41408-024-01054-2
https://www.ncbi.nlm.nih.gov/pubmed/38658558
https://doi.org/10.1182/blood-2004-08-3225
https://www.ncbi.nlm.nih.gov/pubmed/15840695
https://doi.org/10.1182/blood-2002-11-3429
https://www.ncbi.nlm.nih.gov/pubmed/12702506
https://doi.org/10.1182/blood-2006-12-061283
https://www.ncbi.nlm.nih.gov/pubmed/17426258
https://doi.org/10.3389/fonc.2023.1244280
https://www.ncbi.nlm.nih.gov/pubmed/37746249
https://pmc.ncbi.nlm.nih.gov/articles/PMC10513429
https://doi.org/10.7554/eLife.79940
https://www.ncbi.nlm.nih.gov/pubmed/36259537
https://doi.org/10.1038/s41375-021-01416-w
https://www.ncbi.nlm.nih.gov/pubmed/34561557
https://doi.org/10.1016/j.jare.2019.05.006
https://www.ncbi.nlm.nih.gov/pubmed/31333881
https://pmc.ncbi.nlm.nih.gov/articles/PMC6614546
https://doi.org/10.1182/blood.2022016293
https://www.ncbi.nlm.nih.gov/pubmed/35960871
https://doi.org/10.1038/leu.2016.126
https://doi.org/10.1016/j.critrevonc.2015.10.001
https://www.ncbi.nlm.nih.gov/pubmed/26490297


Cancers 2025, 17, 262 24 of 31

40. Kagoya, Y.; Yoshimi, A.; Kataoka, K.; Nakagawa, M.; Kumano, K.; Arai, S.; Kobayashi, H.; Saito, T.; Iwakura, Y.; Kurokawa,
M. Positive feedback between NF-κB and TNF-α promotes leukemia-initiating cell capacity. J. Clin. Invest. 2014, 124, 528–542.
[CrossRef] [PubMed] [PubMed Central]

41. Strathdee, G.; Holyoake, T.L.; Sim, A.; Parker, A.; Oscier, D.G.; Melo, J.V.; Meyer, S.M.; Eden, T.; Dickinson, A.M.; Mountford, J.C.;
et al. Inactivation of HOXA Genes by Hypermethylation in Myeloid and Lymphoid Malignancy is Frequent and Associated with
Poor Prognosis. Clin. Cancer Res. 2007, 13, 5048–5055. [CrossRef] [PubMed]

42. Lakshminarasimhan, R.; Liang, G. The Role of DNA Methylation in Cancer. Adv. Exp. Med. Biol. 2016, 945, 151–172. [CrossRef]
[PubMed] [PubMed Central]

43. Elias, M.H.; Azlan, H.; Sulong, S.; Baba, A.A.; Ankathil, R. Aberrant DNA methylation at HOXA4 and HOXA5 genes are
associated with resistance to imatinib mesylate among chronic myeloid leukemia patients. Cancer Rep. 2018, 1, e1111. [CrossRef]
[PubMed]

44. Boussi, L.S.; Avigan, Z.M.; Rosenblatt, J. Immunotherapy for the treatment of multiple myeloma. Front. Immunol. 2022, 13, 1027385.
[CrossRef] [PubMed]

45. Rajkumar, S.V.; Kumar, S. Multiple Myeloma: Diagnosis and Treatment. Mayo Clin. Proc. 2016, 91, 101–119. [CrossRef]
46. Albagoush, S.A.; Shumway, C.; Azevedo, A.M. Multiple Myeloma; StatPearls Publishing: Treasure Island, FL, USA, 2024. Available

online: https://www.ncbi.nlm.nih.gov/books/NBK534764/ (accessed on 3 October 2024).
47. Hudlebusch, H.R.; Lodahl, M.; Johnsen, H.E.; Rasmussen, T. Expression of HOXA genes in patients with multiple myeloma. Leuk.

Lymphoma 2004, 45, 1215–1217. [CrossRef] [PubMed]
48. Storti, P.; Donofrio, G.; Colla, S.; Airoldi, I.; Bolzoni, M.; Agnelli, L.; Abeltino, M.; Todoerti, K.; Lazzaretti, M.; Mancini, C.; et al.

HOXB7 expression by myeloma cells regulates their pro-angiogenic properties in multiple myeloma patients. Leukemia 2011, 25,
527–537. [CrossRef] [PubMed]

49. Ria, R.; Reale, A.; De Luisi, A.; Ferrucci, A.; Moschetta, M.; Vacca, A. Bone marrow angiogenesis and progression in multiple
myeloma. Am. J. Blood Res. 2011, 1, 76–89. [PubMed] [PubMed Central]

50. Ribatti, D.; Vacca, A. New Insights in Anti-Angiogenesis in Multiple Myeloma. Int. J. Mol. Sci. 2018, 19, 2031. [CrossRef] [PubMed
Central]

51. Ridiandries, A.; Tan, J.T.; Bursill, C.A. The Role of CC-Chemokines in the Regulation of Angiogenesis. Int. J. Mol. Sci. 2016,
17, 1856. [CrossRef] [PubMed] [PubMed Central]

52. Colla, S.; Giuliani, N.; Storti, P.; Lazzaretti, M.; Todoerti, K.; Lisignoli, G.; Agnelli, L.; Manferdini, C.; Bonomini, S.; Galla, L.;
et al. HOXB7 Overexpression in Mesenchymal Cells Stimulates the Production of Pro-Angiogenic Molecules: Potential Role in
Multiple Myeloma Associated Angiogenesis. Blood 2008, 112, 2743. [CrossRef]

53. Li, Z.; Wang, Y.; Hou, X.; Gou, L.; Li, Y.; Ma, Y.; Ma, Y. High expression of HOXC6 predicts a poor prognosis and induces
proliferation and inflammation in multiple myeloma cells. Genes Genom. 2023, 45, 945–955. [CrossRef] [PubMed]

54. Liu, L.; Yu, Z.; Cheng, H.; Mao, X.; Sui, W.; Deng, S.; Wei, X.; Lv, J.; Du, C.; Xu, J.; et al. Multiple myeloma hinders erythropoiesis
and causes anaemia owing to high levels of CCL3 in the bone marrow microenvironment. Sci. Rep. 2020, 10, 20508. [CrossRef]

55. Jourdan, M.; Tarte, K.; Legouffe, E.; Brochier, J.; Rossi, J.F.; Klein, B. Tumor necrosis factor is a survival and proliferation factor for
human myeloma cells. Eur. Cytokine Netw. 1999, 10, 65–70. [PubMed] [PubMed Central]

56. Cabanillas, M.E.; McFadden, D.G.; Durante, C. Thyroid Cancer. Lancet 2016, 388, 2783–2795. [CrossRef]
57. Schneider, D.F.; Chen, H. New developments in the diagnosis and treatment of thyroid cancer. CA Cancer J. Clin. 2013, 63, 373–394.

[CrossRef]
58. Xing, M. BRAF mutation in thyroid cancer. Endocr.Relat. Cancer 2005, 12, 245–262. [CrossRef] [PubMed]
59. Cao, Y.M.; Wen, D.; Qu, N.; Zhu, Y.X. Prognostic and clinical significance of HOXC9 and HOXD10 in papillary thyroid cancer.

Transl. Cancer Res. 2021, 10, 3317–3325. [CrossRef] [PubMed] [PubMed Central]
60. Limaiem, F.; Rehman, A.; Mazzoni, T. Papillary Thyroid Carcinoma; StatPearls Publishing: Treasure Island, FL, USA, 2024. Available

online: https://www.ncbi.nlm.nih.gov/books/NBK536943/ (accessed on 1 October 2024).
61. Maksimovic, S.; Jakovljevic, B.; Gojkovic, Z. Lymph Node Metastases Papillary Thyroid Carcinoma and their Importance in

Recurrence of Disease. Med Arch. 2018, 72, 108–111. [CrossRef] [PubMed] [PubMed Central]
62. Guo, Y.; Peng, Y.; Gao, D.; Zhang, M.; Yang, W.; Linghu, E.; Herman, J.G.; Fuks, F.; Dong, G.; Guo, M. Silencing HOXD10 by

promoter region hypermethylation activates ERK signaling in hepatocellular carcinoma. Clin. Epigenetics 2017, 9, 116. [CrossRef]
[PubMed] [PubMed Central]

63. Mo, R.J.; Lu, J.M.; Wan, Y.P.; Hua, W.; Liang, Y.X.; Zhuo, Y.J.; Kuang, Q.W.; Liu, Y.L.; He, H.C.; Zhong, W.D. Decreased HoxD10
Expression Promotes a Proliferative and Aggressive Phenotype in Prostate Cancer. Curr. Mol. Med. 2017, 17, 70–78. [CrossRef]
[PubMed]

