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ABSTRACT
Altered expression levels of protein-coding genes and microRNAs have been implicated in the patho-
genesis of Huntington’s disease (HD). The involvement of other ncRNAs, especially long ncRNAs
(lncRNA), is being realized recently and the related knowledge is still rudimentary. Using small RNA
sequencing and PCR arrays we observed perturbations in the levels of 12 ncRNAs in HD mouse brain,
eight of which had human homologs. Of these, Meg3, Neat1, and Xist showed a consistent and
significant increase in HD cell and animal models. Transient knock-down of Meg3 and Neat1 in cell
models of HD led to a significant decrease of aggregates formed by mutant huntingtin and down-
regulation of the endogenous Tp53 expression. Understanding Meg3 and Neat1 functions in the context
of HD pathogenesis is likely to open up new strategies to control the disease.
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Introduction

Huntington’s disease is a rare, autosomal dominant neurode-
generative disorder caused by expansion of polymorphic CAG
repeats at exon1 of the gene Huntingtin (HTT) [1].The disease
is characterized by behavioral and psychiatric abnormalities,
dementia, motor defects and choreatic movements due to
random muscle contractions [2]. Increase in length of gluta-
mine (Q) stretch at N-terminal of HTT due to the expansion
of CAG repeats alters the conformation of HTT leading to
cytoplasmic and nuclear aggregates. Over the years, altera-
tions of various cellular processes like transcription, excito-
toxicity, axonal transport, proteasomal degradation,
autophagy, and apoptosis; cellular conditions like oxidative
stress, endoplasmic reticulum stress, and mitochondrial dys-
functions have been implicated in HD [3]. Altered levels of
protein-coding genes in HD, identified in diverse models of
HD and different tissues including post-mortem brains of HD
patients and enrichment of different biological pathways indi-
cate that these alterations could contribute to HD pathogen-
esis. Altered levels of genes were identified at an early stage
before the neurodegeneration started and is considered to be a
hallmark for HD. Modified interactions of transcription fac-
tors with wild-type HTT, direct binding of mutant HTT with
DNA and epigenetic changes could contribute to the dereg-
ulation of genes in HD [4,5]. Differential levels of microRNA
(miRNA), generally a negative regulator of a protein-coding
gene, has also been identified in HD models and post-mortem

brains of HD patients and other neurodegenerative diseases
[4–16]. In cellular models, some of these miRNAs have been
shown to modulate neuronal survival [9], disease progression
by influencing neurogenesis [10], cell cycle [11–13], mito-
chondrial dynamics [14] and target HTT [16]. Age at onset
of HD has been correlated with levels of miR10b [5,6]. Thus
miRNA could also contribute to the altered expression of
protein-coding genes and may modulate HD pathogenesis
by targeting protein-coding genes including HTT [7,16].

In recent years, long ncRNA (lncRNA), defined as single-
stranded RNA > 200 nucleotides long without potential for
coding proteins, has emerged as the regulator of transcription
[17,18], cellular homeostasis [19], immune cell development
[20] and other biological processes possibly by interacting
with proteins and RNA [21]. It is thus possible that altered
levels of lncRNAs contribute to the deregulation of genes
observed in HD and modulate HD pathogenesis. Altered
levels of lncRNA have been observed in neurological diseases
[22,23]. It has been shown that levels of 2010001M06Rik/
Abhd11os (designated as ABHD11-AS1 in human) are
reduced in the striatum of mouse R6/2 models of HD [24].
Exogenous levels of Abhd11os protects against the toxic effects
of N-terminal mutant HTT in mouse, while the loss of
Abhd11os enhances the toxicity, although the mechanism is
still elusive [25]. Re-analysis of gene expression data in HD
identifies seven long ncRNAs (TUG1, LINC00341, RPS20P22,
NEAT1, MEG3, DGCR5, and LINC00342), of which only
NEAT1 shows overexpression. Putative promoter regions of
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NEAT1, MEG3, and DGCR5 genes harbor binding sites of
REST/NRSF, a transcription repressor [26]. Human acceler-
ated region 1 ncRNA (HAR1) is repressed by REST and is
down-regulated in postmortem brains of HD patients [27],
although the functional consequence of decreased HAR1 in
HD remains unknown. Levels of natural antisense HTT
(HTT-AS1), a lncRNA localized in the nearby upstream
region of HTT, depends on the CAG repeat numbers in the
HTT gene and mutated HTT reduces levels of HTT-AS1.
Decreased levels of HTT-AS1 results in higher levels of HTT
indicating its possible role in HD pathogenesis [28]. Increased
levels of NEAT1 have been recently reported in human brains
of HD patients and R6/2 mice. Exogenous levels of short
isoforms of NEAT1 protect cells from death induced by
H2O2 [28]. Considering the thousands of lncRNAs coded by
human genome and their possible roles in brain development
and plasticity [29,30] and many other HD associated pro-
cesses, it is expected that lncRNAs, might be involved in HD
pathogenesis.

