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Long non-coding RNAs (lncRNAs) have gained massive at-
tention in recent years as a potentially new and crucial layer
of gene regulation. LncRNAs are prevalently transcribed in
the genome, but their roles in gene regulation and disease
development are largely unknown. HOX antisense inter-
genic RNA (HOTAIR), a lncRNA located in the HOXC
locus, has been shown to repress HOXD gene expression
and promote breast cancer metastasis. Mechanistically,
HOTAIR interacts with and recruits polycomb repressive
complex 2 (PRC2) and regulates chromosome occupancy
by EZH2 (a subunit of PRC2), which leads to histone H3
lysine 27 trimethylation of the HOXD locus. Moreover,
HOTAIR is pervasively overexpressed in most human
cancers compared with noncancerous adjacent tissues. This
review summarizes the studies on the HOTAIR lncRNA
over the past 6 years.
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Introduction

Only a very small portion of transcripts in the whole human
genome are associated with protein-coding genes; the vast
majority are non-coding RNAs (ncRNAs) [1]. It is estimated
that 98% of the human genome DNA is non-protein coding
[2]. Long non-coding RNAs (lncRNAs) are non-protein
coding transcripts longer than 200 nucleotides; this length
distinguishes lncRNAs from small regulatory RNAs such as
microRNAs, short interfering RNAs, piwi-interacting RNAs,
small nucleolar RNAs, and other short RNAs [3]. lncRNAs
are pervasively transcribed from the human genome, but
their involvement in human disease is just beginning to be
revealed. The lncRNA HOX antisense intergenic RNA
(HOTAIR) was identified in 2007 [4]. Numerous other
lncRNAs were subsequently identified by next-generation se-
quencing and computational prediction, followed by studies

to uncover lncRNAs’ roles in different aspects of gene ex-
pression regulation and disease, such as carcinogenesis and
metastasis of various cancers. In this review, we discuss the
studies from the past 6 years on the HOTAIR lncRNA, with a
focus on HOTAIR’s identification, functional characteriza-
tion, clinical implications, and regulation of gene expression
in carcinogenesis and cancer metastasis.

Identification and Characterization
of HOTAIR

In 2007, Rinn et al. [4] and Woo and Kingston [5] identified a
lncRNA that regulates the HOX genes. HOTAIR, a 2158-
nucleotide ncRNA, is located on chromosome 12q13.13,
which is a regulatory boundary in the HOXC cluster [4].
Notably, knockdown of HOTAIR did not affect expression of
the HOXC cluster but instead led to derepression of a 40-kb
region of the HOXD cluster [4].

Many small RNAs, such as microRNAs, are well conserved
across diverse species [6]. In contrast, long ncRNAs lack
strong conservation. For example, many well-described
lncRNAs, such as Xist, are poorly conserved [7], suggesting
that lncRNAs may be subject to different selection pressures.
In mammals, HOTAIR also evolved more quickly than the
nearby HOX genes, as indicated by HOTAIR’s poorly con-
served sequences and structures [8]. The cognate murine
HOTAIR has only 58% sequence identity to human HOTAIR,
and deleting the HOXC cluster containing HOTAIR in mice
produced no obvious phenotypic manifestation and did not
affect HOXD10 expression, which also suggests a rapid evolu-
tion of HOTAIR [9].

Deregulation of HOTAIR in Cancers

Breast cancer
Breast cancer was the first report of HOTAIR deregulation in
cancers. Gupta et al. [10] found that HOTAIR expression
levels are higher in primary breast tumor than in adjacent
noncancerous tissue. Using quantitative polymerase chain
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reaction, they also showed that HOTAIR overexpression
ranges from hundreds of times greater to nearly two-thousand
times greater in breast cancer metastases than those in non-
cancerous tissue, and that HOTAIR expression in primary
breast tumors is a powerful predictor of metastasis and even-
tual death. Importantly, overexpression of HOTAIR in epithe-
lial cancer cells promoted tumor invasion and metastasis.
Conversely, loss of HOTAIR can inhibit cancer invasiveness
[10]. A recent study revealed that estradiol transcriptionally
induces HOTAIR; this study also identified multiple func-
tional estrogen response elements in HOTAIR’s promoter
region. This mechanism may contribute to HOTAIR upregu-
lation and breast cancer progression [11].

