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Abstract

Non-coding RNAs (ncRNAs) are emerging classes of regulatory RNA that play key roles in various
cellular and physiological processes such as in gene regulation, chromatin dynamics, cell
differentiation, development etc. NcRNAs are dysregulated in a variety of human disorders including
cancers, neurological disorders, and immunological disorders. The mechanisms through which
ncRNAs regulate various biological processes and human diseases still remain elusive. HOX antisense
intergenic RNA (HOTAIR) is a recently discovered long non-coding RNA (lncRNA) that plays critical
role in gene regulation and chromatin dynamics, appears to be misregulated in a variety of cancers.
HOTAIR interacts with key epigenetic regulators such as histone methyltransferase PRC2 and histone
demethylase LSD1 and regulates gene silencing. Here, we have reviewed recent advancements in
understanding the functions and regulation of HOTAIR and its association with cancer and other
diseases.

1. Introduction

Non-coding RNAs (ncRNAs) are emerging classes of transcripts that play major regulatory roles in
various biological processes [1, 2]. Recent studies based on Encyclopedia of DNA Elements
(ENCODE) project indicate that more than 80% of the human genome contains functional DNA
elements [1, 3] that includes protein coding genes, non-protein coding regulatory DNA elements,
binding sites for transcription factors, and ncRNAs [4–6]. While the existence of large numbers of non-
coding transcripts (ncRNAs) are well recognized, their biological function and potential of being
translated is controversial and is a major focus of current research. Initially, due to lack of obvious
open-reading-frame (ORF) as well as lack of conservation in different organism, it was assumed that
transcripts are non-coding. However, recent attempts to assess the genome-wide translation potential,
suggest that majority of these transcripts are non-coding in nature, and there are subsets of ncRNAs
that are translated, though the functional significance of the translated peptides are yet to be revealed
[7, 8]. Genome wide ribosome profiling analysis revealed that there are much more widespread
translational activities than anticipated indicating translation potential of some of the so-called non-
coding transcripts [9–11]. NcRNAs plays crucial roles in maintaining genome packaging, chromatin
dynamics and gene regulation. NcRNAs are classified into three major groups on the basis of their
lengths: short ncRNAs (20–50 nt long: such as miRNAs, siRNAs, etc.), medium ncRNAs (50–200 nt
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long: such as snRNAs, snoRNAs, PROMPTs, TSSa-RNAs etc.), and long ncRNAs (> 200 nt long:
such as HOTAIR, MALAT1, H19, XIST and others) [4, 5]. Though many ncRNAs are being
discovered rapidly, their detailed cellular functions and mechanisms of action still remain elusive.
HOTAIR (HOX antisense intergenic RNA) is an example of lncRNA that plays major roles in gene
regulation, chromatin dynamics, and cancer [12–15]. Herein, we have reviewed recent literatures
showing the cellular functions, mechanism of action of HOTAIR and its implications in cancer and
other diseases.

2. LncRNA HOTAIR

HOTAIR is a 2.2 kb long lncRNA that is transcribed from antisense strand of HOXC gene cluster
present in chromosome 12 (Figure 1) [12]. Like protein coding genes, HOTAIR is transcribed by RNA
polymerase II, spliced, polyadenylated and 5’-capped [5, 16, 17]. HOTAIR was originally discovered
based on tiling microarray analysis by Rinn et. al. in 2007 and they showed that HOTAIR is located at
the HOXC locus in chromosome 12, flanked by HOXC12 and HOXC11 (Figure 1). Strand specific
reverse transcriptase PCR analysis confirmed that HOTAIR is transcribed in an antisense manner with
respect to HOXC genes [12]. HOTAIR transcript’s half-life is approximately 4 h in HeLa cells [18].

Figure 1

Genomic location of HOTAIR. HOTAIR (2.2 kb long lncRNA) is transcribed from antisense strand of HOXC
gene cluster from 12q13. HOTAIR is flanked by HOXC12 and HOXC11.

Many ncRNAs such as microRNAs that are found in plants and animals are well conserved across
various species. However, HOTAIR appears to be not so well conserved across the evolution [19, 20].
HOTAIR is well-conserved among primates (99.5% and 95%, sequence identity in chimp and macaque
genomes, respectively) [12]. Structure based RNA homology search revealed that orthologs of
HOTAIR, though not highly conserved, exists in other mammals such as mouse and rat (Figure 2) [20].
The murine HOTAIR has about 58% sequence similarity to human HOTAIR [19], while rat HOTAIR
has approximately 50% sequence similarity [19, 21]. HOTAIR is not found in non-mammalian
vertebrates [20]. Human HOTAIR is comprised of 6 exons (exon 1, exon 2, exon 3, exon 4, exon 5, and
exon 6), while mouse and rat HOTAIR has 5 exons, where exon 2 (human analog) is missing [21]. The
other exons (exons 1, 3, 4, 5 and 6) are fairly conserved (50–60 % homology) in both mouse and rat, in
comparison to the human HOTAIR [21]. The exon 6 of rat and mouse has two potential domains:
domain A (~235 bp long) and domain B (~239 long) (Figure 2) [21]. Domain B appears to have more
conservation than domain A, in mouse and rats [19, 21]. The sequence of the exon 6 ortholog is
significantly shorter in rat than in mouse and humans (Figure 2) [19, 21]. Though the biochemical
function of HOTAIR is well-studied in humans [5, 14, 22–24] and mice [19, 21], little is known about
its functionality in rat or other organisms [21].

Figure 2

Comparison of HOTAIR orthologs in rats, mouse and human. The murine HOTAIR has about 58% and rat
HOTAIR has approximately 50% sequence similarity to human HOTAIR. Human HOTAIR is comprised of 6
exons (exon 1, exon 2, exon 3, exon 4, exon 5, and exon 6). Exon1, 3, 4, 5 and 6 are more conserved. Exon2
is absent in the mouse and rat HOTAIR. The exon 6 of rat and mouse has two hypothetical domains: domain
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A (~235 bp long) and domain B (~239 long). Domain B appears to have more conservation than domain A, in
mouse and rats. The extent of sequence conservation is indicated by the darkness of the boxes, darker the
color better conserved it is. The numbers on the top indicates the exon numbers

3. Functions of HOTAIR and its mechanism of action

3.1 HOTAIR regulates chromatin dynamics and induces gene silencing via interaction of
histone methylase (PRC2) and histone demethylase (LSD1)

Following the discovery of HOTAIR, Rinn et. al. investigated its potential cellular functions [12].
These studies demonstrated that siRNA-mediated knockdown of HOTAIR leads to transcriptional
activation of HOXD locus genes present in chromosome 2, including HOXD8, HOXD9, HOXD10 and
HOXD11 [12]. However, there was no significant effect on the transcription of HOXC cluster genes
present in chromosome 12, where HOTAIR is actually coded [25]. HOXB locus was also not
significantly affected by HOTAIR depletion [12]. These observations indicate that HOTAIR regulates
gene expression in trans fashion and was the first lncRNA to be discovered to regulate gene expression
in trans fashion (Figure 6) [12]. ChIP-chip analyses showed that HOTAIR knockdown results in a
significant loss of H3K27-trimethylation marks at the HOXD locus. Notably, H3K27-methylation
(H3K27-me3) is well recognized as the hallmark of gene silencing and is introduced by histone
methyl-transferase EZH2 (Enhancer of Zeste homolog 2), which is a member of polycomb repressive
complex 2 (PRC2) [5]. PRC2 is one of the two classes of polycomb-group proteins [26]. The core
PRC2 complex comprises four components: EZH2, SUZ12 (suppressor of zeste 12 homolog), EED
(embryonic ectoderm development) and RbAp46/48 (retinoblastoma associated protein 46/48) (also
known as RBBP7/4, retinoblastoma binding protein 7/4) [4, 27]. Interestingly, along with the loss in
H3K27-trimethyl marks, knockdown of HOTAIR also resulted in loss of occupancy of SUZ12 in the
HOXD loci [25]. Occupancy levels of SUZ12 and H3K27-trimethyl marks were not affected at the
silent HOXB locus, suggesting that HOTAIR is required to selectively target PRC2 complex to silence
the transcription of HOXD locus [12]. Immunoprecipitation of SUZ12 from nuclear extracts of primary
fibroblasts retrieved associated endogenous HOTAIR lncRNA [12]. In the reciprocal experiment,
biotinylated-HOTAIR retrieved PRC2 components such as SUZ12 and EZH2. Collectively, these
experiments demonstrated that HOTAIR interacts with PRC2 (containing H3K27 methylase EZH2 and
other subunits) and guides it to the target HOXD locus, that results in H3K27-trimethylation and target
gene/loci silencing (Figure 3) [12, 25].

Figure 3

Mechanism of HOTAIR mediated gene silencing. HOTAIR interacts with PRC2 (that contains EZH2, SUZ12,
EEDs and RbAp48) and LSD1 complex (that contains CoREST/REST) via its 5’- and 3’-ends, respectively
and recruit them to the target gene promoters/loci. EZH2 introduces H3K27-trimethylation and LSD1
demethylates H3K4 and contribute to gene silencing. BRCA1 and HOTAIR, both interact with PRC2.
BRCA1 competes with HOTAIR for binding to PRC2. Thus, expression of BRCA1 inhibits the interaction of
HOTAIR with PRC2. CDK1/2 phosphorylates T350 residue (in humans and T345 in mouse) of EZH2 that
augments the interaction between EZH2 and HOTAIR.
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Figure 6

Regulatory network of HOTAIR. HOTAIR can be induced by estradiol, BPA and DES, Osteopontin, Collagen
type-1, NF-κb as well as by other oncoproteins such as c-Myc. On the contrary, miR-141 represses HOTAIR
via complementary binding to the HOTAIR and Ago2 mediated degradation of HOTAIR. Epigenetic
repression of various genes such as ALPL, BMP2, MMPs, RBM38, p21 etc. by HOTAIR mediated
recruitment of PRC2 and LSD1 can regulate various processes such as tumorigenesis, metastasis, Aortic
valve calcification drug resistance, cell migration, cell invasion and epithelial to mesenchymal transitions
(EMT). HOTAIR also acts a ceRNA and acts as a sink for various miRNAs such as miR-130a, miR-331-3p
and miR-124 and modulates various other cellular processes.

HOTAIR was further shown to interact with histone demethylases LSD1 (lysine specific demethylase
1A, also called KDM1) [28]. LSD1 is a flavin-dependent monoamine oxidase, which demethylates
lysines, specifically lysine 4 on histone 3 (H3K4) [28]. LSD1 is known to form a multi-protein
complex with REST (RE1-Silencing Transcription factor) and CoREST that are critical players in gene
silencing [29]. Indeed, based on immunoprecipitation analyses, Tsai et. al showed that HOTAIR
interacts with REST and CoREST along with LSD1 [29]. Using HOTAIR deletion mutants, Tsai et. al.
mapped the binding sites of PRC2 and LSD1 to different regions of HOTAIR lncRNA [29]. These
studies demonstrate that HOTAIR lncRNA possess distinct binding domains for PRC2 and LSD1;
PRC2 binds to the 5’-end of HOTAIR (1–300 nt) and LSD1 binds to the 3’-end of HOTAIR (1500 to
2146 nucleotides) [28]. HOTAIR acts as a modular scaffold and interacts with PRC2 and LSD1
complexes directly, recruits them to the target gene loci and represses their transcription via H3K27-
trimethylation (PRC2 activity) and H3K4-demethylation (LSD1 activity) (Figure 3) [28, 29].

In an independent study, Wu et. al. investigated binding interactions between PRC2 and HOTAIR.
Specifically they investigated the interactions between PRC2-core catalytic heterotrimer (EZH2-EED-
SUZ12, called as PRC2-3m) and HOTAIR. These studies identified a minimal HOTAIR binding motif,
89 nucleotides long that is responsible for PRC2-3m interaction [30]. Further, deletion analyses
demonstrated that loss of nucleotides from this region results in significant loss of binding affinity of
PRC2 to HOTAIR [30]. The binding affinity of the EZH2-EED-complex to HOTAIR is similar to the
binding affinity of the PRC2-3m complex [30]. Nuclease mapping and foot-printing studies showed
that this minimal binding element in HOTAIR lncRNA possesses a highly structured RNA domain
consisting of secondary structure [30].

In contrast to above studies, Davidovich et. al. demonstrated that the binding affinity of PRC2 is not
very specific to HOTAIR, rather, the binding affinity of PRC2 to any random RNA is comparable to
that of HOTAIR. The PRC2 binding affinity appears to be dependent on size of the RNA rather than on
the secondary structure [31]. Thus, promiscuous RNA binding phenomena demonstrated by PRC2 may
serve as a checkpoint to prevent escape from silencing [31]. Furthermore, the binding affinity of PRC2
to any types of RNA is higher than the binding affinity of EED (component of PRC2) to the repressive-
mark histone-tail peptides such as H3K27me3-, H3K9me3- and H1K26me3-, indicating high affinity
of PRC2 complex towards any RNA, but not specifically towards HOTAIR [31]. Thus, the studies by
Davidovich et. al. appears to be in contradiction with the studies by Wu et. al. and therefore, further
studies are required for understanding the specific roles of HOTAIR in PRC2 recruitment to various
genomic loci.

Recent studies also indicate that HOTAIR binds GA rich polypurine DNA motifs on the chromatin loci
that regulate gene transcription (Figure 3) [32]. In order to understand if HOTAIR actively recruits
PRC2 to its target genes or just acts as a molecule that gets transported along with PRC2 and does not
affect the recruitment of PRC2, genome wide chromatin occupancy level of HOTAIR was examined in
the absence and presence of EZH2 (component of PRC2), using ChIRP-qPCR (Chromatin Isolation by
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RNA Purification-qPCR). These analyses showed that the pattern of HOTAIR occupancy at HOTAIR
target genes loci are preserved even in the absence of EZH2 suggesting that HOTAIR is an active
recruiter of chromatin modifying complexes including EZH2 [32]. To understand the function of
HOTAIR in vivo, Schorderet et. al. deleted the HOXC cluster whereby all HOXC genes and intergenic
transcripts (e.g. HOTAIR) were deleted [19]. Importantly, deletion of the whole HOXC cluster leads to
neonatal lethality [33, 34]. HOXC cluster deletion also results in skeletal abnormalities in HOXC null
mice [35]. Studies have also shown that the HOXC genes are important for the overall body plan of
mouse [35]. Deletion of mouse HOTAIR (mHOTAIR) produced no obvious phenotype in mice embryo
at embryonic day 11.5, 12.5 and 13.5 [19]. There was no apparent deregulation of canonical HOTAIR
target genes HOXD10 [19]. These observations indicate that evolution of HOTAIR has occurred faster
than the neighboring HOXC genes and has acquired a functional importance in humans that is not
easily revealed in mice [19]. In vivo role of HOTAIR still requires specific HOTAIR-deficient mouse
model [19].