64. Wang, L.; Chen, S.; Xue, M.; Zhong, J.; Wang, X.; Gan, L.; Lam, E.K.; Liu, X.; Zhang, J.; Zhou, T.; et al. Homeobox D10 gene, a
candidate tumor suppressor, is downregulated through promoter hypermethylation and associated with gastric carcinogenesis.
Mol. Med. 2012, 18, 389–400. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.1172/JCI68101
https://www.ncbi.nlm.nih.gov/pubmed/24382349
https://pmc.ncbi.nlm.nih.gov/articles/PMC3904603
https://doi.org/10.1158/1078-0432.CCR-07-0919
https://www.ncbi.nlm.nih.gov/pubmed/17785556
https://doi.org/10.1007/978-3-319-43624-1_7
https://www.ncbi.nlm.nih.gov/pubmed/27826838
https://pmc.ncbi.nlm.nih.gov/articles/PMC7409375
https://doi.org/10.1002/cnr2.1111
https://www.ncbi.nlm.nih.gov/pubmed/32721103
https://doi.org/10.3389/fimmu.2022.1027385
https://www.ncbi.nlm.nih.gov/pubmed/36389674
https://doi.org/10.1016/j.mayocp.2015.11.007
https://www.ncbi.nlm.nih.gov/books/NBK534764/
https://doi.org/10.1080/10428190310001625836
https://www.ncbi.nlm.nih.gov/pubmed/15360004
https://doi.org/10.1038/leu.2010.270
https://www.ncbi.nlm.nih.gov/pubmed/21183939
https://www.ncbi.nlm.nih.gov/pubmed/22432068
https://pmc.ncbi.nlm.nih.gov/articles/PMC3301416
https://doi.org/10.3390/ijms19072031
https://pmc.ncbi.nlm.nih.gov/articles/PMC6073492
https://pmc.ncbi.nlm.nih.gov/articles/PMC6073492
https://doi.org/10.3390/ijms17111856
https://www.ncbi.nlm.nih.gov/pubmed/27834814
https://pmc.ncbi.nlm.nih.gov/articles/PMC5133856
https://doi.org/10.1182/blood.V112.11.2743.2743
https://doi.org/10.1007/s13258-023-01397-3
https://www.ncbi.nlm.nih.gov/pubmed/37202556
https://doi.org/10.1038/s41598-020-77450-y
https://www.ncbi.nlm.nih.gov/pubmed/10210775
https://pmc.ncbi.nlm.nih.gov/articles/PMC2025696
https://doi.org/10.1016/S0140-6736(16)30172-6
https://doi.org/10.3322/caac.21195
https://doi.org/10.1677/erc.1.0978
https://www.ncbi.nlm.nih.gov/pubmed/15947100
https://doi.org/10.21037/tcr-21-373
https://www.ncbi.nlm.nih.gov/pubmed/35116638
https://pmc.ncbi.nlm.nih.gov/articles/PMC8798145
https://www.ncbi.nlm.nih.gov/books/NBK536943/
https://doi.org/10.5455/medarh.2018.72.108-111
https://www.ncbi.nlm.nih.gov/pubmed/29736098
https://pmc.ncbi.nlm.nih.gov/articles/PMC5911164
https://doi.org/10.1186/s13148-017-0412-9
https://www.ncbi.nlm.nih.gov/pubmed/29075359
https://pmc.ncbi.nlm.nih.gov/articles/PMC5654145
https://doi.org/10.2174/1566524017666170220104920
https://www.ncbi.nlm.nih.gov/pubmed/28231752
https://doi.org/10.2119/molmed.2011.00172
https://www.ncbi.nlm.nih.gov/pubmed/22160393
https://pmc.ncbi.nlm.nih.gov/articles/PMC3356424


Cancers 2025, 17, 262 25 of 31

65. Zhong, Y.; Yu, F.; Yang, L.; Wang, Y.; Liu, L.; Jia, C.; Cai, H.; Yang, J.; Sheng, S.; Lv, Z.; et al. HOXD9/miR-451a/PSMB8 axis is
implicated in the regulation of cell proliferation and metastasis via PI3K/AKT signaling pathway in human anaplastic thyroid
carcinoma. J. Transl. Med. 2023, 21, 817. [CrossRef] [PubMed]

66. Li, L.; Zhu, M.; Huang, H.; Wu, J.; Meng, D. Identification of Hub Genes in Anaplastic Thyroid Carcinoma: Evidence From
Bioinformatics Analysis. Technol. Cancer Res. Treat. 2020, 19, 1533033820962135. [CrossRef] [PubMed] [PubMed Central]

67. Pan, D.H.; Wen, D.Y.; Luo, Y.H.; Chen, G.; Yang, H.; Chen, J.Q.; He, Y. The diagnostic and prognostic values of Ki-67/MIB-1
expression in thyroid cancer: A meta-analysis with 6,051 cases. OncoTargets Ther. 2017, 10, 3261–3276. [CrossRef] [PubMed]
[PubMed Central]

68. Zhu, X.; Wang, X.; Gong, Y.; Deng, J. E-cadherin on epithelial-mesenchymal transition in thyroid cancer. Cancer Cell Int. 2021,
21, 695. [CrossRef] [PubMed] [PubMed Central]

69. Jin, Y.; Kim, H.K.; Lee, J.; Soh, E.Y.; Kim, J.-H.; Song, I.; Chung, Y.-S.; Choi, Y.J. Transcription Factor HOXA9 is Linked to the
Calcification and Invasion of Papillary Thyroid Carcinoma. Sci. Rep. 2019, 9, 6773. [CrossRef]

70. Oh, E.M.; Chung, Y.S.; Song, W.J.; Lee, Y.D. The pattern and significance of the calcifications of papillary thyroid microcarcinoma
presented in preoperative neck ultrasonography. Ann. Surg. Treat. Res. 2014, 86, 115–121. [CrossRef] [PubMed] [PubMed Central]

71. Ha, J.; Lee, J.; Jo, K.; Han, J.S.; Kim, M.H.; Jung, C.K.; Kang, M.I.; Cha, B.Y.; Lim, D.J. Calcification Patterns in Papillary Thyroid
Carcinoma are Associated with Changes in Thyroid Hormones and Coronary Artery Calcification. J. Clin. Med. 2018, 7, 183.
[CrossRef] [PubMed] [PubMed Central]

72. Asghar, M.Y.; Knuutinen, T.; Holm, E.; Nordström, T.; Nguyen, V.D.; Zhou, Y.; Törnquist, K. Suppression of Calcium Entry
Modulates the Expression of TRβ1 and Runx2 in Thyroid Cancer Cells, Two Transcription Factors That Regulate Invasion,
Proliferation and Thyroid-Specific Protein Levels. Cancers 2022, 14, 5838. [CrossRef] [PubMed] [PubMed Central]

73. Niu, D.-F.; Kondo, T.; Nakazawa, T.; Oishi, N.; Kawasaki, T.; Mochizuki, K.; Yamane, T.; Katoh, R. Transcription factor Runx2 is a
regulator of epithelial–mesenchymal transition and invasion in thyroid carcinomas. Lab. Investig. 2012, 92, 1181–1190. [CrossRef]
[PubMed]

74. Menon, G.; Alkabban, F.M.; Ferguson, T. Breast Cancer; StatPearls Publishing: Treasure Island, FL, USA, 2024. Available online:
https://www.ncbi.nlm.nih.gov/books/NBK482286/ (accessed on 5 October 2024).

75. Deng, C.X. BRCA1: Cell cycle checkpoint, genetic instability, DNA damage response and cancer evolution. Nucleic Acids Res.
2006, 34, 1416–1426. [CrossRef] [PubMed]

76. Yarden, Y. Biology of HER2 and Its Importance in Breast Cancer. Oncology 2001, 61 (Suppl. S2), 1–13. [CrossRef] [PubMed]
77. Tarantino, P.; Hamilton, E.; Tolaney, S.M.; Cortes, J.; Morganti, S.; Ferraro, E.; Marra, A.; Curigliano, G. HER2-Low Breast Cancer:

Pathological and Clinical Landscape. J. Clin. Oncol. 2020, 38, 1951–1962. [CrossRef] [PubMed]
78. Figueroa-Magalhaes, M.C.; Jelovac, D.; Connolly, R.M.; Wolff, A.C. Treatment of HER2-positive breast cancer. Breast 2014, 23,

128–136. [CrossRef] [PubMed]
79. Dean-Colomb, W.; Esteva, F.J. Her2-positive breast cancer: Herceptin and beyond. Eur. J. Cancer 2008, 44, 2806–2812. [CrossRef]

[PubMed]
80. Shah, M.; Cardenas, R.; Wang, B.; Persson, J.; Mongan, N.P.; Grabowska, A.; Allegrucci, C. HOXC8 regulates self-renewal,

differentiation and transformation of breast cancer stem cells. Mol. Cancer 2017, 16, 38. [CrossRef] [PubMed]
81. Panigoro, S.S.; Kurnia, D.; Kurnia, A.; Haryono, S.J.; Albar, Z.A. ALDH1 Cancer Stem Cell Marker as a Prognostic Factor in

Triple-Negative Breast Cancer. Int. J. Surg. Oncol. 2020, 2020, 7863243. [CrossRef] [PubMed] [PubMed Central]
82. Ordaz-Ramos, A.; Tellez-Jimenez, O.; Vazquez-Santillan, K. Signaling pathways governing the maintenance of breast cancer stem

cells and their therapeutic implications. Front. Cell Dev. Biol. 2023, 11, 1221175. [CrossRef]
83. Feng, Y.; Spezia, M.; Huang, S.; Yuan, C.; Zeng, Z.; Zhang, L.; Ji, X.; Liu, W.; Huang, B.; Luo, W.; et al. Breast cancer development

and progression: Risk factors, cancer stem cells, signaling pathways, genomics, and molecular pathogenesis. Genes Dis. 2018, 5,
77–106. [CrossRef] [PubMed] [PubMed Central]

84. Jayson, G.C.; Kohn, E.C.; Kitchener, H.C.; Ledermann, J.A. Ovarian Cancer. Lancet 2014, 384, 1376–1388. Available online: https:
//www.thelancet.com/journals/lancet/article/PIIS0140-6736(13)62146-7/abstract (accessed on 12 October 2024). [CrossRef]

85. Zhang, M.; Cheng, S.; Jin, Y.; Zhao, Y.; Wang, Y. Roles of CA125 in diagnosis, prediction, and oncogenesis of ovarian cancer.
Biochim. Biophys. Acta (BBA) Rev. Cancer 2021, 1875, 188503. [CrossRef] [PubMed]

86. Ghose, A.; McCann, L.; Makker, S.; Mukerjee, U.; Gullapalli, S.V.N.; Erekkath, J.; Shih, S.; Mahajan, I.; Sanchez, E.; Uccello, M.; et al.
Diagnostic biomarkers in ovarian cancer: Advances beyond CA125 and HE4. Ther. Adv. Med. Oncol. 2024, 16, 17588359241233225.
[CrossRef]

87. Johnson, C.C.; Kessel, B.; Riley, T.L.; Ragard, L.R.; Williams, C.R.; Xu, J.-L.; Buys, S.S. Prostate, lung, colorectal and ovarian cancer
project team. The epidemiology of CA-125 in women without evidence of ovarian cancer in the Prostate, Lung, Colorectal and
Ovarian Cancer (PLCO) Screening Trial. Gynecol. Oncol. 2008, 110, 383–389. [CrossRef] [PubMed]

