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Introduction
The essential information flow from DNA to RNA to protein is fundamental to biochemistry. However, the function of RNA is not restricted to the task of providing messenger RNA for protein synthesis. Indeed, many further
functions are provided by RNA that are not translated.
Examples of these non-coding RNAs (ncRNA) are: transfer RNA, which presents the ribosome with each amino
acid to be included in the construction of proteins; ribosomal RNA, which contributes significantly to the structure and function of the ribosome; and other ncRNA such
as silencing RNA (siRNA) and micro RNA (miRNA),
which can regulate the translation of messenger RNA.
Apart from ribosomal RNA, these examples of ncRNA
have a length of less than 200 nucleotides.
Long non-coding RNA (lncRNA) can be defined as noncoding RNA greater than 200 nucleotides1. Examples of
lncRNA are HOTAIR, p21, H19 and BANCR, involved
respectively in the following: cancer outcomes,2 translation inhibition,3 inhibition of apoptosis in gastric cancer4
and melanoma cell migration.5 A brief summary of some
types of RNA and their respective function is presented
in Fig. 1.
mRNA: Translation to protein
tRNA: Presents amino acids to ribosome
Transcription
DNA
RNA

tRNA: Ribosome component
siRNA & miRNA: Regulation of mRNA
piRNA: Species dependent function;
Can bind protein
lncRNA: Can regulate transcription and translation;
Can inhibit apoptosis;
Involved in melanoma cell migration;
Other unknown functions possible

Fig. 1. Some RNA types and a brief description of their function.

lncRNA such as HOTAIR have been identified and associated with multiple types of cancer. Studies of HOTAIR
provide valuable insight of the significance of lncRNA,
and demonstrate the activity of functional domains that
provide protein binding capacity resulting in altered transcriptional activity. This importance encourages the consideration of HOTAIR and other lncRNA as candidates
for potential biomarkers and drug targets.

chromatin domains which produce differential expression
of genes either side of the boundary. Depletion of HOTAIR with siRNA caused much higher transcription of
HOXD on chromosome 2, whilst having little effect on
the region of origin of HOTAIR, HOXC from chromosome 12.

Importance of HOTAIR
The importance of HOTAIR is shown by associations
between multiple cancers and expression of HOTAIR.
Breast cancer metastatic samples showed increased HOTAIR by factors of hundreds to almost two thousand in
comparison to non-cancerous samples.7 Primary breast
tumours also showed high HOTAIR expression, as almost
33% showed a 125 fold increase in HOTAIR.7 Correlations between the liver cancer hepatocellular carcinoma
(HCC) and HOTAIR have also been studied, with results
indicating that HOTAIR levels could be used to contribute a prognostic factor in this disease. Of particular interest were samples taken from patients who had received a
liver transplant, as transplant recipients with recurrence
of HCC also had high levels of HOTAIR, whilst those
without recurrence had low levels of HOTAIR.8 Colorectal cancer (CRC) has also been studied with respect to
HOTAIR: HOTAIR levels were found to be higher in
CRC tissues than tissues without cancer.9 Poor prognosis
was also associated with high levels of HOTAIR in CRC
tissues.9 In concordance with these correlations, HOTAIR
has also been found to be expressed at higher levels in human pancreatic tumours than non-tumour tissue, is a negative prognostic factor for pancreatic cancer and has been
identified as a possible target for intervention.2 These associations of HOTAIR with different types of cancer are
summarised in Table 1.
In addition to associations with cancer, and as a lncRNA
which has functions proven by knockdown,7,8 HOTAIR
now provides a platform for further understanding the
structure-based characteristics which provide these functions.

Structural Considerations

Identification of HOTAIR

It has been suggested that as the function of HOTAIR includes an interaction with PRC2, it may be beneficial to
consider whether this structural feature is also present in
other lncRNA which may be achieved through computational comparative genomics.10

HOTAIR (HOX antisense intergenic RNA) is a 2158 base
pair lncRNA,2 discovered in a study published in 2007.6
This included determining whether differential transcription of HOX genes is caused by ncRNA forming distinct
chromatin domains. HOTAIR was selected as a prospective causal factor as it is located on the boundary between

However, this identification of structures in new ncRNAs
may be difficult if a comparison is made by sequence
alone, as other research has shown that lncRNA function
can be conserved within a domain that does not conserve
primary sequence.11 In addition to this consideration of
sequence identity between HOTAIR and other lncRNA,
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Table 1. Summary of HOTAIR associations with a selection of cancer types.
Disease Analysed

Sample Type

Breast Cancer Metastases Breast Cancer Metastases
Primary Breast Cancer
Tumour
Liver Cancer Hepatocellular Carcinoma

Primary Brest Cancer
Tumour
Transplant Recipients

Negative Control
Non-Cancerous
Samples
Non-Cancerous
Samples
Transplant Recipients

Tissue with Recurrence

Tissue without Recurrence

Colorectal Cancer

Colorectal Cancer Tissue

Colorectal Non-Cancerous Tissue

Pancreatic Cancer

Pancreatic Cancer Tissue

Pancreatic Non-Cancerous Tissue

the sequence conservation of HOTAIR can also be considered between species. An example is exon 1 (shown
in Fig. 2) which has a similar RNA secondary structural
prediction in humans and cows.

