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The transcription factor homeobox (Hox) proteins are the master regulator for the embryonic development.
Studies have identified new functions for HOX in the regulation of metabolism and other primary cellular
processes in humans. Their dysregulation has been observed in a variety of cancers and accumulating evidence
has revealed the crucial role of HOX in cancer progression, metastasis, and resistance to therapy. HOX-related
long non-coding RNAs (IncRNAs) became the most attracting IncRNAs recently that play critical role in gene
regulation and chromatin dynamics in cancers. In this review, we explore the roles of HOX and their related

IncRNAs in lung cancer, indicating HOX genes as potential therapeutic targets in lung cancer.

1. Introduction

Homeobox (Hox) genes are a family of homeodomain-containing
transcription factors that play essential roles in the determination of
cell fate and the development of the body plan. There are 39 HOX genes
in humans, divided into four groups (A-D) and each localized on dif-
ferent chromosomes (HOX A at 7p15.3, HOX B at 17q21.3, HOX C at
12q13.3 and HOX D at 2q31) (Apiou et al., 1996). In addition to their
roles in normal development and in the determination of cell fate, they
also control primary cellular processes, which have been demonstrated
by description of congenital (Mortlock et al., 1996), metabolic (Procino
and Cillo, 2013), and neoplastic alterations (Cantile et al., 2009;
Bhatlekar et al., 2014). Based on the studies demonstrating the differ-
ences in HOX gene expression between normal and neoplastic tissue,
HOX may play roles in promoting cancer. Abnormalities of homeobox
gene expression have been identified in many primary tumors (Grier
et al., 2005). For example, differences in HOX expression between
normal and tumor samples were observed in kidney and colon (Cillo
et al., 1992; De Vita et al., 1993). Tiberio et al reported that most of the
HOX genes were silent and only 11 HOX genes were expressed at low
levels in normal lung, while the great majority of HOX genes (30/38)
were expressed in small-cell lung cancer (SCLC) and most of them at
high levels (Tiberio et al., 1994). Flagiello et al demonstrated that

retinoic acid treatment of SCLCs resulted in noncontiguous expression
patterns in HOXB and HOXC genes (Flagiello et al., 1997). The HOX
genes are not regulated collinearly, indicating that the regulatory me-
chanisms may have been reprogrammed in SCLC. There is considerable
evidence that the deregulation of HOX expression is associated with
human acute leukemia (Drabkin et al., 2002; Debernardi et al., 2003;
Rawat et al., 2008). Several homeobox genes are the targets of chro-
mosomal translocations in leukemia and are thought to be potential
oncogenes. For example, four different translocations in acute myeloid
leukemia result in the fuse of the nucleoporin domain of NUP98 to the
homeobox of a major or divergent HOX protein (Raza-Egilmez et al.,
1998; Nakamura et al., 1999; Borrow et al., 1996). Except for the HOX-
related fusion genes HOXA9 was identified as the single gene whose
expression was most correlated with treatment failure in acute myeloid
leukemia (Golub et al., 1999). Thus, the dysregulation of HOX genes
might be directly related to their abnormal function in cancers.
Studies have primarily focused on the protein-coding region of HOX
gene clusters in humans; however, recent studies have revealed another
side of the same coin which is the transcribed sense and antisense
noncoding sequences located in HOX gene clusters or their flanking
regions, such as the HOX transcription-antisense intergenic RNA
(HOTAIR), HOXA13-AS1 (HOTTIP) and HOXD antisense growth-asso-
ciated long non-coding RNA (HAGLR). These long non-coding RNAs

* Correspondence author at: Institute of Basic Medicine, Shandong Academy of Medical Sciences, 18877 Jingshi Road, Jinan, 250062, Shandong, China.

E-mail address: hyliudycui@aliyun.com (H. Liu).
1 equal contribution

https://doi.org/10.1016/j.critrevonc.2019.04.019

Received 16 October 2018; Received in revised form 12 April 2019; Accepted 19 April 2019

1040-8428/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/10408428
https://www.elsevier.com/locate/critrevonc
https://doi.org/10.1016/j.critrevonc.2019.04.019
https://doi.org/10.1016/j.critrevonc.2019.04.019
mailto:hyliudycui@aliyun.com
https://doi.org/10.1016/j.critrevonc.2019.04.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.critrevonc.2019.04.019&domain=pdf

L. Li, et al.

Table 1
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Alteration frequency of HOX genes in lung cancer. Data were obtained from The Cancer Genome Atlas portal : http://www.cbioportal.org.