88. Akinwunmi, B.O.; Babic, A.; Vitonis, A.F.; Cramer, D.W.; Titus, L.; Tworoger, S.S.; Terry, K.L. Chronic medical conditions and
CA125 levels among women without ovarian cancer. Cancer Epidemiol. Biomark. Prev. 2018, 27, 1483–1490. [CrossRef] [PubMed]

https://doi.org/10.1186/s12967-023-04538-0
https://www.ncbi.nlm.nih.gov/pubmed/37974228
https://doi.org/10.1177/1533033820962135
https://www.ncbi.nlm.nih.gov/pubmed/33025856
https://pmc.ncbi.nlm.nih.gov/articles/PMC7545761
https://doi.org/10.2147/OTT.S135593
https://www.ncbi.nlm.nih.gov/pubmed/28740401
https://pmc.ncbi.nlm.nih.gov/articles/PMC5505609
https://doi.org/10.1186/s12935-021-02344-6
https://www.ncbi.nlm.nih.gov/pubmed/34930256
https://pmc.ncbi.nlm.nih.gov/articles/PMC8690896
https://doi.org/10.1038/s41598-019-43207-5
https://doi.org/10.4174/astr.2014.86.3.115
https://www.ncbi.nlm.nih.gov/pubmed/24761419
https://pmc.ncbi.nlm.nih.gov/articles/PMC3994623
https://doi.org/10.3390/jcm7080183
https://www.ncbi.nlm.nih.gov/pubmed/30049993
https://pmc.ncbi.nlm.nih.gov/articles/PMC6111282
https://doi.org/10.3390/cancers14235838
https://www.ncbi.nlm.nih.gov/pubmed/36497320
https://pmc.ncbi.nlm.nih.gov/articles/PMC9740761
https://doi.org/10.1038/labinvest.2012.84
https://www.ncbi.nlm.nih.gov/pubmed/22641097
https://www.ncbi.nlm.nih.gov/books/NBK482286/
https://doi.org/10.1093/nar/gkl010
https://www.ncbi.nlm.nih.gov/pubmed/16522651
https://doi.org/10.1159/000055396
https://www.ncbi.nlm.nih.gov/pubmed/11758500
https://doi.org/10.1200/JCO.19.02488
https://www.ncbi.nlm.nih.gov/pubmed/32330069
https://doi.org/10.1016/j.breast.2013.11.011
https://www.ncbi.nlm.nih.gov/pubmed/24360619
https://doi.org/10.1016/j.ejca.2008.09.013
https://www.ncbi.nlm.nih.gov/pubmed/19022660
https://doi.org/10.1186/s12943-017-0605-z
https://www.ncbi.nlm.nih.gov/pubmed/28202042
https://doi.org/10.1155/2020/7863243
https://www.ncbi.nlm.nih.gov/pubmed/32695508
https://pmc.ncbi.nlm.nih.gov/articles/PMC7354666
https://doi.org/10.3389/fcell.2023.1221175
https://doi.org/10.1016/j.gendis.2018.05.001
https://www.ncbi.nlm.nih.gov/pubmed/30258937
https://pmc.ncbi.nlm.nih.gov/articles/PMC6147049
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(13)62146-7/abstract
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(13)62146-7/abstract
https://doi.org/10.1016/S0140-6736(13)62146-7
https://doi.org/10.1016/j.bbcan.2021.188503
https://www.ncbi.nlm.nih.gov/pubmed/33421585
https://doi.org/10.1177/17588359241233225
https://doi.org/10.1016/j.ygyno.2008.05.006
https://www.ncbi.nlm.nih.gov/pubmed/18586313
https://doi.org/10.1158/1055-9965.EPI-18-0203
https://www.ncbi.nlm.nih.gov/pubmed/30237250


Cancers 2025, 17, 262 26 of 31

89. Cheng, W.; Liu, J.; Yoshida, H.; Rosen, D.; Naora, H. Lineage infidelity of epithelial ovarian cancers is controlled by HOX genes
that specify regional identity in the reproductive tract. Nat. Med. 2005, 11, 531–537. [CrossRef] [PubMed]

90. Taylor, H.S.; VandenHeuvel, G.B.; Igarashi, P. A conserved Hox axis in the mouse and human female reproductive system: Late
establishment and persistent adult expression of the Hoxa cluster genes. Biol. Reprod. 1997, 57, 1338–1345. [CrossRef]

91. Ota, T.; Gilks, B.; Longacre, T.; Leung, P.C.K.; Auersperg, N. HOXA7 in epithelial ovarian cancer: Interrelationships between
differentiation and clinical features. Reprod. Sci. 2007, 14, 605–614. [CrossRef]

92. Peng, Y.; Li, Y.; Li, Y.; Wu, A.; Fan, L.; Huang, W.; Fu, C.; Deng, Z.; Wang, K.; Zhang, Y.; et al. HOXC10 promotes tumour metastasis
by regulating the EMT-related gene Slug in ovarian cancer. Aging 2020, 12, 19375–19398. [CrossRef] [PubMed] [PubMed Central]

93. Nameki, R.; Chang, H.; Reddy, J.; Corona, R.I.; Lawrenson, K. Transcription factors in epithelial ovarian cancer: Histotype-specific
drivers and novel therapeutic targets. Pharmacol. Ther. 2021, 220, 107722. [CrossRef] [PubMed]

94. Naora, H.; Montz, F.J.; Chai, C.-Y.; Roden, R.B.S. Aberrant expression of homeobox gene HOXA7 is associated with mullerian-like
differentiation of epithelial ovarian tumors and the generation of a specific autologous antibody response. Proc. Natl. Acad. Sci.
2001, 98, 15209–15214. [CrossRef] [PubMed]

95. Yuan, H.; Kajiyama, H.; Ito, S.; Chen, D.; Shibata, K.; Hamaguchi, M.; Kikkawa, F.; Senga, T. HOXB13 and ALX4 induce SLUG
expression for the promotion of EMT and cell invasion in ovarian cancer cells. Oncotarget 2015, 6, 13359–13370. [CrossRef]
[PubMed] [PubMed Central]

96. Gu, A.; Jie, Y.; Yao, Q.; Zhang, Y.; Mingyan, E. Slug Is Associated With Tumor Metastasis and Angiogenesis in Ovarian Cancer.
Reprod. Sci. 2017, 24, 291–299. [CrossRef] [PubMed]

97. Miao, J.; Wang, Z.; Provencher, H.; Muir, B.; Dahiya, S.; Carney, E.; Leong, C.O.; Sgroi, D.C.; Orsulic, S. HOXB13 promotes ovarian
cancer progression. Proc. Natl. Acad. Sci. USA 2007, 104, 17093–17098. [CrossRef] [PubMed] [PubMed Central]

98. Yu, B.; Guo, X. Prognostic significance of HOXD4 protein expression in human ovarian cancers. Iran J. Basic Med. Sci. 2021, 24,
1561–1567. [CrossRef] [PubMed] [PubMed Central]

99. Mukkamalla, S.K.R.; Recio-Boiles, A.; Babiker, H.M. Gastric Cancer; StatPearls Publishing: Treasure Island, FL, USA, 2024.
Available online: https://www.ncbi.nlm.nih.gov/books/NBK459142/ (accessed on 2 December 2024).

100. NIH; National Cancer Institute. Stomach Cancer Survival Rates and Prognosis. 31 May 2023. Available online: https://www.
cancer.gov/types/stomach/survival (accessed on 16 October 2024).

101. NIH; National Cancer Institute. Stomach Cancer Diagnosis. 31 May 2023. Available online: https://www.cancer.gov/types/
stomach/diagnosis (accessed on 16 October 2024).

102. Sato, Y.; Okamoto, K.; Kawano, Y.; Kasai, A.; Kawaguchi, T.; Sagawa, T.; Sogabe, M.; Miyamoto, H.; Takayama, T. Novel
Biomarkers of Gastric Cancer: Current Research and Future Perspectives. J. Clin. Med. 2023, 12, 4646. [CrossRef] [PubMed]
[PubMed Central]

103. Sentani, K.; Oue, N.; Naito, Y.; Sakamoto, N.; Anami, K.; Oo, H.Z.; Uraoka, N.; Aoyagi, K.; Sasaki, H.; Yasui, W. Upregulation of
HOXA10 in gastric cancer with the intestinal mucin phenotype: Reduction during tumor progression and favorable prognosis.
Carcinogenesis 2012, 33, 1081–1088. [CrossRef] [PubMed]

104. Lee, H.S.; Lee, H.K.; Kim, H.S.; Yang, H.K.; Kim, Y.I.; Kim, W.H. MUC1, MUC2, MUC5AC, and MUC6 expressions in gastric
carcinomas. Cancer 2001, 92, 1427–1434. [CrossRef] [PubMed]

105. Sardar, A.A.; Jalal, J.A.; Ameen, K.S.H. Immunohistochemical Expression of CDX2 in Gastric Carcinoma. Iran J. Pathol. 2022, 17,
143–149. [PubMed] [PubMed Central]

106. Kato, F.; Wada, N.; Hayashida, T.; Fukuda, K.; Nakamura, R.; Takahashi, T.; Kitagawa, Y. Experimental and clinicopathological
analysis of HOXB9 in gastric cancer. Oncol. Lett. 2019, 17, 3097–3102. [CrossRef] [PubMed]

107. Schimanski, C.; Schlaegel, F.; Jordan, M.; Moehler, M.; Sgourakis, G.; Drescher, D.G.; Galle, P.R.; Lang, H.; Gockel, I. VEGF-D
Correlates with Metastatic Disease in Gastric Cancer Patients Undergoing Surgery. World J. Surg. 2011, 35, 1010–1016. [CrossRef]

108. Wu, Y.; Zhou, T.; Tang, Q.; Xiao, J. HOXA5 inhibits tumor growth of gastric cancer under the regulation of microRNA-196a. Gene
2019, 681, 62–68. [CrossRef] [PubMed]

109. Khalilian, S.; Imani, S.Z.H.; Abedinlou, H.; Omrani, M.A.; Ghafouri-Fard, S. miR-196a in the carcinogenesis and other disorders
with an especial focus on its biomarker capacity. Pathol. Res. Pract. 2024, 260, 155433. [CrossRef]