The aim of the present study is to identify altered levels of
lncRNAs in mouse HD model and understanding the regula-
tory roles of lncRNAs in the HD disease model.

Results

Altered levels of ncRNAs in the mouse model of HD

We compared the small RNA sequence data from the cortex of
R6/2 mice at ages of 6 weeks (early stage of HD) and 8 weeks and
age-matched control mice. Excluding the sequence data that
aligned to annotated miRNA in the mouse genome, we focused
on the rest of the aligned sequences for other ncRNA. It was

observed that sequences were aligned against the annotated
ncregions with sufficient depth. Levels of Xist (X inactive specific
transcript), Peg3os and Meg3 (maternally expressed gene 3)
were increased and levels of Snora21, Snord53, Snhg12, and
Vaultrc5 were decreased significantly in the cortex of 6-week
old mice compared to the control (Figure 1). Levels of Meg3,
Xist, and additional genes Snord42a, Gm12238 and Neat1
(Nuclear Paraspeckle Assembly Transcript 1) were significantly
increased in the 8-week old mice compared to control. In the
older mice, however, levels of Vaultrc5 and additional genes
Gm38671, Gm22650, and Snord85 decreased significantly.
Combining the results, we observed that levels of Meg3 and
Xist were increased and the level of Vaultrc5 was decreased in
both early and late stage of HD, the level of Peg3os was increased
and the levels of Snhg12, Snora21, Snord53 were decreased in the
early stage of HD. The levels of Neat1, Gm12238, Snord42a
(increased), Snord85/Snord103, Gm22650, and Gm38671
(decreased) altered in the late stage of HD (Figure 1).

To identify the human orthologs of these ncRNAs, we
searched the NCBI database (https://www.ncbi.nlm.nih.gov/
gene/) and found that 8 of the 13 mouse ncRNAs namely
Meg3, Xist, Neat1, Snhg12, Snora21 Snord53, Snord85,
Snord42a had human orthologs (Table 1).

Validation of the results in animal and cell models of HD
using real-time PCR

To validate the data obtained in small RNA sequencing the levels
of Meg3, Neat1, Xist, Snhg12, Snora21, Snord53, Snord85,
Vaultrc5 ncRNAs and those of additional ncRNAs (Snhg3 and
Brip1os) whose levels were not altered were checked using real-
time PCR and gene-specific PCR primers (Supplementary

Figure 1. Heatmap of statistically significant differentially regulated ncRNAs Xist(NR_001463), Meg3(NR_003633), Peg3os(NR_023846), Vaultrc5(NR_027885),Snora21
(NR_028078),Gm12238(NR_028480),Snord53(NR_028551),Snord85(NR_028565),Snhg12(NR_029468),Snord42a(NR_037682),Gm22650(NR_128564),Gm38671
(NR_128567),Neat1(NR_131212) in 6 weeks (early stage) and 8 weeks (late stage) old Huntington’s mouse cortex compared to the control cortex from small RNA
sequencing. Each sample has at least two biological replicates. Color codes indicate normalized fold changes- Red = upregulation; Green = downregulation.
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Table 1). Results shown in Figure 2(i), panels A and B, revealed
that out of 10 ncRNAs tested, levels of 9 ncRNAs Meg3, Xist,
Neat1, Snhg12, Snora21, Snord53, Snord85, and Vaultrc5 and
Snhg3 were in concordance with the data obtained by sequen-
cing in 6-week old mice. Levels of Brip1os increased significantly
in this assay for 6-week old mice, while it was unaltered in the
sequencing data. In 8-week old R6/2 mice, levels of Meg3 was
increased in sequencing data while remaining unaltered in real-
time PCR assay. Levels of all other 9 ncRNAs were in concor-
dance with the sequencing data. Results obtained from sequen-
cing data analysis, in general, was conforming to the low
throughput PCR based assay. (Figure 2(i), panels C and D).

Validation of the differential gene expressions in cell
models

We further used different cell models of HD to validate the
observations from mouse R6/2 model. STHdhQ7/HdhQ7cells
had been established from wild-type (Q7/7) Hdh knock-in
mice which expressed full-length HTT with 7 Glu (Q) residues
(wild-type HD) endogenously. STHdhQ7/HdhQ7cells were
used for control, while STHdhQ111/HdhQ111 cells, expressing

endogenous full-length mutant HTT gene with 111Glu (Q)
residues, were used as HD cells. This cell model, described
earlier [30], had been used widely to identify the molecular
mechanism of HD pathogenesis. The results revealed that
except for Snhg12 and Xist, levels of all other genes in
STHdhQ111/HdhQ111 cells compared to control cells were simi-
lar to that observed in the R6/2 mouse model. (Figure 2(ii)).