Database Alteration Frequency (case number)
HOXA1 HOXAS5 HOXA9 HOXB3 HOXB5 HOXB7 HOXB9 HOXC8 HOXD3
Lung adenocarcinoma, TCGA, Mutation 2.73% (18) 3.03%(20)  1.21%(8) 3.33%(22)  0.91%(6) 0.45%(3) 0.3%(2) 0.3%(2) 1.82%(12)
Nat Genet 2016 (n = 660) Amplification  2.42%(16) 2.42%(16) 2.42%(16) 0.45%(3) 0.61%(4) 0.61%(4) 0.61%(4) 1.21%(8) 0.76%(5)
Deep deletion  0.45%(3) 0.45%(3) 0.45%(3) - - - - 0.15%(1) -
In total 5.6% (37) 5.9%(39) 4.09%(27) 3.78%(25) 1.52%(10) 1.06%(7) 0.91%(6) 1.67%(11) 2.58%(17)
Lung squamous cell Mutation 1.45% (7) 0.41%(2) 0.41%(2) 1.03%(5) 1.45%(7) 0.41%(2) 1.24%(6) 0.41%(2) 2.27%(11)
carcinoma, TCGA, Nat Amplification 1.24%(6) 1.24%(6) 1.24%(6) - 0.21%(1) 0.41%(2) 0.41%(2) 0.21%(1) 2.07%(10)
Genet 2016 (n = 484) Deep deletion  0.21%(1) 0.21%(1) 0.21%(1) - - - - - -
In total 2.9%(14) 1.86%(9) 1.86%(9) 1.03%(5) 1.66%(8) 0.82%(4) 1.65%(8) 0.62%(3) 4.34%(21)
Lung adenocarcinoma, TCGA, Mutation 3.48%(8) 1.74%(4) 0.87%(2) 3.48%(8) 0.87%(2) - 0.43%(1) - 1.74%(4)
Provisional(n = 230) Amplification ~ 3.04%(7) 3.04%(7) 3.48%(8) 1.74%(4) 1.74%(4) 1.74%(4) 1.3%(3) 1.3%(3) 1.74%(4)
Deep deletion  0.87%(2) 0.87%(2) 0.87%(2) - - - - 0.43%(1) -
mRNA 3.91% (9) 0.87% (2) 4.78% (11) 5.65% (13) 1.74% (4) 7.83% (18) 3.04% (7) 4.35% (10) 3.48% (8)
upregulation
Multiple 0.87%(2) 0.43%(1) - 0.43%(1) 0.43%(1) 0.43%(1) 0.87% (2) 0.43% (1) -
alterations
In total 12.17% (28) 6.95% (16) 10% (23) 11.3% (26) 4.78% (11) 10% (23) 5.64% (13) 6.51% (15) 6.96% (16)
Lung squamous cell Mutation 1.12% (2) 2.25% (4) - 1.12% (2) 0.56% (1) 1.12% (2) 1.12% (2) 0.56% (1) 2.25% (4)
carcinoma, TCGA, Amplification ~ 2.25% (4) - 2.25% (4) 1.12% (2) 1.12% (2) 1.12% (2) 1.69% (3) 0.56% (1) 2.81% (5)
Provisional (n = 178) Deep deletion  0.56% (1) 0.56% (1) 0.56% (1) - - - - 0.56% (1) -
mRNA 3.93% (7) 1.69% (3) 1.12% (2) 1.12% (2) 1.69% (3) 5.62% (10)  0.56% (1) 6.74% (12) 5.06% (9)
upregulation
In total 7.86% (14) 4.5% (8) 3.93% (7) 3.36% (6) 3.37% (6) 7.86% (14) 3.37% (6) 8.42% (15) 10.12% (18)

(IncRNAs) affect gene regulation through both cis- and trans-mechan-
isms on HOX and non-HOX genes (Wang and Chang, 2011; Wang et al.,
2011; Dasen, 2013; Lee and Bartolomei, 2013). Functionally, several of
them have been identified as being linked to human disorders and ex-
erting specific functions in cancers. One example of such an oncogenic
IncRNA is HOTAIR, and HOTAIR over-expression is a hallmark of many
human cancers which have been proved in head and neck squamous
cell cancer (Sun et al., 2018), breast (Gupta et al., 2010) and hepato-
cellular cancers (Yang et al., 2011) and so on. Clinically, the over-
expression of HOTAIR is a strong predictor of overall survival and
progression for several cancers, including colon cancer (Kogo et al.,
2011), gastrointestinal stromal tumors (Niinuma et al., 2012), pan-
creatic cancer (Kim et al., 2013), laryngeal squamous cell carcinoma (Li
et al., 2013), and nasopharyngeal carcinoma (Nie et al., 2013). Here,
we review the important roles of HOX-related noncoding transcripts in
the regulation of HOX clusters and HOX/IncRNAs functions in lung
cancer.