3.2 BRCA1 competes with HOTAIR for binding to EZH2

Breast cancer susceptibility gene 1 (BRCA1) is a critical player in DNA damage response and in
maintaining genomic integrity [36]. A recent study showed that BRCA1 interacts with EZH2 [36].
Specifically, immunoprecipitation of EZH2 (using myc-EZH2) pulls down BRCA1. GST-BRCA1 pull
down analysis further confirmed that BRCA1 specifically interact with EZH2 [36]. BRCA1 interacts
with 341–559 amino acid domain of EZH2 and this BRCA1 interacting region in EZH2 is also shown
to be involved in recognition of ncRNA. Thus, the region of EZH2 that interacts with BRCA1,
overlaps with the ncRNA binding domain 1 (ncRBD1, amino acids 342–370) of EZH2 [36]. Since
ncRBD1 of EZH2 is necessary for the interaction with HOTAIR and overlaps with BRCA1 recognition
site, BRCA1 mediated inhibition of EZH2 and HOTAIR interaction was investigated. Interestingly,
knockdown of BRCA1 resulted in increased interaction between EZH2 and HOTAIR, indicating
potential competition between HOTAIR and BRCA1 for the overlapping binding site on EZH2 [36].
Furthermore, overexpression of BRCA1 interfered with HOTAIR target gene (such as HOXA9)
silencing via inhibition of EZH2 at the target gene (HOXA9) promoter [36]. These findings indicate
that BRCA1 and HOTAIR bind to PRC2 complex member EZH2 and thus, HOTAIR may regulate
expression of various genes by competing with other proteins such as BRCA1 (Figure 3) [36].

3.3 Phosphorylation of EZH2 may regulate its interaction with HOTAIR

Post-translational modification plays crucial roles in protein-protein and protein-nucleic acids
interaction. In a recent study, Kaneko et. al. investigated the interaction of EZH2 with HOTAIR and its
potential regulation by post-translation modification. These studies showed that the interaction of
HOTAIR with EZH2 is regulated by site-specific phosphorylation in EZH2. The binding affinity of
HOTAIR to EZH2 is increased when EZH2 is phosphorylated at threonine-345 (T345), in comparison
to non-phosphorylated EZH2 (Figure 3) [37]. EZH2 phosphorylation is carried out by cyclin dependent
kinase CDK1 and is cell cycle dependent (Figure 3) [37]. The levels of phosphorylated EZH2 is low at
G1 and that is increased at G2/M phase [37]. To further investigate if PRC2 interaction with HOTAIR
is mediated through EZH2 and, in particular, if this interaction is regulated by EZH2 phosphorylation,
the characteristic negative charge of a phosphorylated threonine (Thr) residue within EZH2 protein was
mimicked by substitution with a negatively charged aspartic acid residue. This phosphomimetic
mutation at residue Thr-345 resulted in increased HOTAIR binding to EZH2, in comparison to the non-
phosphorylated EZH2. Similar to phosphorylation of Thr 345 in murine EZH2, in humans EZH2 was
found to be phosphorylated at Thr 350 [37]. The human EZH2 is phosphorylated by CDK1 and CDK2
(Figure 3) [37]. However the functional significance of the T350 phosphorylation in human EZH2 still
remains elusive [37]. Taken together, these observations demonstrate that the interaction of HOTAIR
with EZH2 and its potential cellular functions is regulated by post translational modifications such as
phosphorylation at threonine 345 in EZH2 [37].
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3.4 HOTAIR functionally interacts with E3 ubiquitin ligases

A recent study reported that HOTAIR acts as a platform for protein ubiquitination [13]. HOTAIR
interacts with E3 ubiquitin ligases (Dzip3 and Mex3b) bearing RNA-binding domains as well as with
the respective ubiquitination substrates, such as Ataxin-1 and Snurportin-1 (Figure 6) [13]. Notably,
Ataxin-1 is a critical player in neuronal development and its mutation is linked with various
neurological disorders including spinocerebellar ataxia type 1 [38]. Snurportins are family of proteins
involved in nuclear transport, snRNA assembly and mRNA splicing [39]. HOTAIR facilitates
ubiquitination of Ataxin-1 by Dzip3 (DAZ Interacting Zinc Finger Protein 3), both of which are
cytoplasmic in localization. HOTAIR also aids in the ubiquitination of Snurportin-1 by Mex3b (mex-3
RNA binding family member B), both Snurportin-1 and Mex3b are nuclear as well as cytoplasmic in
localization. Thus, HOTAIR promotes degradation of Snurportin-1 and Ataxin-1 via ubiquitination, not
only in the nucleus but also in the cytoplasm [13], indicating potential involvement of HOTAIR
facilitated ubiquitination and protein degradation in both cytoplasm and nucleus [13]. Furthermore,
Mex3b associates with other signaling proteins such as SMAD4 (SMAD family member 4) and
NUDT3 (nucleoside diphosphate linked moiety X-type motif 3, a homoeostasis checkpoint protein)
[40, 41]. The interaction of HOTAIR with Mex3b further suggests the potential involvement of
HOTAIR in other cell signaling processes [13]. Notably, this study showed that HuR (human antigen
R, a key player in mRNA stability and gene expression, [42]) binds to a segment of HOTAIR that also
interacts with Dzip3, Ataxin-1 and Snurportin-1. HuR is shown to downregulate HOTAIR. It has been
suggested that at low levels of Ataxin-1 and Snurportin-1, HuR might bind to HOTAIR, reducing its
stability and inhibiting the processes of ubiquitination and proteolysis of Ataxin-1 and Snurportin-1.
However, when the levels of the Ataxin-1, Snurportin-1 or Dzip3 are high, their binding to HOTAIR
prevents the interaction of HuR with HOTAIR, leading to the increased stability of HOTAIR and thus
facilitating the ubiquitination and degradation of Ataxin-1 and Snurportin-1 [13]. Furthermore, the
HOTAIR expression levels were found to be highly upregulated in senescent cells, causing rapid decay
of targets Ataxin-1 and Snurportin-1, and preventing premature senescence [13]. These studies
uncovered a novel role of HOTAIR, as a platform for protein ubiquitination, where HOTAIR helps in
assembling both E3-ubiquiting ligases and their respective substrates. [13]

In a more recent study, HOTAIR expression has been linked to Plk1 (polo-like kinase 1, a
Serine/threonine-protein kinase) -dependent ubiquitination of SUZ12 and ZNF198 [43]. Cells with
Hepatitis B virus (HBV) exhibit increased expression of Plk1 kinase and reduced levels of SUZ12 and
ZNF198. SUZ12 is a member of PRC2-compex and ZNF198 stabilizes the transcription repressive
complex composed of LSD1, Co-REST, and HDAC1. HOTAIR is the common interactive member of
both PRC2 and LSD1-complexes. In this study, authors show that Plk1 induces proteasomal
degradation of SUZ12 and ZNF198 and Plk1-dependent ubiquitination of SUZ12 and ZNF198 is
increased upon HOTAIR expression. The downregulation of SUZ12 and ZNF198 in cells with HVB
contributes to global changes in histone modifications and altered epigenetic programming. Notably,
liver tumors from X/c-myc bi-transgenic mice show decrease in SUZ12 and ZNF198 expression and
increase in PLK1 and HOTAIR expression [43], Thus, this analysis further links the potential
involvement of HOTAIR expression with ubiquitination and proteasomal degradation.

3.5 HOTAIR acts as a competitive endogenous RNA (ceRNA)

A recent report identified that HOTAIR regulates the levels of micro RNAs via direct recognition
followed by the target degradation. For example, HOTAIR possesses a binding site for miRNA-130a
and this binding site is important for the regulation of miRNA-130a by HOTAIR (Figure 6).
Biochemical analysis shows that HOTAIR-knockdown induces the miRNA-130a levels, while ectopic
expression of HOTAIR reduces the miRNA-130a level, in gallbladder cancer cells [44]. On the other
hand, miRNA-130a inhibitor upregulated HOTAIR level while miRNA-130a mimic repressed
HOTAIR level, suggesting HOTAIR and miRNA-130a may form a reciprocal repression feedback loop
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[44]. A negative correlation between HOTAIR and miRNA-130a was also observed in gallbladder
cancer tissues, providing evidence to such a feedback loop. Furthermore, based on RNA-IP (RNA
immunoprecipitation) experiments it was shown that HOTAIR and miRNA-130a are bound to the same
RISC (RNA-induced silencing complex) complex [44].

In an independent study, it was shown that HOTAIR acts as a competitive endogenous RNA (ceRNA)
for miR-331-3p and miR-124 and regulates their cellular levels [45]. Briefly, miR-331-3p interacts
with human epithelial growth factor receptor 2 (HER2) and down-regulates HER2 levels. Notably, in
carcinomas, HER2 acts as an oncogene, encoding a protein to trigger the activation of cell signaling
networks, impacting on various malignant cell functions such as proliferation, motility, angiogenesis
and apoptosis [46–48]. Interestingly, it was shown that miR-331-3p is an interacting partner for
HOTAIR. Thus, competitive binding of HOTAIR to miR-331-3p would alleviate the miR-331-3p–
mediated suppression of HER2 expression. Indeed, HOTAIR knockdown was shown to decrease the
expression level of HER2 gastric cancer cells such as BGC-823, while its overexpression restored
elevated HER2 levels [45, 49]. Furthermore, RT-qPCR analyses showed that miR-331-3p/miR-124
expression was inversely correlated with HOTAIR expression in advanced gastric cancer [45].These
observations demonstrate the importance of HOTAIR in the tumorigenesis-regulating network by
regulating the expression of HER2, a target of miR-331-3p, through competition for miR-331-3p (
Figure 6). Another recent study demonstrated that HOTAIR also negatively regulates miR-218
expression [50]. Ectopic expression of HOTAIR reduces miR-218 expression while its depletion
promotes miR-218 expression [50]. HOTAIR has been shown to competitively bind to miR-193a in
AML cells and functions as a ceRNA to modulate c-KIT (proto-oncogene) expression [51].

4. Transcriptional regulation of HOTAIR

4.1 HOTAIR is transcriptionally regulated by estradiol

HOTAIR, being a critical player in gene silencing, its expression must be tightly regulated in cell.
HOTAIR promoter contains variety of transcription factor binding sites that includes multiple estrogen
response elements (EREs), Sp1 binding sites, hypoxia response elements (HREs), CpG-islands, AP1
binding sites etc., indicating its potential regulation by diverse factors. (Figure 4) [5, 16, 17]. In a
recent study, we observed that HOTAIR expression is transcriptionally activated by estradiol in
estrogen receptor (ER) positive breast cancer cells [17]. Luciferase based reporter assay demonstrates
that ERE2 and ERE3 that are located at −1486 bp and −1721 bp upstream from the transcription start
site (+1) (Figure 4) of HOTAIR are functional and involved in estradiol-mediated HOTAIR gene
activation [17]. ERs bind to HOTAIR promoter EREs in an estradiol-dependent manner [17].
Knockdown of either ERα or ERβ, abolished the estradiol-induced HOTAIR expression [17],
indicating critical roles of ERs in estradiol-mediated regulation of HOTAIR expression.

Figure 4

HOTAIR promoter possesses binding sites for various transcription factors. These include estrogen response
elements (ERE), Sp1, AP1, HIF transcription factors, NF-κb and others.

Estradiol-mediated gene activation may follow diverse mechanisms. In a typical genomic mechanism,
upon binding to estradiol ERs get activated and bind to EREs present in the target gene promoters.
Along with ERs, various ER-coregulators, histone acetyl-transferases and methyl-transferases, may
associate with the estradiol-regulated gene promoters, modify and remodel chromatins and ultimately
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induce target gene expression [52, 53]. Studies from our laboratory and others have demonstrated that
mixed lineage leukemia (MLL) family of histone methyl-transferases (MLLs) that are critical players
in gene activation [16, 54–61]; [62, 63] act as ER-coregulators and regulate various estradiol-
dependent activation of HOTAIR [17]. Specifically, MLL1 and MLL3 bind to the HOTAIR promoter
in the presence of estradiol (Figure 5). Additionally levels of other ER-coregulators such histone
acetyl-transferases CBP/p300 and also the levels of histone H3 lysine-4 trimethylation and histone
acetylation are enriched at the HOTAIR promoter, in an estradiol dependent manner (Figure 5) [17].

Figure 5

Model showing the roles of ERs, MLLs and other ER coregulators during by estradiol, BPA and DES
mediated transcriptional regulation of HOTAIR. Estradiol and steroidogenic EDCs such as BPA and DES
bind to ERs, ERs get dimerized and get activated. Activated ERs bind to the EREs of the HOTAIR promoter.
ER coregulators such as MLL-histone methylases (MLL1, MLL3), CBP/p300 (histone acetyl-transferases)
and other ER coregulators are also recruited to the HOTAIR promoter. Promoter histones are methylated at
H3K4 via MLLs and acetylated via HATs (CBP/p300), allowing chromatin remodeling and access to the
RNAP II to the promoter, ultimately resulting in gene activation.

Gene expression may be regulated at various levels. For example, in the absence of any external stimuli
(such as estradiol), gene expression is maintained in the basal expression state. This may be mediated
via involvement of various negative coregulators that binds to the gene promoter allowing no or basal
level of transcription. In the presence of a stimuli, activators, co-activators, histone acetyltransferases,
methyltransferases, etc. are recruited to the gene promoters, resulting in histone modification,
chromatin remodeling and transcription activation. In fact, our studies demonstrated that N-CoR
(Nuclear receptor Co-Repressor), a negative coregulator, is bound to both HOTAIR promoter in the
absence of estradiol [16, 17] and its binding was decreased upon treatment with estradiol while the
binding of ERs, MLLs and CBP/p300 were increased [16, 17, 64]. These observations suggested that
HOTAIR transcription is originally maintained at the basal state by co-repressor N-CoR and the
repression was relieved in the presence of estradiol which is mediated via binding of ERs and various
ER-coactivators, upon exposure to estradiol [16, 17, 65–67]. Notably, HOTAIR is an antisense-
transcript and therefore, our studies also demonstrated that similar to protein-coding gene transcription,
estradiol-induced transcription of antisense transcript HOTAIR is coordinated via ERs and ER
coregulators.