Fig. 2. PMmulti structural predictions of the 5’ exon 1 of HOTAIR in human and cow. Circled are regions that have similar
structural predictions with Mfold.10

At least two functional domains have been found in HOTAIR. At the 5’ end exon 1 contains a sequence that binds
PRC2 (at the Suz12 subunit of PRC2). At the 3’ end domain B of exon 6 contains a sequence that binds LSD1.10
Remarkably, these regions have been found to be highly
conserved in sequence and structure within ten mammals.10 Other regions of HOTAIR showed low conservation of sequence. This indicates the importance of those
conserved regions as their consistent sequence provides
the necessary structural basis for its function.

Functions of HOTAIR
When the 5’ exon 1 of HOTAIR binds PRC2, and the 3’
exon 6 binds LSD1 the functional effect of these interactions involves the in trans methylation and demethylation
of histones, namely H3K27 methylation by PRC2 and demethylation of H3K4me2 by LSD1.12 Although the finding of HOTAIR was unique in terms of in trans activity,
within the functional context of lncRNA, 20% of lncRNA
have also been found to have a chromatin modifying
function.13 As HOTAIR binds both PRC2 and LSD1 this
provides a link, hence acting as a molecular scaffold.12
The resulting function of this scaffold interaction is the
epigenetic modification of chromatin, which consequently regulates gene expression by silencing HOXD genes.6

Outcome of Association with
HOTAIR
Cancerous samples increased HOTAIR by factors of 100x to almost
2000x
Almost 33% showed increase of
125x
High levels of HOTAIR in recurring patients, low levels without
recurrence
Higher levels of HOTAIR in cancerous tissues. Poor prognosis in
Colorectal Cancer tissue with high
levels of HOTAIR
Higher levels of HOTAIR in cancerous tissues, HOTAIR is possible
prognostic factor

Reference
7
7

8

9

2

Identified regulated genes include the transcription factors HOXD8-11.6 Expression of HOXD genes has been
found to be associated with the anatomical location of
cells in which they are expressed as well as differentiation, hence matching differentiation of a cell with the site
it is located.14 HOXD8, for example, is expressed only in
the trunk and proximal regions of the leg.14 HOTAIR is
expressed preferentially at different locations, such as at
the foreskin but not the lung.6 Hence, HOTAIR epigenetically regulates cell differentiation at specific locations.
As described previously, HOTAIR has a strong association with cancer. Therefore, it is possible that HOTAIR
could be targeted as either a biomarker or therapeutic for
cancer. Because of this importance, furthering an understanding of the relationship between structure and function of HOTAIR could provide useful information.

Modular Functions
In addition to the functionality of HOTAIR shown thus
far, further interactive capacity is possible. Modular regulatory principles, as described with respect to lncRNA,15
suggest that modular functional domains of lncRNA
could perform activities such as binding to RNA or DNA,
as well as the PRC2 and LSD1 proteins found to bind
HOTAIR. Consequently, the function of HOTAIR may
extend beyond the previously identified interactions. The
activities of these domains may occur independently of
each other. These modular regulatory principles appear
to apply to HOTAIR, as the two 5’ and 3’ domains respectively bind PRC2 and LSD1 independently. This was
shown by deletion mutants in which nucleotides 1 – 300
were shown to bind PRC2, and nucleotides 1500 – 2146
bound to LSD1.12 Further HOTAIR domains may be possible, such as an interaction with histones, which could
consequently enable the H3K27 or H3K4me2 methylation and demethylation respectively.
This modular approach to understanding HOTAIR could
have further utility by comparing secondary and tertiary
structures of identified HOTAIR functional domains with
unknown domains of other lncRNAs. This would also
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place HOTAIR information in the context of other functional lncRNA domains. Modular functionality could then
be more accurately understood, with possible benefits
such as increasing the specificity of therapeutic drugs that
target domains of HOTAIR. Another possible advantage
arising from considering functional domains of HOTAIR
could be knowledge of a domain that potentially forms
the basis for designing a HOTAIR activity assay as a biomarker. Establishing a library of modular domains may
also enable analysis of conserved nucleotides necessary
for a specific function. This could allow diagnosis of diseases, and also hopefully form the basis for a successful
therapeutic response.
If an active site necessary for the function of HOTAIR
is identified within a modular domain, it may be beneficial to target this active site with an antagonist. A possible
oversight of the modular approach could mistakenly be
made if the functions of the lncRNA were assumed to be
limited to individual domains. For example, two domains
may each have an individual function, but these domains
could also have an additional combined function. Another
possibility would be if there was a switch mechanism in
the lncRNA. Then a loss of function mutation in a domain
other than the switch that is involved in the switch activity may appear to assign the function solely to this nonswitch domain. Actually the switch region would also be
a functional domain that could remain unidentified by loss
of function mutations. Hence, when considering modular
domains, a possible pitfall could be a false perception of
accepting a simplified version of an actually more complex lncRNA function. A eukaryotic example of ncRNA
that has a switch region binding to the coenzyme thiamine
pyrophosphate (TPP) is the TPP riboswitch.16,17