2. The aberrant expression of HOX genes is closely related to their
function in lung cancer

2.1. HOXA in lung cancer

Homeobox A5 (HOXA5) has been implicated as a tumor suppressor
gene in breast cancer. A recent study showed that HOXA5 could co-
operate with p53 to inhibit tumor cell invasion in non-small cell lung
cancer (NSCLC). By immunohistochemical stain for p53 and HOXAS5 in
primary human NSCLC specimens the authors have seen that there is a
poor prognosis in group with non-immunoreactive for p53 and HOXA5
(Chang et al., 2017). Ectopic expression of HOXAS5 in lung adeno-
carcinoma cell lines suppressed cell migration, invasion, and filopodia
formation in vitro, and inhibited metastatic potential in vivo. Con-
sistently, knockdown of HOXA5 promoted the invasiveness of lung
cancer cells (Wang et al., 2015). Epigenetics play an important role in
the regulation of HOX gene expression of which methylation is an im-
portant mechanism in HOX silencing. Several studies observed that CpG
methylation of homeobox genes occurred during breast tumorigenesis
(Raman et al., 2000; Rodriguez et al., 2008; Tommasi et al., 2009). In
addition, Rauch et al have indicated that multiple CpG islands within
Hox clusters and near other homeobox genes are the frequent

methylation targets in lung cancer (Rauch et al., 2007). Kim et al have
investigated the methylation status of the promoter region of the
HOXA5 gene in NSCLCs which were found in 113 (81.3%) of 139
NSCLCs and 72 (51.8%) in their paired non-cancerous lung tissues (Kim
et al., 2009). Though HOXA5 methylation did not affect survival in all
NSCLCs or at stages II-IV, it was significantly associated with a worse
survival in the patients with stage I disease (Kim et al., 2009). HOX
genes are involved in chemoresistance in cancers. For example, HOXA1
expression is significantly correlated with chemotherapy response in
SCLC (Xiao et al., 2014). Enforced expression of HOXA1 in resistant
H69AR cells increased chemosensitivity by increasing cell apoptosis
and cell-cycle arrest. Meanwhile Inhibition of HOXA1 expression using
HOXA1 siRNA in H69 cells reduced drug-induced cell apoptosis and cell
cycle arrest. HOXA1-mediated SCLC chemoresistance is under the reg-
ulation of miR-100 supported by the evidence that miR-100 targeted the
predicted sites in 3’-untranslated region of HOXA1 gene and en-
dogenous miR-100 was strongly increased in resistant H69AR cells and
negatively correlated with HOXA1 expression both in cells and SCLC
tissues (Xiao et al., 2014). HOXA9 expression is dysregulated in NSCLC
and miR-196b-regualted HOXA9 affects cell invasion through nuclear
factor-kappa B activity (Yu et al., 2016). More exactly, ectopic ex-
pression of HOXA9 led to a suppression of miR-196b-induced cell in-
vasion, and enforced expression of HOXA9 increased E-cadherin ex-
pression. In addition, HOXA9 strongly attenuated the expression of
snail family zinc finger 2 (SNAI2/SLUG) and matrix metallopeptidase 9
(MMP9) by controlling the binding of nuclear factor-kappa B to the
promoter of these genes.