An independent study showed that HOTAIR is transcriptionally regulated by c-Myc, an oncoprotein
and a transcription factor that plays critical role in tumorigenesis [68]. C-Myc induces HOTAIR
expression through direct interaction with the E-box (c-Myc target response element) in the HOTAIR
promoter region [68]. Ectopic expression of c-Myc increased HOTAIR expression and its promoter
activity, while knockdown of c-Myc reduced HOTAIR expression and its promoter activity [68].
Nucleotide mutant in the E-box element in the promoter region abrogated c-Myc-dependent HOTAIR
promoter activation [68]. A positive correlation between expression levels of c-Myc and HOTAIR
mRNA were also observed in gallbladder cancer tissues [68]. These observations suggested that c-Myc
is an oncoprotein and its deregulation leads to gallbladder cancer potentially via misregulation of
HOTAIR [68].

4.2 HOTAIR expression is regulated by microRNA

MicroRNAs (miRNAs) are critical modulators of gene expression and are involved in regulation of

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/figure/F5/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/figure/F5/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/figure/F5/


various biological processes including cell proliferation, cell differentiation and development [69–77].
Misregulation of miRNAs is closely associated with various diseases including cancer [78–80]. In a
recent study, Chiyomaru et. al. demonstrated that miR-141 binds to HOTAIR in a sequence specific
manner and suppresses HOTAIR expression and hence reduces cell proliferation and tumor invasion
[81]. Suppression of HOTAIR levels by miR-141 is correlated with alteration of HOTAIR function.
MiR-141 suppression of HOTAIR expression was found to be Argonaute2 (Ago2) dependent [81].
Immunoprecipitation studies demonstrated that HOTAIR interacts with miR-141 in the Ago2-complex
and is cleaved by Ago2 in the presence of miR-141 [81]. The expression of miR-141 is inversely
correlated with tumorigenicity and cancer invasiveness [81]. MiR-141 suppresses malignancy in cancer
cells whereas HOTAIR has been demonstrated to promote malignancy [81]. Overall these studies
demonstrate that HOTAIR is critically regulated via miR-141 and over expression of HOTAIR in
cancer might be correlated with lowered expression of miR-141. In another study, Niinuma et. al.
observed that the levels of miR-196a and HOTAIR are highly upregulated in high-risk gastrointestinal
stromal tumors (GISTs), suggesting that HOTAIR and miR-196a both act in synergy to promote GIST
cell invasion and malignancy [82].

4.3 HOTAIR expression is disrupted upon exposure to estrogenic endocrine disruptors

Endocrine disruptors are exogenous substances that alter the normal functioning of endocrine system
and causes adverse health effects in humans [67, 83, 84]. Endocrine disruptors interact with hormone
receptors even at very low concentrations and interfere with hormone signaling affecting various
hormonally regulated processes including reproduction and development [67, 85, 86]. Endocrine
disruptors are also capable of inducing aberrant and altered gene expression [85, 86]. Exposure to
estrogenic endocrine disruptors such as bisphenol-A (BPA) and synthetic estrogens such as
diethylstilbestrol (DES) alters uterine HOX gene expression and induces developmental changes in the
female reproductive tract [87–89]. Both DES and BPA are agonists of estradiol that bind and activate
ERs via interaction with their multiple phenolic moieties leading to alteration in ER target gene
expression [16, 45, 60, 67, 90, 91].

In a recent study, we investigated the effect of estrogenic endocrine disruptors BPA and DES on the
expression levels of HOTAIR both in vitro and in vivo (Figure 5). Our studies showed that HOTAIR
expression is induced significantly upon exposure to BPA and DES in vitro, in cultured breast cancer
cells MCF7 [16]. The expression levels of HOTAIR were also significantly augmented in vivo, in the
mammary glands of ovariectomized Sprague dawley female rats that were exposed to acute levels of
estradiol, BPA and DES [16, 17]. Biochemical studies demonstrated that HOTAIR promoter EREs are
induced upon exposure to BPA and DES (luciferase assay). ERs (ERα and ERβ) and ER-coregulators
such as the MLL-family of histone methylases (MLL1 and MLL3), CBP and p300 were bound to the
HOTAIR promoter upon exposure to BPA and DES (Figure 5). BPA and DES treatment altered the
epigenetic marks such as histone H3K4-trimethylation, histone acetylation levels at the HOTAIR
promoters and that resulted in HOTAIR gene activation [16]. Thus, exposure to BPA and DES alters
the epigenetic programming at the HOTAIR promoter, which results in turning on HOTAIR gene
expression, even in the absence of estradiol [16, 17].

Studies from our lab also demonstrated that HOTAIR interacting histone methyltransferase, EZH2, that
specifically methylates histone 3 lysine 27 (H3K27), is also transcriptionally induced by estradiol, BPA
and DES in cultured breast cancer cells and in the mammary glands of ovariectomized rats. Like
HOTAIR, EZH2 promoter contains multiple functional estrogen-response elements where ERs and ER
coregulators (such as MLL2, MLL3, CBP and p300) were enriched in an estradiol, BPA and DES
dependent manner [60]. H3K4-trimethylation and histone acetylation levels were also increased at the
EZH2 promoter in the presence of BPA and DES, resulting in EZH2 gene activation [16, 17]. As
HOTAIR is a critical player in gene regulation and is often upregulated in a variety of cancers
including breast cancer, we hypothesize that exposure of estrogenic endocrine disruptors such as BPA,
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DES and many others that are present in our environment, food products etc., may upregulate genes
associated with cancer and contribute towards initiation and progression of cancer.

5. HOTAIR and cancer

Various reports have demonstrated that HOTAIR is a key regulator of chromatin dynamics and is
misregulated in various carcinomas such as urothelial carcinoma [92], pancreatic tumors [93],
hepatocellular carcinoma [94–97], colorectal carcinomas [98, 99], ovarian cancer tissues [100, 101],
sarcomas [102], esophageal squamous cell carcinoma (ESCC) [103–106], renal carcinomas [20],
nasopharyngeal carcinoma [107], gastrointestinal stromal tumors [82], Laryngeal squamous cell cancer
[108, 109], gall bladder cancers [68], nonfunctional pituitary adenoma [110], prostate cancer [111],
cervical tumors [109, 112, 113], melanomas [114], gastric cancers [45, 115, 116], Ta/T1 bladder cancer
[72] and endometrial tumors [44, 117], (Table 1). Details are summarized below.

Table 1

HOTAIR and its implications in various cancers

5.1 Breast carcinomas

Multiple studies demonstrate that the expression of HOTAIR is significantly upregulated in breast
tumors [118–120]. HOTAIR expression level in primary tumors is correlated with metastasis and death
potentials [118]. HOTAIR overexpression augments cancer invasiveness and metastases and its
depletion inhibits cancer invasiveness. Overexpression of HOTAIR induces genome-wide re-targeting
of PRC2-complex resulting in altered gene expression profiles, and that may contribute to tumor
initiation, progression and metastasis [118]. In a separate study, Lu et. al. showed that the levels of
HOTAIR expression varied widely in the primary breast tumors, however, there were no significant
associations between HOTAIR expression and clinical or pathological characteristics such as overall or
disease-free survival [120]. In multivariate analyses, patients with higher HOTAIR expression had
better survival potential than those with low expression [120]. They also showed that intergenic DNA
methylation is positively correlated with HOTAIR expression levels and unfavorable outcomes
including late disease stage, advanced tumor grade, large tumor size and negative status of estradiol
and progesterone receptors [120].

Recent studies from our laboratory showed that HOTAIR expression is critical for the survival and
proliferation of breast cancer cells (MCF7). In order to study the effect of knockdown of HOTAIR and
analyze its impact on cell growth and viability, we developed a synthetic oligonucleotide DNA that is
complementary to HOTAIR transcript and termed it as small interfering sense (siSENSE)
oligonucleotide [17]. The normal phosphodiester bonds of the HOTAIR siSENSE DNA molecule were
replaced with phosphorothioate linkage to minimize the nuclease digestion and enhance its in vivo
stability. Our studies demonstrated that siSENSE-mediated knockdown of HOTAIR suppressed the
growth of MCF7 and eventually induced apoptotic cell death. SiSENSE-mediated HOTAIR
knockdown upregulated the expression levels of various genes such as cyclins, HOXD10, PCDH10,
BCL2 and BID (BH3 interacting domain death agonist) [17]. HOXD10 plays a critical role in cell
differentiation and morphogenesis during development. Expression of HOXD10 is downregulated in
cancer tissues and is a potential tumor suppressor [121]. PCDH10 is broadly expressed in all normal
adult and fetal tissues including the epithelia, though at different levels. Transcriptional silencing of
PCDH10 and its promoter methylation are frequently detected in multiple carcinomas [122]. Ectopic
expression of PCDH10 strongly suppresses tumor cell growth, migration, invasion and colony
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formation, suggesting that PCDH10 is a tumor suppressor [122]. HOTAIR appears to be negative
regulator of these tumor suppressor genes and therefore HOTAIR overexpression may contribute to
tumorigenesis via inhibition of multiple tumor suppressors.

Studies by Sorensen et. al. show that HOTAIR expression has a bimodal distribution in primary breast
cancer and patients with metastatic breast cancer possess higher levels of HOTAIR expression [119].
Patients with low HOTAIR expression had better survival than those with high HOTAIR expression.
This study also reports that ER-positive patients have higher HOTAIR levels and HOTAIR might be a
potential prognostic marker in ER-positive breast cancer [119]. Another study shows that expression of
HOTAIR and EZH2 are highly correlated, with strong positive HOTAIR expression, ER positivity and
PR positivity [123]. On the contrary, subset of cases that showed strong EZH2 expression also
correlated with an increased proliferation rate, ER- and PR-negativity [123]. HOTAIR and EZH2 had
increased expression in the metastatic carcinomas [123]. However, co-expression of HOTAIR and
EZH2 trended with the worst outcome [123]. A recent study reported that a secreted
phosphoglycoprotein, osteopontin (OPN) that increases cell migration via EGFR (epidermal growth
factor receptor) and MET (MET proto-oncogene, receptor tyrosine kinase) and is associated with tumor
growth and metastasis, transcriptionally induces HOTAIR expression via upregulating the PI3K/AKT
pathway (Figure 6) [124]. OPN decreases interferon regulatory factor-1 (IRF1) expression and further
elevates the level of HOTAIR [125]. IRF1 binds to the HOTAIR promoter and regulates HOTAIR
expression [125]. A recent report demonstrated that calycosin and genistein (Phytoestrogens of
isoflavone class) inhibited proliferation and induced apoptosis in breast cancer cells (MCF7).
Treatment of calycosin or genistein also decreased phosphorylation of Akt, and also the expression of
its downstream target, HOTAIR [126]. Mechanistic studies show that HOTAIR suppress a miRNA
(miR-568) and in turn augments the NFAT5 (Nuclear factor of activated T cells 5) expression in
metastatic breast cancers [127]. Another study showed that downregulation of miR-7 in breast cancer
stem cells may be indirectly attributed to HOTAIR by modulating the expression of HOXD10 that
promotes the expression of miR-7. These findings demonstrate that miR-7 is a tumor suppressor and its
overexpression might serve as a good strategy for treating highly invasive breast cancer [128]. Alves
et. al. evaluated the roles played by HOTAIR in epithelial-to-mesenchymal transition (EMT) and also
in the maintenance of cancer stem cells (CSCs. Their study demonstrated that treatment with TGFβ1
(Transforming growth factor β1) induces HOTAIR levels and triggers EMT [129]. However, depletion
of HOTAIR did not trigger TGFβ1 stimulated EMT program and also alleviated the colony-forming
capacity of colon and breast cancer cells. HOTAIR acts as a key regulator of genes involved in the
EMT [129]. Various studies also demonstrate that HOTAIR regulates various genes associated with cell
cycle progression, cellular structural integrity, cell-cell signaling and development. These HOTAIR
target genes include JAM2, PCDH10, PCDHB5 ABL2, SNAIL (snail family zinc finger 1), laminins
HOXD10, PRG1 (P53-Responsive Gene 1) etc. [93, 94, 104, 108, 118, 129, 130].

5.2 Lung carcinomas

Multiple studies demonstrate that HOTAIR overexpression is associated with non-small cell lung
carcinomas (NSCLC) and small cell lung cancers (SCLC). Patients with high HOTAIR expression
levels, possessed higher lymphatic invasion and had significantly shorter survival times, in case of both
SCLCs and NSCLCs [131–135]. HOTAIR overexpression increases cell migration and invasive ability
[131, 133] and HOTAIR knockdown affects cell growth, impedes cell migration and ultimately induces
apoptosis in NSCLCs and SCLCs [131, 133]. In vivo studies in nude mice also showed that HOTAIR
knockdown decreases the number of metastatic nodules [131]. Suppression of HOTAIR upregulates the
levels of HOXA5 and downregulates MMP2 (Matrix metallopeptidase 2) and MMP9 (Matrix
metallopeptidase 9) that are critical players of tumor invasion and metastasis [131, 133].

Tumor microenvironment is enriched with interstitial extracellular matrix, such as type I collagen (Col-
1) [135] . Col-1 up-regulates oncogenic miRNAs, such as miR-21 and promotes tumor progression
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[135]. Zhuang et. al. demonstrated that the levels of HOTAIR and col-1 were significantly higher in
NSCLC tissues [135]. Col-1 supplementation induces the expression levels of HOTAIR [135].
Inhibition of integrin α2β1, a cell surface receptor for Col-1 results in reduced levels of HOTAIR,
indicating potential regulation of HOTAIR by Col-1 [135]. Furthermore, HOTAIR promoter analysis
identified four potential Myc binding sites. These findings suggest that Myc mediates activation of the
HOTAIR gene by Col-1, since the levels of miR-17-92 cluster (another transcriptional target of Myc in
cancer cells) were found to be significantly upregulated by Col-1 [135]. Cigarette smoke extract (CSE)
exposure to human bronchial epithelial (HBE) cells induced IL-6 (Interleukin 6), a pro-inflammatory
cytokine that activates STAT3 (Signal transducer and activator of transcription 3), a transcription
activator. In turn, STAT3 interacts with the HOTAIR promoter leading to increased expression levels of
HOTAIR (Figure 6) [48]. This study suggests a link between inflammation, EMT, CSE and HOTAIR
[48]. HOTAIR knockdown also altered the expression levels of various genes that include cell adhesion
genes such as ASTN1 (astrotactin 1), PCDHα1 and 10 (protocadherin-α 1 and 10), and CLDN11
(Claudin-11), genes involved in mucin production such as MUC5AC (mucin 5AC, oligomeric
mucus/gel-forming) and MUC4 [134].