However, in another recent study that examined HOTAIR
expression and methylation in breast cancer and evaluated
their associations with patient outcome, HOTAIR expression
varied widely in primary breast cancers and did not have sig-
nificant associations with clinical or pathologic characteris-
tics [12]. The possible reason for this discrepancy is due to
the different approaches used for profiling gene expression,
and the cut-off values used to define the HOTAIR expres-
sion level. Further studies are thus needed to resolve this
discrepancy.

Hepatocellular carcinoma
A previous study reported that HOTAIR expression was sig-
nificantly higher in hepatocellular carcinoma (HCC) tissue
than that in adjacent noncancerous tissues [13]. Patients
whose HCC tumors overexpressed HOTAIR had an increased
risk of HCC recurrence after hepatectomy, and there was also
a correlation between HOTAIR overexpression and increased
risk of lymph node metastasis [13]. Overexpression of
HOTAIR was an independent prognostic factor for HCC re-
currence in liver transplant patients. Furthermore, patients
with high expression of HOTAIR in the tumor had signifi-
cantly shorter recurrence-free survival than those with low
expression of HOTAIR [14]. In HCC cells, silencing of
HOTAIR by RNA interference led to decreased cell viability
and invasiveness, to sensitized tumor necrosis factor
alpha-induced apoptosis, and to increased chemotherapeutic
sensitivity of cancer cells to cisplatin and doxorubicin [14].
In vitro assays demonstrated that depletion of HOTAIR
reduced cell proliferation and decreased expression of matrix
metalloproteinase-9 and vascular endothelial growth factor
proteins, both of which are important for cell migration and
metastasis [13]. A later study performed in HCC also
showed that HOTAIR was overexpressed in HCC patients
and was associated with a worse prognosis and an increased
risk of metastasis in these patients [15].

Pancreatic cancer
Corroborating the findings of HOTAIR in breast cancer and
HCC, studies of pancreatic cancer have shown that HOTAIR

expression is higher in pancreatic cancers than that in noncan-
cerous pancreatic tissue and is associated with more aggres-
sive tumors. Silencing of HOTAIR in pancreatic cancer cells
decreased cell proliferation, inhibited cell-cycle progression,
and induced apoptosis [16]. Xenograft assays showed that
HOTAIR knockdown in L3.6pL pancreatic cancer cells
inhibited tumor growth in mice, which indicates the anti-
proliferative activities of HOTAIR in pancreatic cancer [16].

Non-small cell lung cancer
HOTAIR expression has also been associated with carcino-
genesis and metastasis in non-small cell lung cancer
(NSCLC) patients. A recent study compared HOTAIR ex-
pression levels in 77 NSCLC tumors with expression levels
in corresponding noncancerous lung tissue. High expression
of HOTAIR correlated with advanced lymph node metastasis
or lymph-vascular invasion and with a short disease-free
interval in patients with NSCLC [17]. Interestingly, tumor-
promoting collagen type 1 (Col-1) upregulates the expres-
sion of HOTAIR in NSCLC cells, and has been shown to
activate a reporter gene under the control of the HOTAIR
promoter [18]. These findings suggest the potential roles for
HOTAIR in lung carcinogenesis and metastasis [18].