110. Zhao, X.F.; Yang, Y.S.; Park, Y.K. HOXC9 overexpression is associated with gastric cancer progression and a prognostic marker for
poor survival in gastric cancer patients. Int. J. Clin. Oncol. 2020, 25, 2044–2054. [CrossRef] [PubMed]

111. Tang, Y.; Wang, T.; Yu, Y.; Yan, Y.; Wu, C. Upregulation of HOXC9 generates interferon-gamma resistance in gastric cancer by
inhibiting the DAPK1/RIG1/STAT1 axis. Cancer Sci. 2021, 112, 3455–3468. [CrossRef] [PubMed]

112. Schiavoni, V.; Campagna, R.; Pozzi, V.; Cecati, M.; Milanese, G.; Sartini, D.; Salvolini, E.; Galosi, A.B.; Emanuelli, M. Recent
Advances in the Management of Clear Cell Renal Cell Carcinoma: Novel Biomarkers and Targeted Therapies. Cancers 2023,
15, 3207. [CrossRef] [PubMed] [PubMed Central]

113. Muglia, V.F.; Prando, A. Renal cell carcinoma: Histological classification and correlation with imaging findings. Radiol. Bras. 2015,
48, 166–174. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.1038/nm1230
https://www.ncbi.nlm.nih.gov/pubmed/15821746
https://doi.org/10.1095/biolreprod57.6.1338
https://doi.org/10.1177/1933719107307781
https://doi.org/10.18632/aging.103824
https://www.ncbi.nlm.nih.gov/pubmed/32897245
https://pmc.ncbi.nlm.nih.gov/articles/PMC7732328
https://doi.org/10.1016/j.pharmthera.2020.107722
https://www.ncbi.nlm.nih.gov/pubmed/33137377
https://doi.org/10.1073/pnas.011503998
https://www.ncbi.nlm.nih.gov/pubmed/11742062
https://doi.org/10.18632/oncotarget.3673
https://www.ncbi.nlm.nih.gov/pubmed/25944620
https://pmc.ncbi.nlm.nih.gov/articles/PMC4537020
https://doi.org/10.1177/1933719116654989
https://www.ncbi.nlm.nih.gov/pubmed/27368877
https://doi.org/10.1073/pnas.0707938104
https://www.ncbi.nlm.nih.gov/pubmed/17942676
https://pmc.ncbi.nlm.nih.gov/articles/PMC2040435
https://doi.org/10.22038/IJBMS.2021.58396.12969
https://www.ncbi.nlm.nih.gov/pubmed/35317110
https://pmc.ncbi.nlm.nih.gov/articles/PMC8917843
https://www.ncbi.nlm.nih.gov/books/NBK459142/
https://www.cancer.gov/types/stomach/survival
https://www.cancer.gov/types/stomach/survival
https://www.cancer.gov/types/stomach/diagnosis
https://www.cancer.gov/types/stomach/diagnosis
https://doi.org/10.3390/jcm12144646
https://www.ncbi.nlm.nih.gov/pubmed/37510761
https://pmc.ncbi.nlm.nih.gov/articles/PMC10380533
https://doi.org/10.1093/carcin/bgs121
https://www.ncbi.nlm.nih.gov/pubmed/22411957
https://doi.org/10.1002/1097-0142(20010915)92:6%3C1427::AID-CNCR1466%3E3.0.CO;2-L
https://www.ncbi.nlm.nih.gov/pubmed/11745219
https://www.ncbi.nlm.nih.gov/pubmed/35463729
https://pmc.ncbi.nlm.nih.gov/articles/PMC9013877
https://doi.org/10.3892/ol.2019.10008
https://www.ncbi.nlm.nih.gov/pubmed/30867739
https://doi.org/10.1007/s00268-011-1041-7
https://doi.org/10.1016/j.gene.2018.09.051
https://www.ncbi.nlm.nih.gov/pubmed/30267809
https://doi.org/10.1016/j.prp.2024.155433
https://doi.org/10.1007/s10147-020-01772-0
https://www.ncbi.nlm.nih.gov/pubmed/32816159
https://doi.org/10.1111/cas.15043
https://www.ncbi.nlm.nih.gov/pubmed/34159686
https://doi.org/10.3390/cancers15123207
https://www.ncbi.nlm.nih.gov/pubmed/37370817
https://pmc.ncbi.nlm.nih.gov/articles/PMC10296504
https://doi.org/10.1590/0100-3984.2013.1927
https://www.ncbi.nlm.nih.gov/pubmed/26185343
https://pmc.ncbi.nlm.nih.gov/articles/PMC4492569


Cancers 2025, 17, 262 27 of 31

114. Gupta, S.; Kanwar, S.S. Biomarkers in renal cell carcinoma and their targeted therapies: A review. Explor. Target. Anti-Tumor Ther.
2023, 4, 941–961. [CrossRef] [PubMed] [PubMed Central]

115. Pandey, J.; Syed, W. Renal Cancer; StatPearls Publishing: Treasure Island, FL, USA, 2024. Available online: https://www.ncbi.nlm.
nih.gov/books/NBK558975/ (accessed on 3 October 2024).

116. Cui, Y.; Zhang, C.; Li, Y.; Ma, S.; Cao, W.; Guan, F. HOXD1 functions as a novel tumor suppressor in kidney renal clear cell
carcinoma. Cell Biol. Int. 2021, 45, 1246–1259. [CrossRef] [PubMed]

117. Tretbar, S.; Krausbeck, P.; Müller, A.; Friedrich, M.; Vaxevanis, C.; Bukur, J.; Jasinski-Bergner, S.; Seliger, B. TGF-β inducible
epithelial-to-mesenchymal transition in renal cell carcinoma. Oncotarget 2019, 10, 1507–1524. [CrossRef]

118. Wang, L.; Wang, X.; Sun, H.; Wang, W.; Cao, L. A pan-cancer analysis of the role of HOXD1, HOXD3, and HOXD4 and validation
in renal cell carcinoma. Aging 2023, 15, 10746–10766. [CrossRef] [PubMed] [PubMed Central]

119. Cui, Y.; Zhang, C.; Wang, Y.; Ma, S.; Cao, W.; Guan, F. HOXC11 functions as a novel oncogene in human colon adenocarcinoma
and kidney renal clear cell carcinoma. Life Sci. 2020, 243, 117230. [CrossRef] [PubMed]

120. Pantuck, A.J.; Seligson, D.B.; Klatte, T.; Yu, H.; Leppert, J.T.; Moore, L.; O’Toole, T.; Gibbons, J.; Belldegrun, A.S.; Figlin, R.A.
Prognostic relevance of the mTOR pathway in renal cell carcinoma. Cancer 2007, 109, 2257–2267. [CrossRef]

121. Heravi, G.; Yazdanpanah, O.; Podgorski, I.; Matherly, L.H.; Liu, W. Lipid metabolism reprogramming in renal cell carcinoma.
Cancer Metastasis Rev. 2022, 41, 17–31. [CrossRef] [PubMed] [PubMed Central]

122. Yang, F.G.; Zhang, Z.W.; Xin, D.Q.; Shi, C.J.; Wu, J.P.; Guo, Y.L.; Guan, Y.F. Peroxisome proliferator-activated receptor gamma
ligands induce cell cycle arrest and apoptosis in human renal carcinoma cell lines. Acta Pharmacol. Sin. 2005, 26, 753–761.
[CrossRef] [PubMed]

123. Liu, Y.-J.; Zhu, Y.; Yuan, H.-X.; Zhang, J.-P.; Gua, J.-M.; Lin, Z.-M. Overexpression of HOXC11 homeobox gene in clear cell renal
cell carcinoma induces cellular proliferation and is associated with poor prognosis. Tumor Biol. 2015, 36, 2821–2829. [CrossRef]

124. Xie, Y.; Chen, L.; Ma, X.; Li, H.; Gu, L.; Gao, Y.; Fan, Y.; Zhang, Y.; Zhang, X. Prognostic and clinicopathological role of high Ki-67
expression in patients with renal cell carcinoma: A systematic review and meta-analysis. Sci. Rep. 2017, 7, 44281. [CrossRef]
[PubMed] [PubMed Central]

125. Cui, Y.; Yan, M.; Zhang, C.; Xue, J.; Zhang, Q.; Ma, S.; Guan, F.; Cao, W. Comprehensive analysis of the HOXA gene family
identifies HOXA13 as a novel oncogenic gene in kidney renal clear cell carcinoma. J. Cancer Res. Clin. Oncol. 2020, 146, 1993–2006.
[CrossRef] [PubMed]

126. Kovacova, J.; Juracek, J.; Poprach, A.; Buchler, T.; Fiala, O.; Radova, L.; Svoboda, M.; Kopkova, A.; Vecera, M.; Slaby, O. Abstract
1800: miR-376b and miR-4668 predict therapeutic response to sunitinib in metastatic renal cell carcinoma. Cancer Res. 2019, 79
(Suppl. S13), 1800. [CrossRef]

127. Liu, G.; Kang, X.; Guo, P.; Shang, Y.; Du, R.; Wang, X.; Chen, L.; Yue, R.; Kong, F. miR-25-3p promotes proliferation and inhibits
autophagy of renal cells in polycystic kidney mice by regulating ATG14-Beclin 1. Ren. Fail. 2020, 42, 333–342. [CrossRef]
[PubMed] [PubMed Central]

128. Wu, Z.; Lu, Z.; Li, L.; Ma, M.; Long, F.; Wu, R.; Huang, L.; Chou, J.; Yang, K.; Zhang, Y.; et al. Identification and Validation
of Ferroptosis-Related LncRNA Signatures as a Novel Prognostic Model for Colon Cancer. Front. Immunol. 2022, 12, 783362.
[CrossRef] [PubMed] [PubMed Central]

129. Alves Martins, B.A.; de Bulhões, G.F.; Cavalcanti, I.N.; Martins, M.M.; de Oliveira, P.G.; Martins, A.M.A. Biomarkers in Colorectal
Cancer: The Role of Translational Proteomics Research. Front. Oncol. 2019, 9, 1284. [CrossRef] [PubMed]