An independent study investigated the role of HOTAIR in the resistance of lung adenocarcinomas
(LAD) cells to cisplatin. They showed that HOTAIR expression was elevated in cisplatin-resistant
A549/DDP cells as compared to normal A549 cells. HOTAIR knockdown resensitized the responses of
A549/DDP cells to cisplatin both in vitro and in vivo [132]. In contrast, overexpression of HOTAIR
decreased the sensitivity of A549 and SPC-A1 cells to cisplatin [132]. They showed that HOTAIR
specific siRNA mediated chemosensitivity enhancement was associated with inhibition of cell
proliferation, induction of G /G  cell-cycle arrest and apoptosis enhancement through regulation of
p21  (p21) expression. These results imply that upregulation of HOTAIR leads to the
cisplatin resistance of LAD cells, via regulation of p21 expression (Figure 6) [132].

HOTAIR is known to plays a critical role in ovarian cancer [100, 101]. Several studies
have already demonstrated that HOTAIR suppresses HOXD10 gene, mRNA that encodes a
transcriptional repressor that inhibits the expression of cell migration and invasion-associated genes.
However, a contradictory study, examined whether HOTAIR is able to regulate the expression of
HOXD10 in epithelial ovarian cancer cell lines. HOTAIR depletion led to no significant upregulation
of the HOXD10 protein and mRNA in the cells [101]. Another study identified a putative p65-NF-κB
(nuclear factor kappa-light-chain-enhancer of activated B cells) binding site 906 bp upstream of the
HOTAIR transcription start site (TSS) [90]. Treatment of (A2780) ovarian cancer cells with the NF-κB
activator, TNF-α induced HOTAIR expression and NF-κB enrichment at the HOTAIR promoter
occurred in the presence of TNF-α [90]. The results of this study support a role for HOTAIR as a
positive regulator of the NF-κB [90].

A study reported that HOTAIR knockdown increased the expression of tumor
suppressor gene, RNA binding motif protein 38 (RBM38) that is a critical player of cell migration,
invasion and malignancy [94]. Thus, HOTAIR was shown to contribute toward migration and invasion
of HCC cells by inhibiting RBM38 (Figure 6) [94].

HOTAIR levels in blood of sporadic colorectal cancer (CRC) patients
were 4-fold higher as compared to the healthy controls, suggesting that HOTAIR blood levels may
serve as potential surrogate prognostic marker in sporadic CRC [98]. Another study showed that
HOTAIR knockdown suppressed the TGF-β1 induced epithelial-to-mesenchymal transition (EMT) and
reduced the colony-forming capacity of colon cancer cells [136]. Colon cancer stem cell subpopulation
(CD133(+)/CD44(+)) possesses higher levels of HOTAIR as compared to the non-stem cell
subpopulations, suggesting that HOTAIR aides in carcinogenesis via stemness acquisition [136].

In vitro HOTAIR knockdown studies in pancreatic cancer cells further
corroborated that HOTAIR is associated with enhanced cell invasion, cell proliferation, modulation of
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cell cycle progression, and induction of apoptosis [93]. In L3.6pL mouse xenograft models HOTAIR
knockdown led to inhibition of pancreatic tumor growth, suggesting HOTAIR’s anti-proliferative role
in pancreatic cancer.

ESCC cells and tissues showed inverse correlation
between HOTAIR overexpression and decreased WIF-1 (WNT inhibitory factor-1) expression,
HOTAIR overexpression also promoted H3K27 tri-methylation in the promoter region of WIF-1 [104].
Notably, WIF-1 is a key inhibitor of the WNT/β-catenin signaling pathway and binds directly to
extracellular WNT ligands, preventing their interaction with the receptors and leading to degradation of
cytosolic β-catenin by the APC/Axin1 destruction complex (Figure 6) [104]. Epigenetic silencing of
WIF-1 due to promoter hypermethylation is a frequent mechanism that causes aberrant activation of the
WNT/β-catenin pathway in several human cancers, as well as in ESCC [104]. Generally, WIF-1
downregulation is a prominent characteristic of tumor progression [104]. Exogenously added
recombinant human WIF-1 protein in ESCC cells, overexpressing HOTAIR, inhibited the migration
and invasion ability, although, no correlations were found between WIF-1 protein level and prognosis
of patients with ESCC [104].

PTEN (Phosphatase and tensin homolog) is a critical player in
laryngeal squamous cell carcinomas and PTEN promoter CpG island methylation is linked with LSCCs
[108, 109]. Studies by Li et. al. showed that HOTAIR regulates the CpG methylation at the PTEN
promoter suggesting potential roles of HOTAIR in PTEN associated carcinogenesis (Figure 6) [108].
Furthermore, another study identified HOTAIR in the LSCC patient’s serum and that may serve as
biomarker to screen LSCC [109].

Zhang et. al. carried out multivariate Cox regression analyses which showed that
HOTAIR is an independent prognostic factor in glioblastoma patients [137]. HOTAIR knockdown in
glioblastoma cell lines such as LN229 and U87 cells via RNAi not only demonstrated significant
increase in the cells present in the G /G  phase but also altered the expression of various genes [137].
For example, the levels of cyclin D1, cyclin E, cyclin-dependent kinase CDK4, CDK2, and E2F1 were
reduced and the levels of p21 and p16 expression were significantly increased [71, 137].

5.3 Other carcinomas

HOTAIR expression levels have been found to be significantly higher in variety of other cancers such
as sarcomas, renal carcinomas, nasopharyngeal carcinoma (NPCs), gastrointestinal stromal tumors
(GISTs), gall bladder cancers, nonfunctional pituitary adenoma, prostate cancer, cervical tumors,
melanomas, gastric cancers, Ta/T1 bladder cancer, and endometrial tumors as compared to the adjacent
normal tissues (Table 1) [20, 44, 49, 68, 70, 74, 82, 102, 107, 109–112, 117, 121, 122, 138, 139]. The
levels of HOTAIR are higher in advanced tumors as compared to low grade tumors. Cancer patients
with higher HOTAIR levels have poor prognosis for overall survival [5, 12, 13, 21, 22, 44, 68, 81, 82,
93, 95, 97–100, 102–106, 110, 111, 117, 119, 129, 130, 134, 135, 137–148]. HOTAIR has been
identified as a novel biomarker and its expression levels can be used to analyze the degree of
malignancy [5, 44, 68, 102, 110–112, 117]. HOTAIR augments the cancer invasiveness and metastasis
[17, 24, 81, 94–96, 99, 104, 105, 108, 110, 111, 117–119, 130, 131, 137, 139, 142, 143, 149]. Poly r(C)
Binding Protein (PCBP) 1 was suppressed by HOTAIR in gastric cancer in vitro and in vivo [126].
High expression of HOTAIR is associated with radio-resistance and downregulation of p21 in the
primary cervical cancer cells [150]. HOTAIR expression is also found to be significantly high in
leukemic cell lines and primary AML (Acute myeloid leukemia) blasts. AML patients with higher
HOTAIR were predicted to have worse clinical outcome as compared to the patients with lower
HOTAIR [51].

Recently, we analyzed the HOTAIR expression patterns in a variety of cancer using an online data base
(http://www.cbioportal.org/public-portal/) which provides information about the mutations,

0 1

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/table/T1/
http://www.cbioportal.org/public-portal/


Go to:Go to:

amplifications and deletion in a variety of genes in various carcinomas based on RNA-Seq, microarray
and other techniques [150, 151]. To generate the cross-cancer alteration summary, “Mutation and CNA
(copy number alteration)” data types were analyzed for all cancer studies. These analyses revealed that
HOTAIR copy number alterations (CNAs) and deletions are associated with a large number of
carcinomas that include adrenocortical carcinoma, malignant peripheral nerve sheath tumors, adenoid
cystic carcinoma etc. (Figure 7). These analyses, in addition with other individual studies, further
support the argument that HOTAIR is a major player in various cancers, though further detailed studies
are required to identify the role of HOTAIR in carcinogenesis.

Figure 7

Cross-cancer summary of copy number alterations and mutations in HOTAIR based on cBioPortal database
[150, 151]

6. Other Diseases

Beyond its association with cancer, HOTAIR is also associated with other disorders such as
cardiovascular diseases and osteoarthritis (Table 1). Recently, it is reported that level of HOTAIR is
decreased in the bicuspid aortic valve and in human aortic interstitial cells exposed to cyclic stretch
[152]. HOTAIR knockdown results in higher expression of two genes, ALPL (alkaline phosphatase)
and BMP2 (bone morphogenetic protein 2) that are required for calcification of aortic valve interstitial
cells (AVICs) [152]. Microarray analyses showed that HOTAIR-knockdown results in activation of
additional calcification related genes and pathways [112]. WNT/β-CATENIN signaling pathway plays
a critical role in the aortic valve calcification. Treatment with WNT agonists increases ALPL and
BMP2 expression and decrease in HOTAIR expression, showing that HOTAIR represses calcification-
associated genes such as ALPL and BMP2. These data suggest that HOTAIR is mechano-responsive
and is repressed by WNT/β-CATENIN signaling, suggesting involvement of HOTAIR in aortic valve
calcification [112].

A recent study investigated the differences in expression levels of lncRNAs in osteoarthritic cartilages
and in normal cartilage using microarray analyses. The analyses identified HOTAIR to be one of the
lncRNA to be upregulated in osteoarthritic cartilages [153], suggesting that differential expression of
HOTAIR may be associated with the pathogenesis of osteoarthritis [153]. Another study investigated
the expression of HOTAIR in pre-eclampsia placentas and its effect on trophoblast cells [154]. Pre-
eclampsia is a disorder associated with pregnancy and is characterized by high blood pressure and a
large amount of protein in the urine [154]. Pre-eclampsia increases the risk of poor outcomes for both
the mother and the baby [154]. This study demonstrated that the levels of HOTAIR were significantly
increased in severe preeclampsia groups as compared to normal pregnant placentas. The proliferation
rate and invasive capacity of trophoblast cells (HTR-8/SVneo) was significantly decreased upon
overexpression of HOTAIR while increased in HOTAIR knockdown conditions [154]. These
observations suggest involvement of HOTAIR in the onset of pre-eclampsia by regulating proliferation,
invasion and apoptosis of trophoblast cells. However more studies are required for understanding the
molecular role of HOTAIR in pre-eclampsia [154].

A study showed that expression of HOTAIR, SHOX2 (short stature homeobox 2) and HOXC11 occurs
in gluteofemoral adipose tissue [155], suggesting potential roles of HOTAIR in gluteofemoral adipose
tissue biology [155]. Dermal papilla (DP) cells have been hypothesized to be the source of dermal
derived signaling molecules involved in hair-follicle development and postnatal hair cycling [155].
HOTAIR is found to be aberrantly expressed in DP cells and play an important role in regulating WNT
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signaling [155]. These observations provide potential targets for identifying the hair-follicle induction
mechanism of early-passage DP cells [155]. HOTAIR knockout mice studies have shown that there is a
de-repression of numerous genes, resulting in homeotic transformation of the spine, loss of vertebral
boundary specification during development and malformation of metacarpal-carpal bones [156].
HOTAIR appears to play pivotal roles in skeletal morphogenesis and embryonic patterning of the
skeletal system in vivo [156].

7. Summary and conclusion

HOTAIR is a critical player in regulating chromatin dynamics. HOTAIR interacts with critical
epigenetic regulators such histone methylase PRC2 and histone demethylase complex LSD1, recruits
them to the target gene promoters, introduces histone H3K27-trimethylation and H3K4-demethylation
and ultimately results in chromosome condensation and gene silencing [28]. HOTAIR regulates a
variety of genes involved in cell cycle progression, cell migration, EMT, metastases, tumor progression
etc. (Figure 6). HOTAIR overexpression is closely associated with a variety of cancers including breast
cancer. Misregulation of HOTAIR potentially alters the epigenome and hence contributes to the
alteration of cellular homeostasis and disease initiation and progression. HOTAIR expression may be
regulated via diverse mechanisms such as via involvement of steroid hormones such as estradiol,
miRNAs such as miR-141 (Figure 6). HOTAIR is a proto-oncogene and may be misregulated upon
exposure to endocrine disrupting chemicals (EDCs) such as BPA and DES and that may contribute
toward disease progression including carcinogenesis [16, 17].

The discovery of the involvement of HOTAIR in regulation of protein ubiquitination and protein
degradation both in cytoplasm and nucleus opens up door for exploring the functions of HOTAIR
beyond direct regulation of epigenome and chromosome dynamics [13]. The discovery of pivotal roles
of HOTAIR in skeletal morphogenesis and embryonic patterning further signifies the importance of
lncRNA HOTAIR in development. The association of HOTAIR transcript levels to aortic valve
calcification, osteoarthritis and pre-eclampsia etc. [13] suggest that HOTAIR may be associated with
variety of physiological process and diseases beyond cancer. The detailed molecular mechanisms of
diverse mode of HOTAIR regulation still remain elusive.

Highlights

a. HOTAIR is a long nom-coding RNA
b. HOTAIR interacts with PRC2 and LSD1 and regulates gene silencing
c. HOTAIR is overexpressed in variety of cancer
d. We reviewed the functions of HOTAIR and its regulation
e. We reviewed the associations of HOTAIR with cancer and other diseases

Acknowledgements

We thank all the Mandal lab members for helpful discussions. Research in Mandal laboratory is
supported by grant from NIH (1R15 ES019129-01). We sincerely apologize to all the colleagues whose
contributions are not cited here due to the limitation in the length of the article.