2.2. HOXB in lung cancer

Homeobox B (HOXB) genes have been demonstrated to play an
important role in lung cancer. Palakurthy et al reported the oncogenic
activity of HOXB3 in lung adenocarcinoma (Palakurthy et al., 2009).
The study showed that the tumor suppressor gene RASSFIA was si-
lenced by hypermethylation resulted from direct binding of DNMT3B to
the RASSFI1A promoter; while HOXB3 was required for induction of
DNMT3B expression. Knockdown of HOXB3 in A549 cells resulted in
decreased cell growth in soft agar, and ectopic expression of RASSF1A
reduced proliferation of NCI-H1437 cells with HOXB3 overexpression.
Mouse xenograft experiments confirmed that the oncogenic activity of
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HOXB3 is partially due to epigenetic silencing of RASSF1A. Knockdown
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Overexpression of HOXB9 resulted in a significantly increase in cell
migration and invasion in H1299 cells (Wan et al., 2016). The regula-
tion of HOXB9 was also investigated in this study and the authors found
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suppressed lung cancer cell migration and xenografted tumor growth.
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JMJD6 transcription. Importantly, HOXB9 K27 acetylation is sig-
nificantly associated with the outcome of patients with lung adeno-
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human bronchial epithelial cells BEAS-2B (Liu et al., 2018). Previous
studies revealed that the TGF-(} signaling pathway was associated with
functional roles of Hoxal in patterning and differentiation and was
required for HOXAl-mediated cell invasion in melanoma cells (De
Kumar et al., 2017; Wardwell-Ozgo et al., 2014). HOXC8 functions as
transcription activator to induce the expression of TGF-1 in NSCLC
cells and HOXC8-TGF-p1 pathway promoted the proliferation, ancho-
rage-independent cell growth and migration of NSCLC cells. HOXC8
was involved in chemoresistance and anti-apoptosis in NSCLC (Liu
et al., 2018). Similarly, Miyazaki et al found the important role of the
TGF-B-regulated pathway in the conversion of the cells to a more motile
and invasive phenotype upon HOXD3-overexpression (Miyazaki et al.,
2002). The genes differentially expressed between the HOXD3-over-
expressing cells and the control cells were examined and some were
TGF-B-regulated genes including TSP-1, fig-h3, PAI-1 and MMP-2. The
expression patterns of these genes in A549 cells stimulated with exo-
genous TGF-B were similar to those in A549 with HOXD3 over-
expression. The authors demonstrated that the activation of the TGF-3
pathway was resulted from an accelerated conversion of latent TGF-{3 to
an active form in the HOXD3-overexpressing A549 cells (Miyazaki
et al.,, 2002). HOXD3 was found to enhance cell motility and inva-
siveness in A549 cells (Hamada et al., 2001). HOXD3-overexpressing
A549 cells formed much more foci in lungs compared with the control
cells in vivo. Overexpression of HOXD3 induced the expression of N-
cadherin, integrin, matrix metalloproteinase-2 and urokinase-plasmi-
nogen activator, whereas expression of E-cadherin was lost and pla-
koglobin was strongly repressed (Hamada et al., 2001). Further ex-
periments observed that the elevated expression of integrin alphav
beta3 and loss of E-cadherin by HOXD3-overexpression in A549 cells
are required for the enhanced motility and dissociation of cells (Ohta
et al., 2006).

Table 1 is the summary of copy number alterations, mutations,
deletions and mRNA upregulation for the above mentioned HOX genes
in lung cancer based on cBioPortal database (Gao et al., 2013; Cerami
et al., 2012).

3. Mechanisms and functions of HOX-related IncRNAs in lung
cancer

3.1. Functions of HOTAIR in lung cancer

Increasing evidences show that IncRNAs play crucial roles in the
development and progression of a variety of carcinomas. One of the
most studied IncRNAs is HOTAIR, which is located in the intergenic
region between HOXC11 and HOXCI12 (Rinn et al., 2007). The ex-
pression pattern of HOTAIR and its function in lung cancer have been
wildly studied. HOTAIR was highly expressed both in NSCLC samples
and SCLC specimens (Liu et al., 2013; Ono et al., 2014). The high ex-
pression of HOTAIR was associated with advanced pathological stage
and lymph-node metastasis and is expected to serve as a potential
biomarker for patients with lung cancer (Liu et al., 2013; Li et al.,
2017). Several studies identified the requirement of HOTAIR for cell
proliferation and metastasis in NSCLC supported by the evidence that
knockdown of HOTAIR inhibited cell proliferation and invasiveness of
lung cancer cells (Liu et al., 2013; Ono et al., 2014; Zhao et al., 2014).
In addition, silencing of HOTAIR led to increased miR-326 expression
which decreased cell proliferation and migration in lung cancer by
targeting Phox2a (Wang et al., 2016). Drug resistance is an obstacle
affecting the effectiveness of treatment. HOTAIR is up-regulated in
tissues of drug-resistant NSCLC patients and multidrug-resistant lung
cancer cell lines (Liu et al., 2016; Fang et al., 2016). Elevated expression
of HOTAIR decreased the sensitivity of cells to cisplatin by upregulation
of tumor stem cell-related biomarkers (Nanog, Oct3/4, Sox2, c-Myc, [3-
catenin, and KlIf4) (Liu et al., 2016), conversely, downregulation of
HOTAIR increased cell sensitivity to anticancer drugs (cisplatin, adria-
mycin, etoposide) through increasing cell apoptosis and cell cycle arrest
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(Fang et al., 2016). HOTAIR interacts with HOXA1 and depletion of
HOTAIR reduced HOXA1 methylation by decreasing DNMT1 and
DNMT3b expression. These findings have provided clues that HOTAIR
might mediate chemoresistance of SCLC by regulating HOXA1 methy-
lation (Fang et al., 2016). The tumor microenvironment is a crucial
determinant in tumor initiation and tumor maintenance. A study has
shown that type I collagen (Col-1) and HOTAIR was concurrently up-
regulated in human NSCLC and Col-1 induced the expression of HO-
TAIR, and the induction of HOTAIR was repressed by a neutralizing
antibody against the Col-1 receptor a2f1 integrin (Zhuang et al., 2013).
In conclusion, these studies have identified HOTAIR as an oncogenic
IncRNA that is involved in cancer cell proliferation, motility and in-
vasion and acts as a negative prognostic biomarker in lung cancer, in-
dicating HOTAIR as a potential therapeutic target in lung cancer.