Other cancers
Studies of colorectal cancer (CRC) patients revealed that
HOTAIR expression levels were higher in CRC tissue than
those in the corresponding noncancerous tissue. High expres-
sion levels of HOTAIR correlated with the presence of liver
metastasis, and patients whose CRC had a high HOTAIR ex-
pression level also had a worse prognosis than did patients
whose tumors had a low HOTAIR level [19]. Based on an
in situ hybridization assay, 91 of 160 (56.87%) paraffin-
embedded nasopharyngeal carcinoma (NPC) biopsy speci-
mens had elevated levels of HOTAIR. NPC patients with
high HOTAIR expression levels in the tumor had a worse
prognosis for overall survival rate than those with low
HOTAIR expression levels [20]. HOTAIR expression levels
were also significantly higher in laryngeal squamous cell
cancer than in corresponding adjacent noncancerous tissues,
and high HOTAIR expression was detected in patients whose
tumors had a high histological grade or an advanced clinical
stage [21]. Depletion of HOTAIR by short interfering RNA
led to decreased invasion and increased apoptosis of HEp-2
cells, and tumor growth was significantly inhibited in mice
injected with HOTAIR-deficient cells [21]. Overexpression
of HOTAIR was also strongly associated with high-grade
tumor and metastasis in gastrointestinal stromal tumor speci-
mens [22]. RNA interference-mediated knockdown of
HOTAIR altered the expression of reported HOTAIR target
genes and suppressed gastrointestinal stromal tumor cell
invasiveness [22]. It is reported that expression of HOTAIR
in ovarian tumor tissue was higher than that in normal
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ovarian tissue [23]. Esophageal squamous cell carcinoma
patients with elevated levels of HOTAIR had substantially
lower 5-year survival rates than did HOTAIR-negative
patients [24]. High levels of HOTAIR in primary sarcoma
also correlated with a high probability of metastasis [25].
Table 1 summarizes the expression of HOTAIR in different
types of cancers.

Mechanism of Action of HOTAIR

The PRC2 maintains stem cell pluripotency and suppresses
cell differentiation by promoting histone H3K27 trimethyla-
tion and transcriptional repression of differentiation genes.
The HOTAIR study pioneered by Chang’s group [4] uncov-
ered a new mechanism whereby HOTAIR leads to transcrip-
tional silencing of a distant chromosomal region through
epigenetic regulation. As shown in Fig. 1, HOTAIR interacts
with PRC2 and is required for PRC2 occupancy of the
HOXD locus, leading to H3K27 trimethylation [4].
Enforced HOTAIR expression in epithelial cancer cells was
found to increase invasive and metastatic abilities and repro-
gram the PRC2 occupancy pattern to resemble embryonic
fibroblasts [10]. Conversely, depletion of HOTAIR in highly
metastatic, mesenchymal cancer cells inhibited cell invasive-
ness. Gene expression analysis showed that hundreds of
genes were induced or repressed upon HOTAIR overexpres-
sion. Depletion of PRC2 in HOTAIR-overexpressing cells
reversed the global gene expression pattern to that of cells
without HOTAIR overexpression [10]. PRC2 is specifically
required for HOTAIR to promote cell invasiveness.
Subsequent studies further elucidated that a 50 domain of
HOTAIR binds PRC2, whereas a 30 domain of HOTAIR
binds the LSD1/CoREST/REST complex [26]. HOTAIR
not only functions as a molecular scaffold to link PRC2
and LSD1/CoREST/REST protein complexes, but also

coordinates the chromatin targeting of these proteins and
in turn couples histone H3K27 methylation and H3K4
demethylation for epigenetic gene silencing [27]. Chu et al.
[28] used chromatin isolation by RNA purification (ChIRP)
to identify the chromatin regions interacted with HOTAIR,
and found HOTAIR preferentially occupies a GA-rich DNA
motif on chromatin. This finding suggests that HOTAIR can
dictate chromatin states and gene transcription, just like
sequence-specific transcription factors.

Another group reported independently that the BRCA1-
binding region in EZH2 overlaps with the HOTAIR-binding
domain, and that BRCA1 inhibits the binding of EZH2 to
HOTAIR [29]. As a consequence, decreased expression of
BRCA1 causes genome-wide EZH2 retargeting and elevates
H3K27me3 levels at PRC2 target loci in both murine embry-
onic stem cells and human breast cancer cells [29]. Both
BRCA1 and HOTAIR bind the PRC2 subunit EZH2 and
coordinate PRC2-dependent epigenetic regulation on the
chromosome, indicating that HOTAIR regulates gene

Table 1. HOTAIR expression in various human cancers as reported in published studies

Cancer types Expression Method of analysis References

Breast cancer Upregulated in both primary and metastatic tumors Array, qPCR [10,12,16]

Hepatocellular carcinoma Upregulated in both primary and metastatic tumors qPCR [13–15]