Footnotes
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a
service to our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note
that during the production process errors may be discovered which could affect the content, and all legal

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/#
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/#
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/#
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/#
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/#
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/#
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/figure/F6/


Go to:Go to:

disclaimers that apply to the journal pertain.

References

1. Thomas DJ, Rosenbloom KR, Clawson H, Hinrichs AS, Trumbower H, Raney BJ, Karolchik D,
Barber GP, Harte RA, Hillman-Jackson J, Kuhn RM, Rhead BL, Smith KE, Thakkapallayil A, Zweig
AS, Haussler D, Kent WJ. The ENCODE Project at UC Santa Cruz. Nucleic Acids Res.
2007;35:D663–D667. [PMC free article] [PubMed]

2. Banfai B, Jia H, Khatun J, Wood E, Risk B, Gundling WE, Kundaje A, Gunawardena HP, Yu YB,
Xie L, Krajewski K, Strahl BD, Chen X, Bickel P, Giddings MC, Brown JB, Lipovich L. Long
noncoding RNAs are rarely translated in two human cell lines. Genome Research. 2012;22:1646–1657.
[PMC free article] [PubMed]

3. Bernstein BE, Birney E, Dunham I, Green ED, Gunter C, Snyder M. An integrated encyclopedia of
DNA elements in the human genome. Nature. 2012;489:57–74. [PMC free article] [PubMed]

4. Wahlestedt C. Targeting long non-coding RNA to therapeutically upregulate gene expression. Nat
Rev Drug Discov. 2013;12:433–446. [PubMed]

5. Bhan A, Mandal SS. Long Noncoding RNAs: Emerging Stars in Gene Regulation, Epigenetics and
Human Disease. ChemMedChem. 2014;9:1932–1956. [PubMed]

6. Ma L, Bajic VB, Zhang Z. On the classification of long non-coding RNAs. RNA Biol. 2013;10:925–
933. [PMC free article] [PubMed]

7. Chew GL, Pauli A, Rinn JL, Regev A, Schier AF, Valen E. Ribosome profiling reveals resemblance
between long non-coding RNAs and 5’ leaders of coding RNAs. Development. 2013;140:2828–2834.
[PMC free article] [PubMed]

8. Guttman M, Russell P, Ingolia NT, Weissman JS, Lander ES. Ribosome profiling provides evidence
that large noncoding RNAs do not encode proteins. Cell. 2013;154:240–251. [PMC free article]
[PubMed]

9. Hube F, Guo J, Chooniedass-Kothari S, Cooper C, Hamedani MK, Dibrov AA, Blanchard AA,
Wang X, Deng G, Myal Y, Leygue E. Alternative splicing of the first intron of the steroid receptor
RNA activator (SRA) participates in the generation of coding and noncoding RNA isoforms in breast
cancer cell lines. DNA Cell Biol. 2006;25:418–428. [PubMed]

10. Kondo T, Plaza S, Zanet J, Benrabah E, Valenti P, Hashimoto Y, Kobayashi S, Payre F, Kageyama
Y. Small peptides switch the transcriptional activity of Shavenbaby during Drosophila embryogenesis.
Science. 2010;329:336–339. [PubMed]

11. Ulveling D, Francastel C, Hube F. Identification of potentially new bifunctional RNA based on
genome-wide data-mining of alternative splicing events. Biochimie. 2011;93:2024–2027. [PubMed]

12. Rinn JL, Kertesz M, Wang JK, Squazzo SL, Xu X, Brugmann SA, Goodnough LH, Helms JA,
Farnham PJ, Segal E, Chang HY. Functional demarcation of active and silent chromatin domains in
human HOX loci by noncoding RNAs. Cell. 2007;129:1311–1323. [PMC free article] [PubMed]

13. Yoon JH, Abdelmohsen K, Kim J, Yang X, Martindale JL, Tominaga-Yamanaka K, White EJ,
Orjalo AV, Rinn JL, Kreft SG, Wilson GM, Gorospe M. Scaffold function of long non-coding RNA
HOTAIR in protein ubiquitination. Nat Commun. 2013;4:2939. [PMC free article] [PubMed]

14. Zhou X, Chen J, Tang W. The molecular mechanism of HOTAIR in tumorigenesis, metastasis, and
drug resistance. Acta Biochim Biophys Sin (Shanghai) 2014;46:1011–1015. [PubMed]

15. Hajjari M, Salavaty A. HOTAIR: an oncogenic long non-coding RNA in different cancers. Cancer

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/#
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4544839/#
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1781110/
https://www.ncbi.nlm.nih.gov/pubmed/17166863
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3431482/
https://www.ncbi.nlm.nih.gov/pubmed/22955977
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3439153/
https://www.ncbi.nlm.nih.gov/pubmed/22955616
https://www.ncbi.nlm.nih.gov/pubmed/23722346
https://www.ncbi.nlm.nih.gov/pubmed/24677606
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4111732/
https://www.ncbi.nlm.nih.gov/pubmed/23696037
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3678345/
https://www.ncbi.nlm.nih.gov/pubmed/23698349
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3756563/
https://www.ncbi.nlm.nih.gov/pubmed/23810193
https://www.ncbi.nlm.nih.gov/pubmed/16848684
https://www.ncbi.nlm.nih.gov/pubmed/20647469
https://www.ncbi.nlm.nih.gov/pubmed/21729736
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2084369/
https://www.ncbi.nlm.nih.gov/pubmed/17604720
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4556280/
https://www.ncbi.nlm.nih.gov/pubmed/24326307
https://www.ncbi.nlm.nih.gov/pubmed/25385164


biology & medicine. 2015;12:1–9. [PMC free article] [PubMed]

16. Bhan A, Hussain I, Ansari KI, Bobzean SA, Perrotti LI, Mandal SS. Bisphenol-A and
diethylstilbestrol exposure induces the expression of breast cancer associated long noncoding RNA
HOTAIR in vitro and in vivo. J Steroid Biochem Mol Biol. 2014;141C:160–170. [PMC free article]
[PubMed]

17. Bhan A, Hussain I, Ansari KI, Kasiri S, Bashyal A, Mandal SS. Antisense transcript long
noncoding RNA (lncRNA) HOTAIR is transcriptionally induced by estradiol. J Mol Biol.
2013;425:3707–3722. [PMC free article] [PubMed]

18. Tani H, Mizutani R, Salam KA, Tano K, Ijiri K, Wakamatsu A, Isogai T, Suzuki Y, Akimitsu N.
Genome-wide determination of RNA stability reveals hundreds of short-lived noncoding transcripts in
mammals. Genome Res. 2012;22:947–956. [PMC free article] [PubMed]

19. Schorderet P, Duboule D. Structural and functional differences in the long non-coding RNA hotair
in mouse and human. PLoS Genet. 2011;7:e1002071. [PMC free article] [PubMed]

20. Wu Y, Liu J, Zheng Y, You L, Kuang D, Liu T. Suppressed expression of long non-coding RNA
HOTAIR inhibits proliferation and tumourigenicity of renal carcinoma cells. Tumour Biol. 2014
[PubMed]

21. He S, Liu S, Zhu H. The sequence, structure and evolutionary features of HOTAIR in mammals.
BMC Evol Biol. 2011;11:102. [PMC free article] [PubMed]

22. Woo CJ, Kingston RE. HOTAIR lifts noncoding RNAs to new levels. Cell. 2007;129:1257–1259.
[PubMed]

23. Wu Y, Zhang L, Wang Y, Li H, Ren X, Wei F, Yu W, Wang X, Zhang L, Yu J, Hao X. Long
noncoding RNA HOTAIR involvement in cancer. Tumor Biol. 2014:1–8. [PubMed]

24. Zhang J, Zhang P, Wang L, Piao HL, Ma L. Long non-coding RNA HOTAIR in carcinogenesis and
metastasis. Acta Biochim Biophys Sin (Shanghai) 2014;46:1–5. [PMC free article] [PubMed]

25. Rinn JL, Kertesz M, Wang JK, Squazzo SL, Xu X, Brugmann SA, Goodnough LH, Helms JA,
Farnham PJ, Segal E, Chang HY. Functional Demarcation of Active and Silent Chromatin Domains in
Human HOX Loci by Noncoding RNAs. Cell. 2007;129:1311–1323. [PMC free article] [PubMed]

26. Margueron R, Reinberg D. The Polycomb complex PRC2 and its mark in life. Nature.
2011;469:343–349. [PMC free article] [PubMed]

27. Ciferri C, Lander GC, Maiolica A, Herzog F, Aebersold R, Nogales E. Molecular architecture of
human polycomb repressive complex 2. Elife. 2012;1:e00005. [PMC free article] [PubMed]

28. Tsai MC, Manor O, Wan Y, Mosammaparast N, Wang JK, Lan F, Shi Y, Segal E, Chang HY. Long
noncoding RNA as modular scaffold of histone modification complexes. Science. 2010;329:689–693.
[PMC free article] [PubMed]

29. Tsai M-C, Manor O, Wan Y, Mosammaparast N, Wang JK, Lan F, Shi Y, Segal E, Chang HY. Long
Noncoding RNA as Modular Scaffold of Histone Modification Complexes. Science. 2010;329:689–
693. [PMC free article] [PubMed]

30. Wu L, Murat P, Matak-Vinkovic D, Murrell A, Balasubramanian S. Binding Interactions between
Long Noncoding RNA HOTAIR and PRC2 Proteins. Biochemistry. 2013;52:9519–9527.
[PMC free article] [PubMed]

31. Davidovich C, Zheng L, Goodrich KJ, Cech TR. Promiscuous RNA binding by Polycomb
repressive complex 2. Nat Struct Mol Biol. 2013;20:1250–1257. [PMC free article] [PubMed]

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4383848/
https://www.ncbi.nlm.nih.gov/pubmed/25859406
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4025971/
https://www.ncbi.nlm.nih.gov/pubmed/24533973
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3679254/
https://www.ncbi.nlm.nih.gov/pubmed/23375982
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3337439/
https://www.ncbi.nlm.nih.gov/pubmed/22369889
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3102750/
https://www.ncbi.nlm.nih.gov/pubmed/21637793
https://www.ncbi.nlm.nih.gov/pubmed/25149152
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3103462/
https://www.ncbi.nlm.nih.gov/pubmed/21496275
https://www.ncbi.nlm.nih.gov/pubmed/17604716
https://www.ncbi.nlm.nih.gov/pubmed/25168368
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3869294/
https://www.ncbi.nlm.nih.gov/pubmed/24165275
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2084369/
https://www.ncbi.nlm.nih.gov/pubmed/17604720
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3760771/
https://www.ncbi.nlm.nih.gov/pubmed/21248841
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3482686/
https://www.ncbi.nlm.nih.gov/pubmed/23110252
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2967777/
https://www.ncbi.nlm.nih.gov/pubmed/20616235
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2967777/
https://www.ncbi.nlm.nih.gov/pubmed/20616235
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3964825/
https://www.ncbi.nlm.nih.gov/pubmed/24320048
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3823624/
https://www.ncbi.nlm.nih.gov/pubmed/24077223


32. Chu C, Qu K, Zhong FL, Artandi SE, Chang HY. Genomic maps of long noncoding RNA
occupancy reveal principles of RNA-chromatin interactions. Mol Cell. 2011;44:667–678.
[PMC free article] [PubMed]

33. Pitera JE, Smith VV, Thorogood P, Milla PJ. Coordinated expression of 3’ hox genes during murine
embryonal gut development: an enteric Hox code. Gastroenterology. 1999;117:1339–1351. [PubMed]

34. Hancarova M, Simandlova M, Drabova J, Petrak B, Koudova M, Havlovicova M, Sedlacek Z.
Chromosome 12q13.13 deletions involving the HOXC gene cluster: Phenotype and candidate genes.
European Journal of Medical Genetics. 2013;56:171–173. [PubMed]

35. Suemori H, Noguchi S. Hox C Cluster Genes Are Dispensable for Overall Body Plan of Mouse
Embryonic Development. Developmental Biology. 2000;220:333–342. [PubMed]

36. Wang L, Zeng X, Chen S, Ding L, Zhong J, Zhao JC, Sarver A, Koller A, Zhi J, Ma Y, Yu J, Chen
J, Huang H. BRCA1 is a negative modulator of the PRC2 complex. EMBO J. 2013;32:1584–1597.
[PMC free article] [PubMed]

37. Kaneko S, Li G, Son J, Xu C-F, Margueron R, Neubert TA, Reinberg D. Phosphorylation of the
PRC2 component Ezh2 is cell cycle-regulated and up-regulates its binding to ncRNA. Genes &
Development. 2010;24:2615–2620. [PMC free article] [PubMed]

38. Lam YC, Bowman AB, Jafar-Nejad P, Lim J, Richman R, Fryer JD, Hyun ED, Duvick LA, Orr HT,
Botas J, Zoghbi HY. ATAXIN-1 interacts with the repressor Capicua in its native complex to cause
SCA1 neuropathology. Cell. 2006;127:1335–1347. [PubMed]

39. Huber J, Cronshagen U, Kadokura M, Marshallsay C, Wada T, Sekine M, Luhrmann R.
Snurportin1, an m3G–cap-specific nuclear import receptor with a novel domain structure. EMBO J.
1998;17:4114–4126. [PMC free article] [PubMed]

40. Vinayagam A, Stelzl U, Foulle R, Plassmann S, Zenkner M, Timm J, Assmus HE, Andrade-
Navarro MA, Wanker EE. A directed protein interaction network for investigating intracellular signal
transduction. Sci Signal. 2011;4:rs8. [PubMed]

41. Barrios-Rodiles M, Brown KR, Ozdamar B, Bose R, Liu Z, Donovan RS, Shinjo F, Liu Y,
Dembowy J, Taylor IW, Luga V, Przulj N, Robinson M, Suzuki H, Hayashizaki Y, Jurisica I, Wrana JL.
High-throughput mapping of a dynamic signaling network in mammalian cells. Science.
2005;307:1621–1625. [PubMed]

42. Srikantan S, Tominaga K, Gorospe M. Functional Interplay between RNA-Binding Protein HuR
and microRNAs. Curr Protein Pept Sc. 2012;13:372–379. [PMC free article] [PubMed]

43. Zhang H, Diab A, Fan H, Mani SK, Hullinger R, Merle P, Andrisani O. PLK1 and HOTAIR
Accelerate Proteasomal Degradation of SUZ12 and ZNF198 during Hepatitis B Virus-Induced Liver
Carcinogenesis. Cancer research. 2015;75:2363–2374. [PMC free article] [PubMed]