130. Arvelo, F.; Sojo, F.; Cotte, C. Biology of colorectal cancer. Ecancermedicalscience 2015, 9, 520. [CrossRef] [PubMed] [PubMed
Central]

131. Wolf, A.M.D.; Fontham, E.T.H.; Church, T.R.; Flowers, C.R.; Guerra, C.E.; LaMonte, S.J.; Etzioni, R.; McKenna, M.T.; Oeffinger,
K.C.; Shih, Y.C.T.; et al. Colorectal cancer screening for average-risk adults: 2018 guideline update from the American Cancer
Society. CA A Cancer J. Clin. 2018, 68, 250–281. [CrossRef]

132. Vacante, M.; Borzì, A.M.; Basile, F.; Biondi, A. Biomarkers in colorectal cancer: Current clinical utility and future perspectives.
World J. Clin. Cases 2018, 6, 869–881. [CrossRef] [PubMed] [PubMed Central]

133. Yuan, Y.H.; Wang, H.Y.; Lai, Y.; Zhong, W.; Liang, W.; Yan, F.; Yu, Z.; Chen, J.; Lin, Y. Epigenetic inactivation of HOXD10 is
associated with human colon cancer via inhibiting the RHOC/AKT/MAPK signaling pathway. Cell Commun. Signal 2019, 17, 9.
[CrossRef]

134. Zhou, G.; Yang, J.; Song, P. Correlation of ERK/MAPK signaling pathway with proliferation and apoptosis of colon cancer cells.
Oncol. Lett. 2019, 17, 2266–2270. [CrossRef] [PubMed] [PubMed Central]

135. Johnson, S.M.; Gulhati, P.; Rampy, B.A.; Han, Y.; Rychahou, P.G.; Doan, H.Q.; Weiss, H.L.; Evers, B.M. Novel expression patterns
of PI3K/Akt/mTOR signaling pathway components in colorectal cancer. J. Am. Coll. Surg. 2010, 210, 767–778. [CrossRef]
[PubMed] [PubMed Central]

136. Maharati, A.; Moghbeli, M. PI3K/AKT signaling pathway as a critical regulator of epithelial-mesenchymal transition in colorectal
tumor cells. Cell Commun. Signal. 2023, 21, 201. [CrossRef]

https://doi.org/10.37349/etat.2023.00175
https://www.ncbi.nlm.nih.gov/pubmed/37970211
https://pmc.ncbi.nlm.nih.gov/articles/PMC10645469
https://www.ncbi.nlm.nih.gov/books/NBK558975/
https://www.ncbi.nlm.nih.gov/books/NBK558975/
https://doi.org/10.1002/cbin.11568
https://www.ncbi.nlm.nih.gov/pubmed/33559901
https://doi.org/10.18632/oncotarget.26682
https://doi.org/10.18632/aging.205116
https://www.ncbi.nlm.nih.gov/pubmed/37827698
https://pmc.ncbi.nlm.nih.gov/articles/PMC10599751
https://doi.org/10.1016/j.lfs.2019.117230
https://www.ncbi.nlm.nih.gov/pubmed/31923422
https://doi.org/10.1002/cncr.22677
https://doi.org/10.1007/s10555-021-09996-w
https://www.ncbi.nlm.nih.gov/pubmed/34741716
https://pmc.ncbi.nlm.nih.gov/articles/PMC10045462
https://doi.org/10.1111/j.1745-7254.2005.00753.x
https://www.ncbi.nlm.nih.gov/pubmed/15916743
https://doi.org/10.1007/s13277-014-2909-6
https://doi.org/10.1038/srep44281
https://www.ncbi.nlm.nih.gov/pubmed/28287186
https://pmc.ncbi.nlm.nih.gov/articles/PMC5347162
https://doi.org/10.1007/s00432-020-03259-x
https://www.ncbi.nlm.nih.gov/pubmed/32444962
https://doi.org/10.1158/1538-7445.AM2019-1800
https://doi.org/10.1080/0886022X.2020.1745236
https://www.ncbi.nlm.nih.gov/pubmed/32340512
https://pmc.ncbi.nlm.nih.gov/articles/PMC7241494
https://doi.org/10.3389/fimmu.2021.783362
https://www.ncbi.nlm.nih.gov/pubmed/35154072
https://pmc.ncbi.nlm.nih.gov/articles/PMC8826443
https://doi.org/10.3389/fonc.2019.01284
https://www.ncbi.nlm.nih.gov/pubmed/31828035
https://doi.org/10.3332/ecancer.2015.520
https://www.ncbi.nlm.nih.gov/pubmed/25932044
https://pmc.ncbi.nlm.nih.gov/articles/PMC4404039
https://pmc.ncbi.nlm.nih.gov/articles/PMC4404039
https://doi.org/10.3322/caac.21457
https://doi.org/10.12998/wjcc.v6.i15.869
https://www.ncbi.nlm.nih.gov/pubmed/30568941
https://pmc.ncbi.nlm.nih.gov/articles/PMC6288499
https://doi.org/10.1186/s12964-018-0316-0
https://doi.org/10.3892/ol.2018.9857
https://www.ncbi.nlm.nih.gov/pubmed/30675292
https://pmc.ncbi.nlm.nih.gov/articles/PMC6341783
https://doi.org/10.1016/j.jamcollsurg.2009.12.008
https://www.ncbi.nlm.nih.gov/pubmed/20421047
https://pmc.ncbi.nlm.nih.gov/articles/PMC2895913
https://doi.org/10.1186/s12964-023-01225-x


Cancers 2025, 17, 262 28 of 31

137. Ha, Y.J.; Tak, K.H.; Kim, S.-K.; Kim, C.W.; Lee, J.L.; Roh, S.A.; Cho, D.-H.; Kim, S.-Y.; Kim, Y.S.; Kim, J.C. Biological Characteristics
and Clinical Significance of ITGB1 and RHOC in Patients With Recurrent Colorectal Cancer. Anticancer. Res. 2019, 39, 4853–4864.
[CrossRef]

138. Ordóñez-Morán, P.; Dafflon, C.; Imajo, M.; Nishida, E.; Huelsken, J. HOXA5 Counteracts Stem Cell Traits by Inhibiting Wnt
Signaling in Colorectal Cancer. Cancer Cell 2015, 28, 815–829. [CrossRef] [PubMed]

139. Imkeller, K.; Ambrosi, G.; Klemm, N.; Cabezudo, A.C.; Henkel, L.; Huber, W.; Boutros, M. Metabolic balance in colorectal cancer
is maintained by optimal Wnt signaling levels. Mol. Syst. Biol. 2022, 18, e10874. [CrossRef]

140. Chen, Y.; Chen, M.; Deng, K. Blocking the Wnt/β-catenin signaling pathway to treat colorectal cancer: Strategies to improve
current therapies (Review). Int. J. Oncol. 2023, 62, 24. [CrossRef] [PubMed]

141. Peter, S.; Bultinck, J.; Myant, K.; Jaenicke, L.A.; Walz, S.; Müller, J.; Gmachl, M.; Treu, M.; Boehmelt, G.; Ade, C.P.; et al. Tumor
cell-specific inhibition of MYC function using small molecule inhibitors of the HUWE1 ubiquitin ligase. EMBO Mol. Med. 2014, 6,
1525–1541. [CrossRef] [PubMed] [PubMed Central]

142. Saeed, H.; Leibowitz, B.J.; Zhang, L.; Yu, J. Targeting Myc-driven stress addiction in colorectal cancer. Drug Resist. Updates 2023,
69, 100963. [CrossRef] [PubMed]

143. Zheng, H.; Liu, H.; Li, H.; Dou, W.; Wang, J.; Zhang, J.; Liu, T.; Wu, Y.; Liu, Y.; Wang, X. Characterization of stem cell landscape
and identification of stemness-relevant prognostic gene signature to aid immunotherapy in colorectal cancer. Stem Cell Res. Ther.
2022, 13, 244. [CrossRef]

144. Mansour, M.A.; Senga, T. HOXD8 exerts a tumor-suppressing role in colorectal cancer as an apoptotic inducer. Int. J. Biochem. Cell
Biol. 2017, 88, 1–13. [CrossRef] [PubMed]

145. Chang, K.; Jiang, L.; Sun, Y.; Li, H. Effect of E-cadherin on Prognosis of Colorectal Cancer: A Meta-Analysis Update. Mol. Diagn.
Ther. 2022, 26, 397–409. [CrossRef]

146. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2018. CA A Cancer J. Clin. 2018, 68, 7–30. [CrossRef]
147. Jazirehi, A.R. Molecular Analysis of Elements of Melanoma Insensitivity to TCR-Engineered Adoptive Cell Therapy. Int. J. Mol.

Sci. 2021, 22, 11726. [CrossRef]
148. Thornton, J.; Chabra, G.; Singh, C.K.; Guzmán-Pérez, G.; Shirley, C.A.; Ahmad, N. Mechanisms of Immunotherapy Resistance in

Cutaneous Melanoma: Recognizing a Shapeshifter. Front. Oncol. 2022, 12, 880876. [CrossRef] [PubMed]
149. Eddy, K.; Chen, S. Overcoming Immune Evasion in Melanoma. Int. J. Mol. Sci. 2020, 21, 8984. [CrossRef]
150. Takahashi, J.; Nagasawa, S. Immunostimulatory Effects of Radiotherapy for Local and Systemic Control of Melanoma: A Review.

Int. J. Mol. Sci. 2020, 21, 9324. [CrossRef] [PubMed]
151. Miao, Y.; Zhang, W.; Liu, S.; Leng, X.; Hu, C.; Sun, H. HOXC10 promotes growth and migration of melanoma by regulating Slug

to activate the YAP/TAZ signaling pathway. Discov. Onc. 2021, 12, 12. [CrossRef] [PubMed]
152. Li, G.; Satyamoorthy, K.; Herlyn, M. N-cadherin-mediated intercellular interactions promote survival and migration of melanoma

cells. Cancer Res. 2001, 61, 3819–3825. [PubMed]
153. Arumi-Planas, M.; Rodriguez-Baena, F.J.; Cabello-Torres, F.; Gracia, F.; Lopez-Blau, C.; Nieto, M.A.; Sanches-Laorden, B.