Colorectal cancer Upregulated in both primary and metastatic tumors qPCR [19]

Sarcoma Upregulated in both primary and metastatic tumors qPCR [25]

Gastrointestinal stromal tumor Upregulated in both primary and metastatic tumors qPCR [22]

Pancreatic cancer Upregulated in primary tumor qPCR [16]

Laryngeal squamous cell cancer Upregulated in primary tumor qPCR [21]

Nasopharyngeal carcinoma Upregulated in primary tumor ISH [20]

Non-small cell lung cancer Upregulated in both primary and metastatic tumors qPCR [17,18]

Ovarian cancer Upregulated in primary tumor qPCR [23]

Esophageal squamous cell carcinoma Upregulated in primary tumor ISH, qPCR [24]

qPCR, quantitative polymerase chain reaction; ISH, in situ hybridization.

Figure 1. Schematic illustration of HOTAIR associated with PRC2 in
the regulation of epigenetic markers and cancer metastasis
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transcription and expression by competing with other pro-
teins. HOTAIR binding to EZH2 also depends on EZH2
protein modification. EZH2 is phosphorylated by cyclin-
dependent kinase 1 (CDK1) at threonine residues 345 and
487 in a cell-cycle-dependent manner [30]. A phospho-
mimetic mutation at residue T345 increased HOTAIR
binding to EZH2, whereas substitution of residue T487 with
either alanine or aspartic acid had no effect (Fig. 1). An
EZH2 domain composed of threonine 345 was found to be
essential for binding to HOTAIR and to the 50 end of another
lncRNA, Xist [30]. Similar to threonine 345 phosphorylation
of murine EZH2, human EZH2 was found to be phosphory-
lated at threonine 350 by CDK1 and CDK2 [31,32].
However, whether threonine 350 phosphorylation regulates
HOTAIR binding to EZH2 in humans is not yet known.
These findings implied that phosphorylation of EZH2 by
CDK1 and CDK2 may enhance EZH2 function during the S
and G2 phases of the cell cycle. Enhanced EZH2 function
leads to K27 trimethylation of de novo synthesized histone
H3, which is incorporated into nascent nucleosomes before
cell division. However, whether HOTAIR expression is regu-
lated during cell cycle progression and whether HOTAIR is
involved in the regulation of cell cycle remain to be deter-
mined. This speculation was supported by a recent gene set
enrichment analysis (GSEA) of pancreatic cancer patient
gene-profiling data to identify gene set differences between
patients with high HOTAIR levels and low levels, which
demonstrated that HOTAIR regulates gene sets that are
mainly associated with cell proliferation and cell cycle
progression [16].

Perspectives

Deletion of the HOXC cluster encompassing HOTAIR in
mice has surprisingly little effect on the gene expression
pattern, the transcription efficiency, or the level of H3K27me3
coverage of different HOXD genes [9]. Nevertheless, in vivo
confirmation of HOTAIR’s functions still awaits a specific
HOTAIR-deficient mouse model. However, HOTAIR may
have a rapid evolvement within mammals and have functions
in humans that are not easily revealed in mice, and thus
studies using human cells may be highly important. Given the
potential importance of HOTAIR in various human cancers,
further studies on how exactly HOTAIR contributes to car-
cinogenesis and metastasis are needed, and it is necessary to
discover how HOTAIR is regulated and which pathway is
involved in the induction of HOTAIR. DNA methylation may
play important roles in regulating HOTAIR expression in the
breast cancer [12]. HOTAIR is highly expressed in the meta-
static cancers, which is known to have poor outcomes in
patients receiving chemo- or radiotherapy; it would be interest-
ing to see whether HOTAIR contribute to resistance to chemo-
or radiotherapy in patients and cancer cells. The subcellular

localization of HOTAIR is not restricted in nucleus, and it is
also expressed in the cytoplasm [33]. It is very likely, besides
the regulation on chromatin states by acting on PRC2 and
other epigenetical modulators, HOTAIR also plays other roles
in the cytoplasm. Moreover, since HOTAIR regulates the ex-
pression of hundreds or even thousands of genes [10,16],
further investigation is necessary to discover other roles played
by HOTAIR.
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