44. Huang J, Ke P, Guo L, Wang W, Tan H, Liang Y, Yao S. Lentivirus-Mediated RNA Interference
Targeting the Long Noncoding RNA HOTAIR Inhibits Proliferation and Invasion of Endometrial
Carcinoma Cells In Vitro and In Vivo. International Journal of Gynecological Cancer. 2014;24:635–
642. 610.1097/IGC.0000000000000121. [PubMed]

45. Susiarjo M, Hassold TJ, Freeman E, Hunt PA. Bisphenol A exposure in utero disrupts early
oogenesis in the mouse. PLoS Genet. 2007;3:e5. [PMC free article] [PubMed]

46. Huang TH, Morrison SL. A trimeric anti-HER2/neu ScFv and tumor necrosis factor-alpha fusion
protein induces HER2/neu signaling and facilitates repair of injured epithelia. J Pharmacol Exp Ther.
2006;316:983–991. [PubMed]

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3249421/
https://www.ncbi.nlm.nih.gov/pubmed/21963238
https://www.ncbi.nlm.nih.gov/pubmed/10579975
https://www.ncbi.nlm.nih.gov/pubmed/23274590
https://www.ncbi.nlm.nih.gov/pubmed/10753520
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3671259/
https://www.ncbi.nlm.nih.gov/pubmed/23624935
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2994035/
https://www.ncbi.nlm.nih.gov/pubmed/21123648
https://www.ncbi.nlm.nih.gov/pubmed/17190598
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1170744/
https://www.ncbi.nlm.nih.gov/pubmed/9670026
https://www.ncbi.nlm.nih.gov/pubmed/21900206
https://www.ncbi.nlm.nih.gov/pubmed/15761153
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3535178/
https://www.ncbi.nlm.nih.gov/pubmed/22708488
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4452430/
https://www.ncbi.nlm.nih.gov/pubmed/25855382
https://www.ncbi.nlm.nih.gov/pubmed/24758900
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1781485/
https://www.ncbi.nlm.nih.gov/pubmed/17222059
https://www.ncbi.nlm.nih.gov/pubmed/16291729


47. Lemoine NR, Jain S, Silvestre F, Lopes C, Hughes CM, McLelland E, Gullick WJ, Filipe MI.
Amplification and overexpression of the EGF receptor and c-erbB-2 proto-oncogenes in human
stomach cancer. Br J Cancer. 1991;64:79–83. [PMC free article] [PubMed]

48. Faltus T, Yuan J, Zimmer B, Kramer A, Loibl S, Kaufmann M, Strebhardt K. Silencing of the
HER2/neu gene by siRNA inhibits proliferation and induces apoptosis in HER2/neu-overexpressing
breast cancer cells. Neoplasia. 2004;6:786–795. [PMC free article] [PubMed]

49. Liu X-h, Sun M, Nie F-q, Ge Y-b, Zhang E-b, Yin D-d, Kong R, Xia R, Lu K-h, Li J-h, De W,
Wang K-m, Wang Z-x. Lnc RNA HOTAIR functions as a competing endogenous RNA to regulate
HER2 expression by sponging miR-331-3p in gastric cancer. Molecular Cancer. 2014;13:92.
[PMC free article] [PubMed]

50. Fu W-M, Zhu X, Wang W-M, Lu Y-f, Hu B-g, Wang H, Liang W-C, Wang S-s, Ko C-H, Waye
MM-Y, Kung H-F, Li G, Zhang J-F. Hotair Mediates Hepatocarcinogenesis through Suppressing
MiRNA-218 Expression and Activating P14 and P16 Signaling. Journal of Hepatology [PubMed]

51. Xing C-y, Hu X-q, Xie F-y, Yu Z-j, Li H-y, Bin Z, Wu J-b, Tang L-y, Gao S-m. Long non-coding
RNA HOTAIR modulates c-KIT expression through sponging miR-193a in acute myeloid leukemia.
FEBS Letters [PubMed]

52. Nilsson S, Gustafsson JA. Estrogen receptor action. Crit Rev Eukaryot Gene Expr. 2002;12:237–
257. [PubMed]

53. Nilsson S, Gustafsson JA. Estrogen receptor transcription and transactivation: Basic aspects of
estrogen action. Breast Cancer Res. 2000;2:360–366. [PMC free article] [PubMed]

54. Ansari KI, Hussain I, Kasiri S, Mandal SS. HOXC10 is overexpressed in breast cancer and
transcriptionally regulated by estrogen via involvement of histone methylases MLL3 and MLL4.
Journal of Molecular Endocrinology. 2012;48:61–75. [PubMed]

55. Ansari KI, Kasiri S, Hussain I, Bobzean SA, Perrotti LI, Mandal SS. MLL histone methylases
regulate expression of HDLR-SR-B1 in presence of estrogen and control plasma cholesterol in vivo.
Mol Endocrinol. 2013;27:92–105. [PMC free article] [PubMed]

56. Ansari KI, Mishra BP, Mandal SS. MLL histone methylases in gene expression, hormone signaling
and cell cycle. Front Biosci (Landmark Ed) 2009;14:3483–3495. [PubMed]

57. Ansari KI, Shrestha B, Hussain I, Kasiri S, Mandal SS. Histone methylases MLL1 and MLL3
coordinate with estrogen receptors in estrogen-mediated HOXB9 expression. Biochemistry.
2011;50:3517–3527. [PMC free article] [PubMed]

58. Ansari KI, Kasiri S, Hussain I, Mandal SS. Mixed lineage leukemia histone methylases play critical
roles in estrogen-mediated regulation of HOXC13. FEBS J. 2009;276:7400–7411. [PubMed]

59. Lonard DM, O’Malley BW. Expanding functional diversity of the coactivators. Trends Biochem
Sci. 2005;30:126–132. [PubMed]

60. Bhan A, Hussain I, Ansari KI, Bobzean SA, Perrotti LI, Mandal SS. Histone Methyltransferase
EZH2 Is Transcriptionally Induced by Estradiol as Well as Estrogenic Endocrine Disruptors Bisphenol-
A and Diethylstilbestrol. J Mol Biol. 2014 [PubMed]

61. Kasiri S, Ansari KI, Hussain I, Bhan A, Mandal SS. Antisense oligonucleotide mediated
knockdown of HOXC13 affects cell growth and induces apoptosis in tumor cells and over expression
of HOXC13 induces 3D–colony formation. RSC Adv. 2013;3:3260–3269. [PMC free article] [PubMed]

62. Chen BS, Mandal SS, Hampsey M. High-resolution protein-DNA contacts for the yeast RNA
polymerase II general transcription machinery. Biochemistry. 2004;43:12741–12749. [PubMed]

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1977330/
https://www.ncbi.nlm.nih.gov/pubmed/1677259
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1531682/
https://www.ncbi.nlm.nih.gov/pubmed/15720805
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4021402/
https://www.ncbi.nlm.nih.gov/pubmed/24775712
https://www.ncbi.nlm.nih.gov/pubmed/26024833
https://www.ncbi.nlm.nih.gov/pubmed/25979172
https://www.ncbi.nlm.nih.gov/pubmed/12641394
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC138658/
https://www.ncbi.nlm.nih.gov/pubmed/11250729
https://www.ncbi.nlm.nih.gov/pubmed/22143955
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3545218/
https://www.ncbi.nlm.nih.gov/pubmed/23192982
https://www.ncbi.nlm.nih.gov/pubmed/19273288
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3082634/
https://www.ncbi.nlm.nih.gov/pubmed/21428455
https://www.ncbi.nlm.nih.gov/pubmed/19922474
https://www.ncbi.nlm.nih.gov/pubmed/15752984
https://www.ncbi.nlm.nih.gov/pubmed/25088689
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3593253/
https://www.ncbi.nlm.nih.gov/pubmed/23495364
https://www.ncbi.nlm.nih.gov/pubmed/15461446


63. Mandal SS, Fidalgo da Silva E, Reha-Krantz LJ. Using 2-aminopurine fluorescence to detect base
unstacking in the template strand during nucleotide incorporation by the bacteriophage T4 DNA
polymerase. Biochemistry. 2002;41:4399–4406. [PubMed]

64. Shibata H, Spencer TE, Onate SA, Jenster G, Tsai SY, Tsai MJ, O’Malley BW. Role of co-
activators and co-repressors in the mechanism of steroid/thyroid receptor action. Recent Prog Horm
Res. 1997;52:141–164. discussion 164-145. [PubMed]

65. Watson PJ, Fairall L, Schwabe JW. Nuclear hormone receptor co-repressors: structure and function.
Mol Cell Endocrinol. 2012;348:440–449. [PMC free article] [PubMed]

66. Baniahmad A. Nuclear hormone receptor co-repressors. J Steroid Biochem Mol Biol. 2005;93:89–
97. [PubMed]

67. Hussain I, Bhan A, Ansari KI, Deb P, Bobzean SA, Perrotti LI, Mandal SS. Bisphenol-A induces
expression of HOXC6, an estrogen-regulated homeobox-containing gene associated with breast cancer.
Biochim Biophys Acta. 2015 [PMC free article] [PubMed]

68. Ma MZ, Li CX, Zhang Y, Weng MZ, Zhang MD, Qin YY, Gong W, Quan ZW. Long non-coding
RNA HOTAIR, a c-Myc activated driver of malignancy, negatively regulates miRNA-130a in
gallbladder cancer. Mol Cancer. 2014;13:156. [PMC free article] [PubMed]

69. Ma Y, Trump DL, Johnson CS. Vitamin D and miRNAs in cancer. Curr Gene Ther. 2014;14:269–
275. [PubMed]

70. ChunJiao S, Huan C, ChaoYang X, GuoMei R. Uncovering the roles of miRNAs and their
relationship with androgen receptor in prostate cancer. IUBMB Life. 2014;66:379–386.
[PMC free article] [PubMed]

71. Villanueva MT. Tumorigenesis: miRNAs - novel regulators in skin cancer. Nat Rev Cancer.
2014;15:5.

72. Ristau J, Staffa J, Schrotz-King P, Gigic B, Makar KW, Hoffmeister M, Brenner H, Ulrich A,
Schneider M, Ulrich CM, Habermann N. Suitability of Circulating miRNAs as Potential Prognostic
Markers in Colorectal Cancer. Cancer Epidemiol Biomarkers Prev. 2014;23:2632–2637.
[PMC free article] [PubMed]

73. Monroig PD, Chen L, Zhang S, Calin GA. Small molecule compounds targeting miRNAs for
cancer therapy. Adv Drug Deliv Rev. 2015;81C:104–116. [PMC free article] [PubMed]

74. Li S, Zhang J, Wan X. Role of miRNAs in endometrial cancer. Histol Histopathol. 2014 [PubMed]

75. Zagryazhskaya A, Zhivotovsky B. miRNAs in lung cancer: a link to aging. Ageing Res Rev.
2014;17:54–67. [PubMed]

76. Chen Y, Gao D, Huang L. In vivo delivery of miRNAs for cancer therapy: Challenges and
strategies. Adv Drug Deliv Rev. 2015;81C:128–141. [PMC free article] [PubMed]

77. Wang Y, Liang J, Di C, Zhao G, Zhao Y. Identification of miRNAs as potential new biomarkers for
nervous system cancer. Tumour Biol. 2014;35:11631–11638. [PubMed]

78. Mendell JT. MicroRNAs: critical regulators of development, cellular physiology and malignancy.
Cell Cycle. 2005;4:1179–1184. [PubMed]

79. Mendell JT, Olson EN. MicroRNAs in stress signaling and human disease. Cell. 2012;148:1172–
1187. [PMC free article] [PubMed]

80. Nicoloso MS, Spizzo R, Shimizu M, Rossi S, Calin GA. MicroRNAs--the micro steering wheel of
tumour metastases. Nat Rev Cancer. 2009;9:293–302. [PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/11914087
https://www.ncbi.nlm.nih.gov/pubmed/9238851
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3315023/
https://www.ncbi.nlm.nih.gov/pubmed/21925568
https://www.ncbi.nlm.nih.gov/pubmed/15860250
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4437882/
https://www.ncbi.nlm.nih.gov/pubmed/25725483
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4085645/
https://www.ncbi.nlm.nih.gov/pubmed/24953832
https://www.ncbi.nlm.nih.gov/pubmed/25039615
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4140600/
https://www.ncbi.nlm.nih.gov/pubmed/24979663
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5699859/
https://www.ncbi.nlm.nih.gov/pubmed/25472670
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4461213/
https://www.ncbi.nlm.nih.gov/pubmed/25239236
https://www.ncbi.nlm.nih.gov/pubmed/25448606
https://www.ncbi.nlm.nih.gov/pubmed/24631464
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5009470/
https://www.ncbi.nlm.nih.gov/pubmed/24859533
https://www.ncbi.nlm.nih.gov/pubmed/25139093
https://www.ncbi.nlm.nih.gov/pubmed/16096373
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3308137/
https://www.ncbi.nlm.nih.gov/pubmed/22424228
https://www.ncbi.nlm.nih.gov/pubmed/19262572


81. Chiyomaru T, Fukuhara S, Saini S, Majid S, Deng G, Shahryary V, Chang I, Tanaka Y, Enokida H,
Nakagawa M, Dahiya R, Yamamura S. Long non-coding RNA HOTAIR is targeted and regulated by
miR-141 in human cancer cells. J Biol Chem. 2014 [PMC free article] [PubMed]

82. Niinuma T, Suzuki H, Nojima M, Nosho K, Yamamoto H, Takamaru H, Yamamoto E, Maruyama
R, Nobuoka T, Miyazaki Y, Nishida T, Bamba T, Kanda T, Ajioka Y, Taguchi T, Okahara S, Takahashi
H, Nishida Y, Hosokawa M, Hasegawa T, Tokino T, Hirata K, Imai K, Toyota M, Shinomura Y.
Upregulation of miR-196a and HOTAIR drive malignant character in gastrointestinal stromal tumors.
Cancer Res. 2012;72:1126–1136. [PubMed]

83. Vuorinen A, Odermatt A, Schuster D. In silico methods in the discovery of endocrine disrupting
chemicals. J Steroid Biochem Mol Biol. 2013;137:18–26. [PubMed]