Microenvironmental Snail1-induced immunosuppression promotes melanoma growth. Oncogene 2023, 42, 2659–2672. [CrossRef]
[PubMed]

154. Xiao, Y.; Zhou, L.; Andl, T.; Zhang, Y. YAP1 controls the N-cadherin-mediated tumor-stroma interaction in melanoma progression.
Oncogene 2024, 43, 884–898. [CrossRef]

155. Wardwell-Ozgo, J.; Dogruluk, T.; Gifford, A.; Zhang, Y.; Heffernan, T.P.; van Doorn, R.; Creighton, C.J.; Chin, L.; Scott, K.L.
HOXA1 drives melanoma tumor growth and metastasis and elicits an invasion gene expression signature that prognosticates
clinical outcome. Oncogene 2014, 33, 1017–1026. [CrossRef]

156. Kodama, S.; Podyma-Inoue, K.A.; Uchihashi, T.; Kurioka, K.; Takahashi, H.; Sugauchi, A.; Takahashi, K.; Inubushi, T.; Kogo,
M.; Tanaka, S.; et al. Progression of melanoma is suppressed by targeting all transforming growth factor-β isoforms with an Fc
chimeric receptor. Oncol. Rep. 2021, 46, 197. [CrossRef] [PubMed] [PubMed Central]

157. Gelmi, M.C.; Houtzagers, L.E.; Strub, T.; Krossa, I.; Jager, M.J. MITF in Normal Melanocytes, Cutaneous and Uveal Melanoma: A
Delicate Balance. Int. J. Mol. Sci. 2022, 23, 6001. [CrossRef] [PubMed] [PubMed Central]

158. Cantile, M.; Scognamiglio, G.; Anniciello, A.; Farina, M.; Gentilcore, G.; Santonastaso, C.; Fulciniti, F.; Cillo, C.; Franco, R.;
Asxierto, P.A.; et al. Increased HOX C13 expression in metastatic melanoma progression. J. Transl. Med. 2012, 10, 91. [CrossRef]
[PubMed]

159. Weiner, A.B.; Faisal, F.A.; Davicioni, E.; Karnes, R.J.; Griend, D.J.V.; Lotan, T.L.; Schaeffer, E.M. Somatic HOXB13 Expression
Correlates with Metastatic Progression in Men with Localized Prostate Cancer Following Radical Prostatectomy. Eur. Urol. Oncol.
2021, 4, 955–962.PMID. [CrossRef] [PubMed] [PubMed Central]

160. Lu, X.; Fong, K.W.; Gritsina, G.; Wang, F.; Baca, S.C.; Brea, L.T.; Berchuck, J.E.; Spisak, S.; Ross, J.; Morrissey, C.; et al. HOXB13
suppresses de novo lipogenesis through HDAC3-mediated epigenetic reprogramming in prostate cancer. Nat. Genet. 2022, 54,
670–683. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.21873/anticanres.13671
https://doi.org/10.1016/j.ccell.2015.11.001
https://www.ncbi.nlm.nih.gov/pubmed/26678341
https://doi.org/10.15252/msb.202110874
https://doi.org/10.3892/ijo.2022.5472
https://www.ncbi.nlm.nih.gov/pubmed/36579676
https://doi.org/10.15252/emmm.201403927
https://www.ncbi.nlm.nih.gov/pubmed/25253726
https://pmc.ncbi.nlm.nih.gov/articles/PMC4287973
https://doi.org/10.1016/j.drup.2023.100963
https://www.ncbi.nlm.nih.gov/pubmed/37119690
https://doi.org/10.1186/s13287-022-02913-0
https://doi.org/10.1016/j.biocel.2017.04.011
https://www.ncbi.nlm.nih.gov/pubmed/28457970
https://doi.org/10.1007/s40291-022-00593-3
https://doi.org/10.3322/caac.21442
https://doi.org/10.3390/ijms222111726
https://doi.org/10.3389/fonc.2022.880876
https://www.ncbi.nlm.nih.gov/pubmed/35515106
https://doi.org/10.3390/ijms21238984
https://doi.org/10.3390/ijms21239324
https://www.ncbi.nlm.nih.gov/pubmed/33297519
https://doi.org/10.1007/s12672-021-00408-7
https://www.ncbi.nlm.nih.gov/pubmed/35201457
https://www.ncbi.nlm.nih.gov/pubmed/11325858
https://doi.org/10.1038/s41388-023-02793-5
https://www.ncbi.nlm.nih.gov/pubmed/37516803
https://doi.org/10.1038/s41388-024-02953-1
https://doi.org/10.1038/onc.2013.30
https://doi.org/10.3892/or.2021.8148
https://www.ncbi.nlm.nih.gov/pubmed/34296292
https://pmc.ncbi.nlm.nih.gov/articles/PMC8317165
https://doi.org/10.3390/ijms23116001
https://www.ncbi.nlm.nih.gov/pubmed/35682684
https://pmc.ncbi.nlm.nih.gov/articles/PMC9181002
https://doi.org/10.1186/1479-5876-10-91
https://www.ncbi.nlm.nih.gov/pubmed/22583695
https://doi.org/10.1016/j.euo.2020.05.001
https://www.ncbi.nlm.nih.gov/pubmed/32540218
https://pmc.ncbi.nlm.nih.gov/articles/PMC7736205
https://doi.org/10.1038/s41588-022-01045-8
https://www.ncbi.nlm.nih.gov/pubmed/35468964
https://pmc.ncbi.nlm.nih.gov/articles/PMC9117466


Cancers 2025, 17, 262 29 of 31

161. Clark, S.B.; Alsubait, S. In Non–Small Cell Lung Cancer; StatPearls Publishing; Treasure Island, FL, USA. 2024. Available online:
https://www.ncbi.nlm.nih.gov/books/NBK562307/ (accessed on 14 October 2024).

162. Garinet, S.; Wang, P.; Mansuet-Lupo, A.; Fournel, L.; Wislez, M.; Blons, H. Updated Prognostic Factors in Localized NSCLC.
Cancers 2022, 14, 1400. [CrossRef] [PubMed] [PubMed Central]

163. Chen, J.W.; Dhahbi, J. Lung adenocarcinoma and lung squamous cell carcinoma cancer classification, biomarker identification,
and gene expression analysis using overlapping feature selection methods. Sci. Rep. 2021, 11, 13323. [CrossRef] [PubMed]
[PubMed Central]

164. Paesmans, M. Prognostic and predictive factors for lung cancer. Breathe 2012, 9, 112–121. [CrossRef]
165. Uramoto, H.; Tanaka, F. Recurrence after surgery in patients with NSCLC. Transl. Lung Cancer Res. 2014, 3, 242–249. [CrossRef]

[PubMed] [PubMed Central]
166. Polanco, D.; Pinilla, L.; Gracia-Lavedan, E.; Mas, A.; Bertran, S.; Fierro, G.; Seminario, A.; Gómez, S.; Barbé, F. Prognostic value of

symptoms at lung cancer diagnosis: A three-year observational study. J. Thorac. Dis. 2021, 13, 1485–1494. [CrossRef] [PubMed]
[PubMed Central]

167. Zhang, Y.; Li, X.; He, R.; Wang, X.; Zhang, T.; Qin, Y.; Zhang, R.; Deng, Y.; Wang, H.; Luo, D.; et al. Upregulation of HOXA1
promotes tumorigenesis and development of non-small cell lung cancer: A comprehensive investigation based on reverse
transcription-quantitative polymerase chain reaction and bioinformatics analysis. Int. J. Oncol. 2018, 53, 73–86. [CrossRef]
[PubMed]

168. Kaiser, A.M.; Gatto, A.; Hanson, K.J.; Zhao, R.L.; Raj, N.; Ozawa, M.G.; Seoane, J.A.; Bieging-Rolett, K.T.; Wang, M.; Li, I.; et al.
p53 governs an AT1 differentiation programme in lung cancer suppression. Nature 2023, 619, 851–859. [CrossRef]

169. Xiao, F.; Bai, Y.; Chen, Z.; Li, Y.; Luo, L.; Huang, J.; Yang, J.; Liao, H.; Guo, L. Downregulation of HOXA1 gene affects small cell
lung cancer cell survival and chemoresistance under the regulation of miR-100. Eur. J. Cancer 2014, 50, 1541–1554. [CrossRef]

170. Han, W.; Ren, X.; Yang, Y.; Li, H.; Zhao, L.; Lin, Z. microRNA-100 functions as a tumor suppressor in non-small cell lung cancer
via regulating epithelial-mesenchymal transition and Wnt/β-catenin by targeting HOXA1. Thorac. Cancer 2020, 11, 1679–1688.
[CrossRef] [PubMed] [PubMed Central]

171. Wang, Y.; He, B.; Dong, Y.; He, G.-J.; Qi, X.-W.; Li, Y.; Yang, Y.-F.; Rao, Y.; Cen, Z.-S.; Han, F.; et al. Homeobox-A13 Acts as a
Functional Prognostic and Diagnostic Biomarker via Regulating P53 and Wnt Signaling Pathways in Lung Cancer. Cancer Biomark.
2021, 31, 239–254. [CrossRef] [PubMed]

172. Steels, E.; Paesmans, M.; Berghmans, T.; Branle, F.; Lemaitre, F.; Mascaux, C.; Meert, A.P.; Vallot, F.; Lafitte, J.J.; Sculier, J.P. Role of
p53 as prognostic factor for survival in lung cancer: A systematic review of the literature with a meta-analysis. Eur. Resoiratory J.
2001, 18, 705–719. [CrossRef]

173. Bhattacharya, S.; Somasundaram, A.; Ding, F.; Gaither-Davis, A.; Pennathur, A.; LaFramboise, W.A.; Dacic, S.; Kurlan, B.F.; Stabile,
L.P.; Burns, T.F. Alterations in the B-catenin pathway in non-small cell lung cancer to define a distinct molecular subtype with
prognostic and therapeutic implications. J. Clin. Oncol. 2017, 35, 11584. [CrossRef]