3.2. Functions of HOTTIP and other IncRNAs in lung cancer

LncRNA HOTTIP (HOXA transcript at the distal tip) located in
physical contiguity (chr 7p15.2) with the HOXA13 gene has been
functionally characterized (Wang et al., 2011). To date, HOTTIP has
been identified as a significant up-regulation gene in several solid tu-
mors, such as non-small cell lung cancer, esophageal squamous carci-
noma and hepatocellular carcinoma (Sang et al., 2016; Lin et al., 2017;
Quagliata et al., 2014). Furthermore, HOTTIP was verified to promote
lung cell proliferation, migration, and inhibited apoptosis partly by
regulating HOXA13 expression (Sang et al., 2016). A similar result was
identified in esophageal squamous cell carcinoma (ESCC) cells that
HOTTIP modulated HOXA13 at both the transcriptional and post-
transcriptional levels, and promoted cell proliferation and metastasis.
Additionally, HOTTIP competitively bound to miR-30b leading to the
increased expression of snaill, thus promoted EMT and invasion in
ESCC cells (Lin et al., 2017). Interestingly, a novel bidirectional reg-
ulatory loop between HOTTIP/HOXA13 was uncovered in liver cancer
cells, and the expression levels of HOTTIP and HOXA13 are associated
with metastasis and survival in hepatocellular carcinoma (HCC) pa-
tients (Quagliata et al., 2014). Another IncRNA named HOXA11-AS has
also gained increasing attention in cancers. The up-regulation of
HOXA11-AS has been indicated as a poor prognosis biomarker in
NSCLC. Besides its role in cell invasion, HOXA11-AS promoted cell EMT
by inhibiting miR-200b expression in NSCLC (Chen et al., 2017). Lastly,
IncRNA taurine-upregulated gene 1 (TUGI1), a direct transcriptional
target of p53, has been reported that it was downregulated in NSCLC
tissues and its reduced expression significantly promoted the pro-
liferation via regulation of HOXB7 (Zhang et al., 2014).

Table 2 is the summary of functions and related mechanisms for
lung cancer-associated HOXs and IncRNAs.

4. Conclusion and prospects

Emerging evidence reveals that HOX genes play significant roles in
tumor progression and metastasis. Despite the research advances in
biological function and insight into the mechanisms of regulating HOX
expression (De Kumar et al., 2015; De Kumar and Krumlauf, 2016),
their precise regulatory mechanisms in cancer progression remain to be
further explored. Deregulation of HOX may result from transcriptional
regulation, post-transcriptional regulation as well as epigenetic mod-
ification. HOX methylation has been noted in oral squamous cell car-
cinoma, mantle cell lymphoma and breast cancer (Xavier et al., 2014;
Kanduri et al., 2013; Avraham et al., 2010). Interestingly, HOXA7
methylation was detected more frequently in lung squamous, lung
adenocarcinoma, sputum and plasma of lung cancer patient, but not in
normal lung tissue and control samples (Diaz-Lagares et al., 2016;
Hulbert et al., 2017). DNA methylation in specific genes has the po-
tential to work as biomarker to identify early-stage lung tumors espe-
cially those highly sensitive and specific methylation signatures in pa-
tient bodily fluids. Except for the early detection of lung cancer,
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methylation-based liquid biopsy biomarkers have unique advantages
such as their potential for tracking disease progression and response to
treatment. Thus, it is promising to explore epigenetic regulatory me-
chanisms of HOX genes in lung cancer. As discussed above, several
HOX-related IncRNAs are involved in cancer cell proliferation, motility
and invasion and act as HOX regulators in lung cancer. However, more
HOX-related IncRNAs need further study and the critical effects exerted
by IncRNAs on the HOX expression in lung cancer remain to be eluci-
dated.
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