84. Calle EE, Mervis CA, Thun MJ, Rodriguez C, Wingo PA, Heath CW., Jr Diethylstilbestrol and risk
of fatal breast cancer in a prospective cohort of US women. Am J Epidemiol. 1996;144:645–652.
[PubMed]

85. Doherty LF, Bromer JG, Zhou Y, Aldad TS, Taylor HS. In utero exposure to diethylstilbestrol
(DES) or bisphenol-A (BPA) increases EZH2 expression in the mammary gland: an epigenetic
mechanism linking endocrine disruptors to breast cancer. Horm Cancer. 2010;1:146–155.
[PMC free article] [PubMed]

86. Lee HR, Hwang KA, Park MA, Yi BR, Jeung EB, Choi KC. Treatment with bisphenol A and
methoxychlor results in the growth of human breast cancer cells and alteration of the expression of cell
cycle-related genes, cyclin D1 and p21, via an estrogen receptor-dependent signaling pathway. Int J
Mol Med. 2012;29:883–890. [PubMed]

87. Akbas GE, Song J, Taylor HS. A HOXA10 estrogen response element (ERE) is differentially
regulated by 17 beta-estradiol and diethylstilbestrol (DES) Journal of molecular biology.
2004;340:1013–1023. [PubMed]

88. Titus-Ernstoff L, Hatch EE, Hoover RN, Palmer J, Greenberg ER, Ricker W, Kaufman R, Noller K,
Herbst AL, Colton T, Hartge P. Long-term cancer risk in women given diethylstilbestrol (DES) during
pregnancy. Br J Cancer. 2001;84:126–133. [PMC free article] [PubMed]

89. Eilam-Stock T, Serrano P, Frankfurt M, Luine V. Bisphenol-A impairs memory and reduces
dendritic spine density in adult male rats. Behav Neurosci. 2012;126:175–185. [PMC free article]
[PubMed]

90. Hwang HM, Park EK, Young TM, Hammock BD. Occurrence of endocrine-disrupting chemicals in
indoor dust. Sci Total Environ. 2008;404:26–35. [PMC free article] [PubMed]

91. Shrestha B, Ansari KI, Bhan A, Kasiri S, Hussain I, Mandal SS. Homeodomain-containing protein
HOXB9 regulates expression of growth and angiogenic factors, facilitates tumor growth in vitro and is
overexpressed in breast cancer tissue. FEBS J. 2012;279:3715–3726. [PMC free article] [PubMed]

92. Heubach J, Monsior J, Deenen R, Niegisch G, Szarvas T, Niedworok C, Schulz WA, Hoffmann MJ.
The long noncoding RNA HOTAIR has tissue and cell type-dependent effects on HOX gene expression
and phenotype of urothelial cancer cells. Molecular Cancer. 2015;14 [PMC free article] [PubMed]

93. Kim K, Jutooru I, Chadalapaka G, Johnson G, Frank J, Burghardt R, Kim S, Safe S. HOTAIR is a
negative prognostic factor and exhibits pro-oncogenic activity in pancreatic cancer. Oncogene.
2013;32:1616–1625. [PMC free article] [PubMed]

94. Ding C, Cheng S, Yang Z, Lv Z, Xiao H, Du C, Peng C, Xie H, Zhou L, Wu J, Zheng S. Long Non-
Coding RNA HOTAIR Promotes Cell Migration and Invasion via Down-Regulation of RNA Binding
Motif Protein 38 in Hepatocellular Carcinoma Cells. International Journal of Molecular Sciences.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4007447/
https://www.ncbi.nlm.nih.gov/pubmed/24616104
https://www.ncbi.nlm.nih.gov/pubmed/22258453
https://www.ncbi.nlm.nih.gov/pubmed/23688835
https://www.ncbi.nlm.nih.gov/pubmed/8823060
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3140020/
https://www.ncbi.nlm.nih.gov/pubmed/21761357
https://www.ncbi.nlm.nih.gov/pubmed/22307313
https://www.ncbi.nlm.nih.gov/pubmed/15236964
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2363605/
https://www.ncbi.nlm.nih.gov/pubmed/11139327
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3266453/
https://www.ncbi.nlm.nih.gov/pubmed/22004261
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2858057/
https://www.ncbi.nlm.nih.gov/pubmed/18632138
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3445661/
https://www.ncbi.nlm.nih.gov/pubmed/22863320
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4455698/
https://www.ncbi.nlm.nih.gov/pubmed/25994132
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3484248/
https://www.ncbi.nlm.nih.gov/pubmed/22614017


2014;15:4060–4076. [PMC free article] [PubMed]

95. Geng YJ, Xie SL, Li Q, Ma J, Wang GY. Large intervening non-coding RNA HOTAIR is
associated with hepatocellular carcinoma progression. J Int Med Res. 2011;39:2119–2128. [PubMed]

96. Ishibashi M, Kogo R, Shibata K, Sawada G, Takahashi Y, Kurashige J, Akiyoshi S, Sasaki S, Iwaya
T, Sudo T, Sugimachi K, Mimori K, Wakabayashi G, Mori M. Clinical significance of the expression of
long non-coding RNA HOTAIR in primary hepatocellular carcinoma. Oncol Rep. 2013;29:946–950.
[PubMed]

97. Yang Z, Zhou L, Wu LM, Lai MC, Xie HY, Zhang F, Zheng SS. Overexpression of long non-
coding RNA HOTAIR predicts tumor recurrence in hepatocellular carcinoma patients following liver
transplantation. Ann Surg Oncol. 2011;18:1243–1250. [PubMed]

98. Kogo R, Shimamura T, Mimori K, Kawahara K, Imoto S, Sudo T, Tanaka F, Shibata K, Suzuki A,
Komune S, Miyano S, Mori M. Long noncoding RNA HOTAIR regulates polycomb-dependent
chromatin modification and is associated with poor prognosis in colorectal cancers. Cancer Res.
2011;71:6320–6326. [PubMed]

99. Svoboda M, Slyskova J, Schneiderova M, Makovicky P, Bielik L, Levy M, Lipska L, Hemmelova
B, Kala Z, Protivankova M, Vycital O, Liska V, Schwarzova L, Vodickova L, Vodicka P. HOTAIR long
non-coding RNA is a negative prognostic factor not only in primary tumors, but also in the blood of
colorectal cancer patients. Carcinogenesis. 2014 [PubMed]

100. Cui L, Xie XY, Wang H, Chen XL, Liu SL, Hu LN. [Expression of long non-coding RNA
HOTAIR mRNA in ovarian cancer] Sichuan Da Xue Xue Bao Yi Xue Ban. 2013;44:57–59. [PubMed]

101. Nakayama I, Shibazaki M, Yashima-Abo A, Miura F, Sugiyama T, Masuda T, Maesawa C. Loss
of HOXD10 expression induced by upregulation of miR-10b accelerates the migration and invasion
activities of ovarian cancer cells. Int J Oncol. 2013;43:63–71. [PubMed]

102. Milhem MM, Knutson T, Yang S, Zhu D, Wang X, Leslie KK, Meng X. Correlation of
MTDH/AEG-1 and HOTAIR Expression with Metastasis and Response to Treatment in Sarcoma
Patients. J Cancer Sci Ther. 2011;(S5) [PMC free article] [PubMed]

103. Chen FJ, Sun M, Li SQ, Wu QQ, Ji L, Liu ZL, Zhou GZ, Cao G, Jin L, Xie HW, Wang CM, Lv J,
De W, Wu M, Cao XF. Upregulation of the long non-coding RNA HOTAIR promotes esophageal
squamous cell carcinoma metastasis and poor prognosis. Mol Carcinog. 2013;52:908–915. [PubMed]

104. Ge XS, Ma HJ, Zheng XH, Ruan HL, Liao XY, Xue WQ, Chen YB, Zhang Y, Jia WH. HOTAIR,
a prognostic factor in esophageal squamous cell carcinoma, inhibits WIF-1 expression and activates
Wnt pathway. Cancer Sci. 2013;104:1675–1682. [PubMed]

105. Li X, Wu Z, Mei Q, Guo M, Fu X, Han W. Long non-coding RNA HOTAIR, a driver of
malignancy, predicts negative prognosis and exhibits oncogenic activity in oesophageal squamous cell
carcinoma. Br J Cancer. 2013;109:2266–2278. [PMC free article] [PubMed]

106. Lv XB, Lian GY, Wang HR, Song E, Yao H, Wang MH. Long noncoding RNA HOTAIR is a
prognostic marker for esophageal squamous cell carcinoma progression and survival. PLoS One.
2013;8:e63516. [PMC free article] [PubMed]

107. Nie Y, Liu X, Qu S, Song E, Zou H, Gong C. Long non-coding RNA HOTAIR is an independent
prognostic marker for nasopharyngeal carcinoma progression and survival. Cancer Sci. 2013;104:458–
464. [PubMed]

108. Li D, Feng J, Wu T, Wang Y, Sun Y, Ren J, Liu M. Long intergenic noncoding RNA HOTAIR is
overexpressed and regulates PTEN methylation in laryngeal squamous cell carcinoma. Am J Pathol.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3975384/
https://www.ncbi.nlm.nih.gov/pubmed/24663081
https://www.ncbi.nlm.nih.gov/pubmed/22289527
https://www.ncbi.nlm.nih.gov/pubmed/23292722
https://www.ncbi.nlm.nih.gov/pubmed/21327457
https://www.ncbi.nlm.nih.gov/pubmed/21862635
https://www.ncbi.nlm.nih.gov/pubmed/24583926
https://www.ncbi.nlm.nih.gov/pubmed/23600210
https://www.ncbi.nlm.nih.gov/pubmed/23670532
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3612017/
https://www.ncbi.nlm.nih.gov/pubmed/23543869
https://www.ncbi.nlm.nih.gov/pubmed/24151120
https://www.ncbi.nlm.nih.gov/pubmed/24118380
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3798955/
https://www.ncbi.nlm.nih.gov/pubmed/24022190
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3662674/
https://www.ncbi.nlm.nih.gov/pubmed/23717443
https://www.ncbi.nlm.nih.gov/pubmed/23281836


2013;182:64–70. [PubMed]

109. Wang JT, Zhou YD, Lu JG, Sun YN, Xiao H, Liu M, Tian LL. Combined detection of serum
exosomal miR-21 and HOTAIR as diagnostic and prognostic biomarkers for laryngeal squamous cell
carcinoma. Med Oncol. 2014;31 [PubMed]

110. Li Z, Li C, Liu C, Yu S, Zhang Y. Expression of the long non-coding RNAs MEG3, HOTAIR, and
MALAT-1 in non-functioning pituitary adenomas and their relationship to tumor behavior. Pituitary.
2014 [PubMed]

111. Chiyomaru T, Yamamura S, Fukuhara S, Yoshino H, Kinoshita T, Majid S, Saini S, Chang I,
Tanaka Y, Enokida H, Seki N, Nakagawa M, Dahiya R. Genistein inhibits prostate cancer cell growth
by targeting miR-34a and oncogenic HOTAIR. PLoS One. 2013;8:e70372. [PMC free article]
[PubMed]

112. Huang L, Liao L-M, Liu A-W, Wu J-B, Cheng X-L, Lin J-X, Zheng M. Overexpression of long
noncoding RNA HOTAIR predicts a poor prognosis in patients with cervical cancer. Arch Gynecol
Obstet. 2014:1–7. [PubMed]

113. Slattery ML, Herrick JS, Mullany LE, Valeri N, Stevens J, Caan BJ, Samowitz W, Wolff RK. An
evaluation and replication of miRNAs with disease stage and colorectal cancer-specific mortality. Int J
Cancer. 2014 [PMC free article] [PubMed]

114. Tang LH, Zhang W, Su B, Yu B. Long Noncoding RNA HOTAIR Is Associated with Motility,
Invasion, and Metastatic Potential of Metastatic Melanoma. Biomed Res Int. 2013 [PMC free article]
[PubMed]

115. Ishitoya J, Toriyama M, Oguchi N, Kitamura K, Ohshima M, Asano K, Yamamoto T. Gene
amplification and overexpression of EGF receptor in squamous cell carcinomas of the head and neck.
Br J Cancer. 1989;59:559–562. [PMC free article] [PubMed]

116. Wang WT, Chen YQ. Circulating miRNAs in cancer: from detection to therapy. J Hematol Oncol.
2014;7:86. [PMC free article] [PubMed]

117. He X, Bao W, Li X, Chen Z, Che Q, Wang H, Wan XP. The long non-coding RNA HOTAIR is
upregulated in endometrial carcinoma and correlates with poor prognosis. Int J Mol Med.
2014;33:325–332. [PubMed]

118. Gupta RA, Shah N, Wang KC, Kim J, Horlings HM, Wong DJ, Tsai MC, Hung T, Argani P, Rinn
JL, Wang Y, Brzoska P, Kong B, Li R, West RB, van de Vijver MJ, Sukumar S, Chang HY. Long non-
coding RNA HOTAIR reprograms chromatin state to promote cancer metastasis. Nature.
2010;464:1071–1076. [PMC free article] [PubMed]

119. Sorensen KP, Thomassen M, Tan Q, Bak M, Cold S, Burton M, Larsen MJ, Kruse TA. Long non-
coding RNA HOTAIR is an independent prognostic marker of metastasis in estrogen receptor-positive
primary breast cancer. Breast Cancer Res Treat. 2013;142:529–536. [PubMed]

120. Lu L, Zhu G, Zhang C, Deng Q, Katsaros D, Mayne ST, Risch HA, Mu L, Canuto EM, Gregori G,
Benedetto C, Yu H. Association of large noncoding RNA HOTAIR expression and its downstream
intergenic CpG island methylation with survival in breast cancer. Breast Cancer Res Treat.
2012;136:875–883. [PubMed]