174. Liu, D.; Nakano, J.; Ishikawa, S.; Yokomise, H.; Ueno, M.; Kadota, K.; Urushihara, M.; Huang, C.L. Overexpression of matrix
metalloproteinase-7 (MMP-7) correlates with tumor proliferation, and a poor prognosis in non-small cell lung cancer. Lung Cancer
2007, 58, 384–391. [CrossRef] [PubMed]

175. Yan, M.; Yin, X.; Zhang, L.; Cui, Y.; Ma, X. High expression of HOXB3 predicts poor prognosis and correlates with tumor immunity
in lung adenocarcinoma. Mol. Biol. Rep. 2022, 49, 2607–2618. [CrossRef] [PubMed]

176. Pan, X.; Lin, H.; Han, C.; Feng, Z.; Wang, Y.; Lin, J.; Qiu, B.; Yan, L.; Li, B.; Xu, Z.; et al. Computerized tumor-infiltrating
lymphocytes density score predicts survival of patients with resectable lung adenocarcinoma. iScience 2022, 25, 105605. [CrossRef]
[PubMed] [PubMed Central]

177. Verdugo, E.; Puerto, I.; Medina, M.Á. An update on the molecular biology of glioblastoma, with clinical implications and progress
in its treatment. Cancer Commun. 2022, 42, 1083–1111. [CrossRef]

178. Shan, F.Y.; Zhao, D.; Tirado, C.A.; Fonkem, E.; Zhang, Y.; Feng, D.; Huang, J.H. Glioblastomas: Molecular Diagnosis and Pathology;
IntechOpen: London, UK, 2022. [CrossRef]

179. Schaff, L.R.; Mellinghoff, I.K. Glioblastoma and Other Primary Brain Malignancies in Adults: A Review. JAMA 2023, 329, 574–587.
[CrossRef]

180. Rong, L.; Li, N.; Zhang, Z. Emerging therapies for glioblastoma: Current state and future directions. J. Exp. Clin. Cancer Res. 2022,
41, 142. [CrossRef] [PubMed]

181. Guo, X.; Gu, L.; Li, Y.; Zheng, Z.; Chen, W.; Wang, Y.; Wang, Y.; Xing, H.; Shi, Y.; Liu, D.; et al. Histological and molecular
glioblastoma, IDH-wildtype: A real-world landscape using the 2021 WHO classification of central nervous system tumors. Front
Oncol. 2023, 13, 1200815. [CrossRef]

182. Wu, W.; Klockow, J.L.; Zhang, M.; Lafortune, F.; Chang, E.; Jin, L.; Wu, Y.; Daldrup-Link, H.E. Glioblastoma multiforme (GBM):
An overview of current therapies and mechanisms of resistance. Pharmacol. Res. 2021, 171, 105780. [CrossRef] [PubMed]

https://www.ncbi.nlm.nih.gov/books/NBK562307/
https://doi.org/10.3390/cancers14061400
https://www.ncbi.nlm.nih.gov/pubmed/35326552
https://pmc.ncbi.nlm.nih.gov/articles/PMC8945995
https://doi.org/10.1038/s41598-021-92725-8
https://www.ncbi.nlm.nih.gov/pubmed/34172784
https://pmc.ncbi.nlm.nih.gov/articles/PMC8233431
https://doi.org/10.1183/20734735.006911
https://doi.org/10.3978/j.issn.2218-6751.2013.12.05
https://www.ncbi.nlm.nih.gov/pubmed/25806307
https://pmc.ncbi.nlm.nih.gov/articles/PMC4367696
https://doi.org/10.21037/jtd-20-3075
https://www.ncbi.nlm.nih.gov/pubmed/33841941
https://pmc.ncbi.nlm.nih.gov/articles/PMC8024804
https://doi.org/10.3892/ijo.2018.4372
https://www.ncbi.nlm.nih.gov/pubmed/29658571
https://doi.org/10.1038/s41586-023-06253-8
https://doi.org/10.1016/j.ejca.2014.01.024
https://doi.org/10.1111/1759-7714.13459
https://www.ncbi.nlm.nih.gov/pubmed/32364673
https://pmc.ncbi.nlm.nih.gov/articles/PMC7262897
https://doi.org/10.3233/CBM-200540
https://www.ncbi.nlm.nih.gov/pubmed/33896818
https://doi.org/10.1183/09031936.01.00062201
https://doi.org/10.1200/JCO.2017.35.15_suppl.11584
https://doi.org/10.1016/j.lungcan.2007.07.005
https://www.ncbi.nlm.nih.gov/pubmed/17728005
https://doi.org/10.1007/s11033-021-07064-8
https://www.ncbi.nlm.nih.gov/pubmed/35028857
https://doi.org/10.1016/j.isci.2022.105605
https://www.ncbi.nlm.nih.gov/pubmed/36505920
https://pmc.ncbi.nlm.nih.gov/articles/PMC9730047
https://doi.org/10.1002/cac2.12361
https://doi.org/10.5772/intechopen.105472
https://doi.org/10.1001/jama.2023.0023
https://doi.org/10.1186/s13046-022-02349-7
https://www.ncbi.nlm.nih.gov/pubmed/35428347
https://doi.org/10.3389/fonc.2023.1200815
https://doi.org/10.1016/j.phrs.2021.105780
https://www.ncbi.nlm.nih.gov/pubmed/34302977


Cancers 2025, 17, 262 30 of 31

183. Seker-Polat, F.; Pinarbasi Degirmenci, N.; Solaroglu, I.; Bagci-Onder, T. Tumor Cell Infiltration into the Brain in Glioblastoma:
From Mechanisms to Clinical Perspectives. Cancers 2022, 14, 443. [CrossRef]

184. Liu, Y.; Zhou, F.; Ali, H.; Lathia, J.D.; Chen, P. Immunotherapy for glioblastoma: Current state, challenges, and future perspectives.
Cell. Mol. Immunol. 2024, 21, 1354–1375. [CrossRef] [PubMed]

185. Eryi, S.; Zheng, L.; Honghua, C.; Su, Z.; Han, X.; Donggang, P.; Zhou, Z.; Liping, Z.; Bo, C. HOXC6 Regulates the Epithelial-
Mesenchymal Transition through the TGF-β/Smad Signaling Pathway and Predicts a Poor Prognosis in Glioblastoma. J. Oncol.
2022, 8016102. [CrossRef]

186. Yang, P.; Kang, W.; Pan, Y.; Zhao, X.; Duan, L. Overexpression of HOXC6 promotes cell proliferation and migration via MAPK
signaling and predicts a poor prognosis in glioblastoma. Cancer Manag. Res. 2019, 11, 8167–8179. [CrossRef] [PubMed]

187. Yan, T.F.; Wu, M.J.; Xiao, B.; Hu, Q.; Fan, Y.H.; Zhu, X.G. Knockdown of HOXC6 inhibits glioma cell proliferation and induces cell
cycle arrest by targeting WIF-1 in vitro and vivo. Pathol. Res. Pract. 2018, 214, 1818–1824. [CrossRef] [PubMed]

188. Li, Y.; Ma, K.; Xie, Q.; Zhang, X.; Zhang, X.; Chen, K.; Qian, R. Identification of HOXD10 as a Marker of Poor Prognosis in
Glioblastoma Multiforme. OncoTargets Ther. 2021, 14, 5183–5195. [CrossRef] [PubMed]

189. Yachi, K.; Tsuda, M.; Kohsaka, S.; Wang, L.; Oda, Y.; Tanikawa, S.; Ohba, Y.; Tanaka, S. miR-23a promotes invasion of glioblastoma
via HOXD10-regulated glial-mesenchymal transition. Sig. Transduct Target Ther. 2018, 3, 33. [CrossRef]

190. Sun, L.; Yan, W.; Wang, Y.; Sun, G.; Luo, H.; Zhang, J.; Wang, X.; You, Y.; Yang, Z.; Liu, N. MicroRNA-10b induces glioma cell
invasion by modulating MMP-14 and uPAR expression via HOXD10. Brain Res. 2011, 1389, 9–18. [CrossRef]

191. He, Z.-C.; Liu, Q.; Yang, K.-D.; Chen, C.; Zhang, X.-N.; Wang, W.-Y.; Zeng, H.; Wang, B.; Liu, Y.-Q.; Luo, M.; et al. HOXA5 is
amplified in glioblastoma stem cells and promotes tumor progression by transcriptionally activating PTPRZ1. Cancer Letter. 2022,
553, 215605. [CrossRef]

192. Rodriguez, S.M.B.; Staicu, G.A.; Sevastre, A.S.; Baloi, C.; Ciubotaru, V.; Dricu, A.; Tataranu, L.G. Glioblastoma Stem Cells-Useful
Tools in the Battle against Cancer. Int. J. Mol. Sci. 2022, 23, 4602. [CrossRef]

193. Xie, X.P.; Laks, D.R.; Sun, D.; Ganbold, M.; Wang, Z.; Pedraza, A.M.; Bale, T.; Tabar, V.; Brennan, C.; Zhou, X.; et al. Quiescent
human glioblastoma cancer stem cells drive tumor initiation, expansion, and recurrence following chemotherapy. Dev. Cell. 2022,
57, 32–46. [CrossRef] [PubMed]

194. Lopez-Bertoni, H.; Johnson, A.; Rui, Y.; Lal, B.; Sall, S.; Malloy, M.; Coulter, J.B.; Lugo-Fagundo, M.; Shudir, S.; Khela, H.; et al.
Sox2 induces glioblastoma cell stemness and tumor propagation by repressing TET2 and deregulating 5hmC and 5mC DNA
modifications. Signal Transduct. Target. Ther. 2022, 7, 37. [CrossRef] [PubMed]

195. Shadbad, M.A.; Orang, F.N.; Baradaran, B. CD133 significance in glioblastoma development: In silico and in vitro study. Eur. J.
Med. Res. 2024, 29, 154. [CrossRef]

196. Ge, W.; Kan, R.L.; Yilgor, C.; Fazzari, E.; Nano, P.R.; Azizad, D.J.; Li, M.; Ito, J.Y.; Tse, C.; Tum, H.A.; et al. Human Organoid Tumor
Transplantation Identifies Functional Glioblastoma-Microenvironmental Communication Mediated by PTPRZ1. bioRxiv 2024.
[CrossRef]