HOTAIR in Relation to Pancreatic Cancer
In a 2012 study,2 some conclusions were made regarding
the association of HOTAIR with pancreatic cancer. Firstly,
HOTAIR was found to be a negative prognostic factor for
pancreatic cancer, as comparative HOTAIR expression in
normal pancreas and pancreatic tumours was found to be
significantly increased in tumour samples. Patients with
tumours that had spread from the pancreas to the regional
lymph nodes also had increased levels of HOTAIR. Similarly, samples from patients with tumours that extended
beyond the pancreas, when compared with tumours only
in the pancreas, showed increased HOTAIR. A KaplanMeier plot showed significantly shorter survival times for
patients with high HOTAIR expression compared with
low HOTAIR. The combination of these results, all of
which show HOTAIR as a negative prognosis factor for
pancreatic cancer, is useful, as it demonstrates the importance of HOTAIR with respect to pancreatic cancer. Despite this success, the majority of these increased levels
of HOTAIR within the tumour, primary lymph node and
extended tumour remained within the span of the negative
control results. This means that HOTAIR as a biomarker
for these outcomes does not appear to provide a definitive
answer.
Secondly, this study indicated that HOTAIR is pro-oncogenic. This was shown by overexpression of HOTAIR,
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resulting in significantly increased cell growth in one of
two pancreatic cell lines. In addition, cell growth was significantly reduced upon knockdown of HOTAIR in two
other pancreatic cell lines. Results from gene set enrichment analysis also indicate potential for pro-oncogenic
HOTAIR activity, as it was shown to regulate genes with
the function of cell proliferation and cell cycle progression. Cell invasion was also decreased with knockdown
of HOTAIR, and apoptosis was increased upon knockdown of HOTAIR in two pancreatic cell lines.
Thirdly, the genes regulated by HOTAIR in pancreatic
cancer cell lines were concluded to be significantly different from those regulated in breast cancer cell lines. However, this aspect of the study only considered gene expression of Panc1 and MDA-MB-231, one example each
respectively of pancreatic and breast cancer cell lines.
It would be interesting to repeat this with different cell
lines of each cancer type, as considerable variation has
been shown in the results of other experiments within this
study, which considered more diverse samples of cancer
cell lines.
Although the gene regulation effects of HOTAIR have
been shown to be dependent on an interaction with PRC2,
this study also showed that some regulated HOTAIR genes
are independent of PRC2. This finding was achieved by
comparing mRNA expression with each of HOTAIR
knockdown and EZH2 (a subunit of PRC2) knockdown,
with results of significant induction of selected tumour
suppression genes and no significant induction of the
same genes, respectively. As HOTAIR has been shown
previously to also bind LSD1, a further experiment that
could be of interest is to replace the knockdown of EZH2
with knockdown of LSD1. If the regulation of these tumor suppression genes were found to be independent of
LSD1, this could suggest either direct regulation by HOTAIR, or another regulatory binding partner of HOTAIR
exists, or either of PRC2 or LSD1 may be sufficient to
regulate these genes. This could be checked by a double
knockdown of PRC2 (via EZH2) and LSD1, to determine
if this gene regulation can occur with neither present.

Discussion
The results from these studies encourage the consideration of HOTAIR as a biomarker or a targeted response
to pancreatic cancer. Although HOTAIR has been shown
to be overexpressed in the Panc1 and L3.6pL pancreatic
cancer cell lines, it could also be of interest to determine
how well these particular cell lines represent the general
population with pancreatic cancer. This is because there
is considerable variation in HOTAIR levels from other
cell lines, so it would be useful to determine whether this
variation is also present in a broader range of pancreatic
cancer cell lines which would better represent pancreatic
cancer patients.
In future research, it may also be of interest to attempt
identification of further structural details of HOTAIR,
such as possible methylation of adenosines that could alter
function. These types of post-transcriptional modification
are often found in regions of functionality18 which may
benefit the identification of further modular regulatory
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domains within HOTAIR. Also, as HOTAIR may interact
not only with the proteins PRC2 and LSD1 but possibly
also with RNA, identifying these possible interactions
could provide further understanding of HOTAIR interactions. As lncRNA has been described as having scaffold
characteristics, it may be possible that speculative RNA
interacting with HOTAIR may also interact with either or
both of PRC2 and LSD1. Therefore, any RNA binding to
these proteins could be tested for also having interactions
with HOTAIR. As we traverse the unknown characteristics of HOTAIR, we progress in the direction of making
sense of this anti-sense.
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