121. Wang LJ, Chen SJ, Xue M, Zhong J, Wang X, Gan LH, Lam EKY, Liu X, Zhang JB, Zhou TH, Yu
J, Jin HC, Si JM. Homeobox D10 Gene, a Candidate Tumor Suppressor, Is Downregulated through
Promoter Hypermethylation and Associated with Gastric Carcinogenesis. Mol Med. 2012;18:389–400.
[PMC free article] [PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/23141928
https://www.ncbi.nlm.nih.gov/pubmed/25099764
https://www.ncbi.nlm.nih.gov/pubmed/24469926
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3731248/
https://www.ncbi.nlm.nih.gov/pubmed/23936419
https://www.ncbi.nlm.nih.gov/pubmed/24748337
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4428989/
https://www.ncbi.nlm.nih.gov/pubmed/25484364
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3687722/
https://www.ncbi.nlm.nih.gov/pubmed/23862139
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2247138/
https://www.ncbi.nlm.nih.gov/pubmed/2713242
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4269921/
https://www.ncbi.nlm.nih.gov/pubmed/25476853
https://www.ncbi.nlm.nih.gov/pubmed/24285342
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3049919/
https://www.ncbi.nlm.nih.gov/pubmed/20393566
https://www.ncbi.nlm.nih.gov/pubmed/24258260
https://www.ncbi.nlm.nih.gov/pubmed/23124417
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3356424/
https://www.ncbi.nlm.nih.gov/pubmed/22160393


122. Ying J, Li H, Seng TJ, Langford C, Srivastava G, Tsao SW, Putti T, Murray P, Chan ATC, Tao Q.
Functional epigenetics identifies a protocadherin PCDH10 as a candidate tumor suppressor for
nasopharyngeal, esophageal and multiple other carcinomas with frequent methylation. Oncogene.
2006;25:1070–1080. [PubMed]

123. Chisholm KM, Wan Y, Li R, Montgomery KD, Chang HY, West RB. Detection of long non-
coding RNA in archival tissue: correlation with polycomb protein expression in primary and metastatic
breast carcinoma. PLoS One. 2012;7:e47998. [PMC free article] [PubMed]

124. Stefani M. Generic cell dysfunction in neurodegenerative disorders: role of surfaces in early
protein misfolding, aggregation, and aggregate cytotoxicity. Neuroscientist. 2007;13:519–531.
[PubMed]

125. Yang G, Zhang S, Gao F, Liu Z, Lu M, Peng S, Zhang T, Zhang F. Osteopontin enhances the
expression of HOTAIR in cancer cells via IRF1. Biochimica et Biophysica Acta (BBA) - Gene
Regulatory Mechanisms. 2014;1839:837–848. [PubMed]

126. Jones DR, Schmidt RJ, Pickard RT, Foxworthy PS, Eacho PI. Estrogen receptor-mediated
repression of human hepatic lipase gene transcription. Journal of Lipid Research. 2002;43:383–391.
[PubMed]

127. Li JT, Wang LF, Zhao YL, Yang T, Li W, Zhao J, Yu F, Wang L, Meng YL, Liu NN, Zhu XS, Gao
CF, Jia LT, Yang AG. Nuclear factor of activated T cells 5 maintained by Hotair suppression of miR-
568 upregulates S100 calcium binding protein A4 to promote breast cancer metastasis. Breast Cancer
Res. 2014;16:454. [PMC free article] [PubMed] Retracted

128. Zhang H, Cai K, Wang J, Wang X, Cheng K, Shi F, Jiang L, Zhang Y, Dou J. MiR-7, Inhibited
Indirectly by LincRNA HOTAIR, Directly Inhibits SETDB1 and Reverses the EMT of Breast Cancer
Stem Cells by Downregulating the STAT3 Pathway. Stem Cells. 2014;32:2858–2868. [PubMed]

129. Padua Alves C, Fonseca AS, Muys BR, de Barros ELBR, Burger MC, de Souza JE, Valente V,
Zago MA, Silva WA., Jr Brief Report: The lincRNA Hotair Is Required for Epithelial-to-Mesenchymal
Transition and Stemness Maintenance of Cancer Cell Lines. Stem Cells. 2013;31:2827–2832. [PubMed]

130. He Y, Meng XM, Huang C, Wu BM, Zhang L, Lv XW, Li J. Long noncoding RNAs: Novel
insights into hepatocelluar carcinoma. Cancer Lett. 2014;344:20–27. [PubMed]

131. Liu XH, Liu ZL, Sun M, Liu J, Wang ZX, De W. The long non-coding RNA HOTAIR indicates a
poor prognosis and promotes metastasis in non-small cell lung cancer. BMC Cancer. 2013;13:464.
[PMC free article] [PubMed]

132. Liu Z, Sun M, Lu K, Liu J, Zhang M, Wu W, De W, Wang Z, Wang R. The long noncoding RNA
HOTAIR contributes to cisplatin resistance of human lung adenocarcinoma cells via downregualtion of
p21(WAF1/CIP1) expression. PLoS One. 2013;8:e77293. [PMC free article] [PubMed]

133. Nakagawa T, Endo H, Yokoyama M, Abe J, Tamai K, Tanaka N, Sato I, Takahashi S, Kondo T,
Satoh K. Large noncoding RNA HOTAIR enhances aggressive biological behavior and is associated
with short disease-free survival in human non-small cell lung cancer. Biochem Biophys Res Commun.
2013;436:319–324. [PubMed]

134. Ono H, Motoi N, Nagano H, Miyauchi E, Ushijima M, Matsuura M, Okumura S, Nishio M,
Hirose T, Inase N, Ishikawa Y. Long noncoding RNA HOTAIR is relevant to cellular proliferation,
invasiveness, and clinical relapse in small-cell lung cancer. Cancer Med. 2014 [PMC free article]
[PubMed]

135. Zhuang Y, Wang X, Nguyen HT, Zhuo Y, Cui X, Fewell C, Flemington EK, Shan B. Induction of
long intergenic non-coding RNA HOTAIR in lung cancer cells by type I collagen. J Hematol Oncol.

https://www.ncbi.nlm.nih.gov/pubmed/16247458
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3485022/
https://www.ncbi.nlm.nih.gov/pubmed/23133536
https://www.ncbi.nlm.nih.gov/pubmed/17901260
https://www.ncbi.nlm.nih.gov/pubmed/24999034
https://www.ncbi.nlm.nih.gov/pubmed/11893774
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4303133/
https://www.ncbi.nlm.nih.gov/pubmed/25311085
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6058376/
https://www.ncbi.nlm.nih.gov/pubmed/25070049
https://www.ncbi.nlm.nih.gov/pubmed/24022994
https://www.ncbi.nlm.nih.gov/pubmed/24183851
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3851855/
https://www.ncbi.nlm.nih.gov/pubmed/24103700
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3796503/
https://www.ncbi.nlm.nih.gov/pubmed/24155936
https://www.ncbi.nlm.nih.gov/pubmed/23743197
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4101754/
https://www.ncbi.nlm.nih.gov/pubmed/24591352


2013;6:35. [PMC free article] [PubMed]

136. Alves CP, Fonseca AS, Muys BR, Bueno RDEL, Burger MC, de Souza JES, Valente V, Zago MA,
Silva WA. Brief Report: The lincRNA Hotair Is Required for Epithelial-to-Mesenchymal Transition
and Stemness Maintenance of Cancer Cell Lines. Stem Cells. 2013;31:2827–2832. [PubMed]

137. Zhang JX, Han L, Bao ZS, Wang YY, Chen LY, Yan W, Yu SZ, Pu PY, Liu N, You YP, Jiang T,
Kang CS. HOTAIR, a cell cycle-associated long noncoding RNA and a strong predictor of survival, is
preferentially expressed in classical and mesenchymal glioma. Neuro Oncol. 2013;15:1595–1603.
[PMC free article] [PubMed]

138. Arita T, Ichikawa D, Konishi H, Komatsu S, Shiozaki A, Shoda K, Kawaguchi T, Hirajima S,
Nagata H, Kubota T, Fujiwara H, Okamoto K, Otsuji E. Circulating long non-coding RNAs in plasma
of patients with gastric cancer. Anticancer Res. 2013;33:3185–3193. [PubMed]

139. Hajjari M, Behmanesh M, Sadeghizadeh M, Zeinoddini M. Up-regulation of HOTAIR long non-
coding RNA in human gastric adenocarcinoma tissues. Med Oncol. 2013;30:670. [PubMed]

140. Amort T, Souliere MF, Wille A, Jia XY, Fiegl H, Worle H, Micura R, Lusser A. Long non-coding
RNAs as targets for cytosine methylation. RNA Biol. 2013;10:1003–1008. [PMC free article] [PubMed]

141. Diederichs S. The four dimensions of noncoding RNA conservation. Trends Genet. 2014
[PubMed]

142. Gutschner T, Diederichs S. The hallmarks of cancer: a long non-coding RNA point of view. RNA
Biol. 2012;9:703–719. [PMC free article] [PubMed]

143. Isin M, Ozgur E, Cetin G, Erten N, Aktan M, Gezer U, Dalay N. Investigation of circulating
lncRNAs in B-cell neoplasms. Clin Chim Acta. 2014 [PubMed]

144. Jalali S, Bhartiya D, Lalwani MK, Sivasubbu S, Scaria V. Systematic transcriptome wide analysis
of lncRNA-miRNA interactions. PLoS One. 2013;8:e53823. [PMC free article] [PubMed]

145. Kitagawa M, Kotake Y, Ohhata T. Long non-coding RNAs involved in cancer development and
cell fate determination. Curr Drug Targets. 2012;13:1616–1621. [PubMed]

146. Schiavo G, D’Anto V, Cantile M, Procino A, Di Giovanni S, Valletta R, Terracciano L, Baumhoer
D, Jundt G, Cillo C. Deregulated HOX genes in ameloblastomas are located in physical contiguity to
keratin genes. J Cell Biochem. 2011;112:3206–3215. [PubMed]

147. Shi X, Sun M, Liu H, Yao Y, Song Y. Long non-coding RNAs: a new frontier in the study of
human diseases. Cancer Lett. 2013;339:159–166. [PubMed]

148. Wutz A. RNA-mediated silencing mechanisms in mammalian cells. Prog Mol Biol Transl Sci.
2011;101:351–376. [PubMed]

149. Li CH, Chen Y. Targeting long non-coding RNAs in cancers: progress and prospects. Int J
Biochem Cell Biol. 2013;45:1895–1910. [PubMed]

150. Gao JJ, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun YC, Jacobsen A, Sinha R,
Larsson E, Cerami E, Sander C, Schultz N. Integrative Analysis of Complex Cancer Genomics and
Clinical Profiles Using the cBioPortal. Sci Signal. 2013;6 [PMC free article] [PubMed]

151. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, Jacobsen A, Byrne CJ, Heuer
ML, Larsson E, Antipin Y, Reva B, Goldberg AP, Sander C, Schultz N. The cBio Cancer Genomics
Portal: An Open Platform for Exploring Multidimensional Cancer Genomics Data. Cancer Discovery.
2012;2:401–404. [PMC free article] [PubMed]

152. Carrion K, Dyo J, Patel V, Sasik R, Mohamed SA, Hardiman G, Nigam V. The Long Non-Coding

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3655931/
https://www.ncbi.nlm.nih.gov/pubmed/23668363
https://www.ncbi.nlm.nih.gov/pubmed/24022994
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3829598/
https://www.ncbi.nlm.nih.gov/pubmed/24203894
https://www.ncbi.nlm.nih.gov/pubmed/23898077
https://www.ncbi.nlm.nih.gov/pubmed/23888369
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4111728/
https://www.ncbi.nlm.nih.gov/pubmed/23595112
https://www.ncbi.nlm.nih.gov/pubmed/24613441
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3495743/
https://www.ncbi.nlm.nih.gov/pubmed/22664915
https://www.ncbi.nlm.nih.gov/pubmed/24583225
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3566149/
https://www.ncbi.nlm.nih.gov/pubmed/23405074
https://www.ncbi.nlm.nih.gov/pubmed/22974399
https://www.ncbi.nlm.nih.gov/pubmed/21732412
https://www.ncbi.nlm.nih.gov/pubmed/23791884
https://www.ncbi.nlm.nih.gov/pubmed/21507358
https://www.ncbi.nlm.nih.gov/pubmed/23748105
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4160307/
https://www.ncbi.nlm.nih.gov/pubmed/23550210
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3956037/
https://www.ncbi.nlm.nih.gov/pubmed/22588877


HOTAIR Is Modulated by Cyclic Stretch and WNT/beta-CATENIN in Human Aortic Valve Cells and
Is a Novel Repressor of Calcification Genes. PLoS One. 2014;9 [PMC free article] [PubMed]

153. Madarnas Y, Trudeau M, Franek JA, McCready D, Pritchard KI, Messersmith H.
Adjuvant/neoadjuvant trastuzumab therapy in women with HER-2/neu-overexpressing breast cancer: a
systematic review. Cancer Treat Rev. 2008;34:539–557. [PubMed]

154. Zou YF, Sun LZ. [Long noncoding RNA HOTAIR modulates the function of trophoblast cells in
pre-eclampsia] Sichuan Da Xue Xue Bao Yi Xue Ban. 2015;46:113–117. 122. [PubMed]

155. Karpe F, Pinnick KE. Biology of upper-body and lower-body adipose tissue[mdash]link to whole-
body phenotypes. Nat Rev Endocrinol, advance online publication. 2014 [PubMed]

156. Li LJ, Liu B, Wapinski OL, Tsai MC, Qu K, Zhang JJ, Carlson JC, Lin MH, Fang FQ, Gupta RA,
Helms JA, Chang HY. Targeted Disruption of Hotair Leads to Homeotic Transformation and Gene
Derepression. Cell Rep. 2013;5:3–12. [PMC free article] [PubMed]

157. Libermann TA, Nusbaum HR, Razon N, Kris R, Lax I, Soreq H, Whittle N, Waterfield MD,
Ullrich A, Schlessinger J. Amplification and overexpression of the EGF receptor gene in primary
human glioblastomas. J Cell Sci Suppl. 1985;3:161–172. [PubMed]

158. Chakravadhanula M, Ozols VV, Hampton CN, Zhou L, Catchpoole D, Bhardwaj RD. Expression
of the HOX genes and HOTAIR in atypical teratoid rhabdoid tumors and other pediatric brain tumors.
Cancer Genet. 2014 [PubMed]

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4006892/
https://www.ncbi.nlm.nih.gov/pubmed/24788418
https://www.ncbi.nlm.nih.gov/pubmed/18502589
https://www.ncbi.nlm.nih.gov/pubmed/25807808
https://www.ncbi.nlm.nih.gov/pubmed/25365922
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4038295/
https://www.ncbi.nlm.nih.gov/pubmed/24075995
https://www.ncbi.nlm.nih.gov/pubmed/3011820
https://www.ncbi.nlm.nih.gov/pubmed/25085602