197. An, L.; Yang, Y.; Liu, Q.; Dou, F.; Wang, L.; Cheng, Y.; Wang, C.; Ruan, Q.; Zhou, L.; Gua, H.; et al. Mechanism of glioma stem cells
with high expression of PTPRZ1 inducing TAMs polarization to M2 immunosuppressive phenotype. J. Army Med. Univ. 2024, 46,
796–803. [CrossRef]

198. Morgan, R.; El-Tanani, M.; Hunter, K.D.; Harrington, K.J.; Pandha, H.S. Targeting HOX/PBX dimers in cancer. Oncotarget 2017, 8,
32322–32331. [CrossRef] [PubMed] [PubMed Central]

199. Morgan, R.; Pirard, P.M.; Shears, L.; Sohal, J.; Pettengell, R.; Pandha, H.S. Antagonism of HOX/PBX dimer formation blocks the
in vivo proliferation of melanoma. Cancer Res. 2007, 67, 5806–5813. [CrossRef] [PubMed]

200. Shen, L.Y.; Zhou, T.; Du, Y.B.; Shi, Q.; Chen, K.N. Targeting HOX/PBX dimer formation as a potential therapeutic option in
esophageal squamous cell carcinoma. Cancer Sci. 2019, 110, 1735–1745. [CrossRef] [PubMed] [PubMed Central]

201. Arunachalam, E.; Rogers, W.; Simpson, G.R.; Moller-Levet, C.; Bolton, G.; Ismael, M.; Smith, C.; Keegen, K.; Bagwan, I.; Brend, T.;
et al. HOX and PBX gene dysregulation as a therapeutic target in glioblastoma multiforme. BMC Cancer 2022, 22, 400. [CrossRef]

202. Morgan, R.; Boxall, A.; Harrington, K.J.; Simpson, G.R.; Michael, A.; Pandha, H.S. Targeting HOX transcription factors in prostate
cancer. BMC Urol. 2014, 14, 17. [CrossRef] [PubMed] [PubMed Central]

203. Platais, C.; Radhakrishnan, R.; Niklander Ebensperger, S.; Morgan, R.; Lambert, D.W.; Hunter, K.D. Targeting HOX-PBX
interactions causes death in oral potentially malignant and squamous carcinoma cells but not normal oral keratinocytes. BMC
Cancer 2018, 18, 723. [CrossRef] [PubMed] [PubMed Central]

204. Morgan, R.; Simpson, G.; Gray, S.; Gillett, C.; Tabi, Z.; Spicer, J.; Harrington, K.J.; Pandha, H.S. HOX transcription factors are
potential targets and markers in malignant mesothelioma. BMC Cancer 2016, 16, 85. [CrossRef] [PubMed] [PubMed Central]

205. Morgan, R.; Boxall, A.; Harrington, K.J.; Simpson, G.R.; Gillett, C.; Michael, A.; Pandha, H.S. Targeting the HOX/PBX dimer in
breast cancer. Breast Cancer Res Treat. 2012, 136, 389–398. [CrossRef] [PubMed]

206. Morgan, R.; Plowright, L.; Harrington, K.J.; Michael, A.; Pandha, H.S. Targeting HOX and PBX transcription factors in ovarian
cancer. BMC Cancer 2010, 10, 89. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.3390/cancers14020443
https://doi.org/10.1038/s41423-024-01226-x
https://www.ncbi.nlm.nih.gov/pubmed/39406966
https://doi.org/10.1155/2022/8016102
https://doi.org/10.2147/CMAR.S209904
https://www.ncbi.nlm.nih.gov/pubmed/31564976
https://doi.org/10.1016/j.prp.2018.09.001
https://www.ncbi.nlm.nih.gov/pubmed/30228024
https://doi.org/10.2147/OTT.S336225
https://www.ncbi.nlm.nih.gov/pubmed/34737577
https://doi.org/10.1038/s41392-018-0033-6
https://doi.org/10.1016/j.brainres.2011.03.013
https://doi.org/10.1016/j.canlet.2022.215605
https://doi.org/10.3390/ijms23094602
https://doi.org/10.1016/j.devcel.2021.12.007
https://www.ncbi.nlm.nih.gov/pubmed/35016005
https://doi.org/10.1038/s41392-021-00857-0
https://www.ncbi.nlm.nih.gov/pubmed/35136034
https://doi.org/10.1186/s40001-024-01754-2
https://doi.org/10.1093/neuonc/noae165.1247
https://doi.org/10.16016/j.2097-0927.202401021
https://doi.org/10.18632/oncotarget.15971
https://www.ncbi.nlm.nih.gov/pubmed/28423659
https://pmc.ncbi.nlm.nih.gov/articles/PMC5458287
https://doi.org/10.1158/0008-5472.CAN-06-4231
https://www.ncbi.nlm.nih.gov/pubmed/17575148
https://doi.org/10.1111/cas.13993
https://www.ncbi.nlm.nih.gov/pubmed/30844117
https://pmc.ncbi.nlm.nih.gov/articles/PMC6501045
https://doi.org/10.1186/s12885-022-09466-8
https://doi.org/10.1186/1471-2490-14-17
https://www.ncbi.nlm.nih.gov/pubmed/24499138
https://pmc.ncbi.nlm.nih.gov/articles/PMC3942264
https://doi.org/10.1186/s12885-018-4622-0
https://www.ncbi.nlm.nih.gov/pubmed/29980182
https://pmc.ncbi.nlm.nih.gov/articles/PMC6035449
https://doi.org/10.1186/s12885-016-2106-7
https://www.ncbi.nlm.nih.gov/pubmed/26867567
https://pmc.ncbi.nlm.nih.gov/articles/PMC4750173
https://doi.org/10.1007/s10549-012-2259-2
https://www.ncbi.nlm.nih.gov/pubmed/23053648
https://doi.org/10.1186/1471-2407-10-89
https://www.ncbi.nlm.nih.gov/pubmed/20219106
https://pmc.ncbi.nlm.nih.gov/articles/PMC2846885


Cancers 2025, 17, 262 31 of 31

207. Marshall, H.; Morrison, A.; Studer, M.; Pöpperl, H.; Krumlauf, R. Retinoids and Hox genes. FASEB J. 1996, 10, 969–978. Available
online: https://pubmed.ncbi.nlm.nih.gov/8801179 (accessed on 14 October 2024). [CrossRef] [PubMed]

208. Szatmari, I.; Iacovino, M.; Kyba, M. The retinoid signaling pathway inhibits hematopoiesis and uncouples from the Hox genes
during hematopoietic development. Stem Cells 2010, 28, 1518–1529. [CrossRef]

209. Liu, W.J.; Zhang, T.; Guo, Q.L.; Liu, C.Y.; Bai, Y.Q. Effect of ATRA on the expression of HOXA5 gene in K562 cells and its
relationship with cell cycle and apoptosis. Mol. Med. Rep. 2016, 13, 4221–4228. [CrossRef]

210. Kopec, K.; Jarboe, T.; DeSouza, N.R.; Islam, H.K.; Geliebter, J.; Tiwari, R.K. Differentiation driver gene HOXD4 as a potential
prognostic indicator and therapeutic target in anaplastic thyroid cancer. Cancer Res. 2024, 84, 4633. [CrossRef]

211. Steens, J.; Klein, D. HOX genes in stem cells: Maintaining cellular identity and regulation of differentiation. Front. Cell Dev. Biol.
2022, 10, 1002909. [CrossRef]

212. Osmond, B.T.; Facey, C.O.; Opdenaker, L.O.; Zhang, C.; Boman, B.M. Role of HOX gene expression in differentiation of colon
cancer stem cells. Cancer Res. 2024, 84, 5599. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://pubmed.ncbi.nlm.nih.gov/8801179
https://doi.org/10.1096/fasebj.10.9.8801179
https://www.ncbi.nlm.nih.gov/pubmed/8801179
https://doi.org/10.1002/stem.484
https://doi.org/10.3892/mmr.2016.5086
https://doi.org/10.1158/1538-7445.AM2024-4633
https://doi.org/10.3389/fcell.2022.1002909
https://doi.org/10.1158/1538-7445.AM2024-5599

	Introduction 
	HOX Gene Family’s Role in Myeloid Leukemia 
	Role of HOXA10 in Acute Myeloid Leukemia 
	Role of HOXB5 in Acute Myeloid Leukemia 
	Role of HOXA5 in Chronic Myeloid Leukemia 

	Multiple Myeloma 
	Role of HOXB7 in Multiple Myeloma 
	Role of HOXC6 in Multiple Myeloma 

	Thyroid Cancer 
	Role of HOXD10 in Papillary Thyroid Cancer 
	Role of HOXD9 in Anaplastic Thyroid Cancer 
	Role of HOXA9 in Papillary Thyroid Cancer 

	Breast Cancer 
	Ovarian Cancer 
	Role of HOXB13 in Ovarian Cancer 
	Role of HOXD4 in Ovarian Cancer 

	Gastric Cancer 
	Role of HOXA10 in Gastric Cancer 
	Role of HOXB9 in Gastric Cancer 
	Role of HOXA5 in Gastric Cancer 
	Role of HOXC9 in Gastric Cancer 

	Renal Cancer 
	Role of HOXD1 in Renal Cancer 
	Role of HOXC11 in Kidney Renal Clear Cell Carcinoma 
	Role of HOXA13 in Kidney Renal Clear Cell Carcinoma 

	Colon Cancer 
	Role of HOXD10 in Colon Cancer 
	Role of HOXA5 in Colon Cancer 
	Role of HOXD8 in Colon Cancer 

	Melanoma 
	Role of HOXC10 in Melanoma 
	Role of HOXA1 in Melanoma 
	Role of HOXC13 in Melanoma 

	Lung Cancer 
	Role of HOXA1 in Lung Cancer 
	Role of HOXA13 in Non-Small-Cell Lung Cancer 
	Role of HOXB3 in Lung Adenocarcinoma 

	Glioblastoma 
	Role of HOXC6 in Glioblastoma 
	Role of HOXD10 in Glioblastoma 
	Role of HOXA10 in Glioblastoma 

	Conclusions 
	References