STHdhQ7/HdhQ7cells transfected with N-terminal HTT
with 83Q (83Q-DsRed) was also used as an alternative cell
model of HD [31]. We also used STHdhQ7/HdhQ7cells expres-
sing wild-type N-terminal HTT with 16Q (16Q- DsRed)
coded by exon1 of wild-type HTT. Levels of wild-type
N-terminal HTT did not alter the levels of the genes tested
in comparison with STHdhQ7/HdhQ7cells except for Snhg12.
In 83Q-DsRed expressing cells, levels of Brip1os, Meg3, Xist,
and Neat1 were increased and levels of Snord53, Snhg12,
Snora21, and Vaultrc5 were decreased (Figure 2(iii)). The
decrease in Snord85 level was not significant. Moreover, the
levels of Meg3, Neat1, and Xist were also checked (by qRT-
PCR) in Neuro2A (mouse neuroblastoma) cells transiently
expressing 16Q-DsRed and 83Q-DsRed. Meg3, Neat1, and
Xist levels were significantly increased (Figure 2(iv)). In

Table 1. Summary of the levels of ncRNAs in different models of HD.

Noncoding RNA (Entrez ID) Human homolog

Levels in

The cortex of R6/2 (6week) The cortex of R6/2 (8week) STHdhQ111/HdhQ111
STHdhQ7/HdhQ7

Cells transfected with 83Q

Brip1os (74,038) No - -

Meg3 (17,263) Meg3 - -

Xist (213,742) Xist - -

Neat1 Neat1 -

Snhg3 Snhg3 - - - -
Snhg12 (ID: 10,003,986) Snhg12 - -

Snora21 (100,302,498) ACA21 - - -

Snord53 snoRNA U53

Snord85/Snord103 Snord85/Snord103 - -

Vaultrc5 No
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summary, levels of Snord53 and Vaultrc5 were decreased in
all the models, levels of Meg3 and Neat1 were increased in 3
models and levels of Brip1os and Xist were increased in 2
models of HD. Summary of all the results is shown in Table 1.

Meg3 and Neat1 enhance aggregation of mutant
N-terminal HTT in cell models of HD and stabilize Tp53

To determine the role of Meg3 and Neat1 in the formation of
aggregates of mutant HTT coded by exon1, we used commer-
cially available siRNAs against Meg3 and Neat1 for transiently
knocking down Neat1 and Meg3 in mouse Neuro2a and human
SHSY5Y cells. It was observed that both the siRNAs reduced the

levels of endogenous Meg3 and Neat1 significantly in both cell
lines (Supplementary Figure 1) in comparison to untransfected
control. Co-transfection of 83Q-DsRed and siRNA specific for
Neat1 or Meg3 resulted in decreased intracellular aggregates of
83Q-DsRed in both the cell lines (Figure 3). A counter staining
with DAPI showed that these intracellular aggregates specifically
were in the cytoplasm and not in the nucleus. In summary,Meg3
and Neat1 directly or indirectly modulated the formation of
aggregates of mutant HTT.

We compared the steady-state levels of TP53 in Neuro2A
cells transiently expressing 83Q-DsRed. When 83Q-DsRed
was co-transfected with siRNAs against Meg3 or Neat1, the
steady-state levels of Tp53 decreased significantly compared
to the control (Figure 4). It was observed that knocking down

(i)

(ii)

Figure 2. Altered levels of ncRNAs in HD animal model and in cells expressing N-terminal mutant Huntingtin. (i). Bar graphs representative of three (n = 3) independent
experiments measuring levels of Brip1os, Meg3, Neat1, Snhg3and Snhg12 (panels A and C); Snora21, Snord53, Snord85, Vaultrc5 and Xist (panels B and D) by qRT-PCR in
cortex region of 6-weeks old (panels A and B) and 8-weeks old (panel C and D) R6/2 mice and age-matched wild-type mice. (ii).Bar graphs representative of three (n = 3)
independent experiments measuring levels of Brip1os, Meg3, Neat1, Snhg3and Snhg12 (panel A); Snora21, Snord53, Snord85, Vaultrc5 and Xist (panel B) by qRT-PCR in
mouse immortalized striatal cells expressing full-length huntingtin (Hdh) gene with 7 (STHdhQ7/HdhQ7 cells) and 111 (STHdhQ111/HdhQ111cells) glutamine repeats.(iii) Bar
graphs representative of three (n = 3) independent experiments measuring levels of Brip1os, Meg3, Neat1, Snhg3and Snhg12 (panel A); Snora21, Snord53, Snord85,
Vaultrc5 and Xist (panel B) by qRT-PCR in STHdhQ7/HdhQ7 cells transiently expressing empty DsRed vector or huntingtin exon 1 having 16 and 83 glutamine repeats
cloned in DsRed vector (designated as 16Q-DsRed and 83Q-DsRed respectively). Levels of β-actin were taken as endogenous control. The levels of individual ncRNAs
were normalized by the corresponding β-actin levels. Fold change was calculated by considering the relative levels of ncRNA in empty vector (DsRed) transfected cells
(control) to be 1.(iv) Bar graphs representative of three (n = 3) independent experiments measuring levels of Meg3, Neat1, and Xist) by qRT-PCR in Neuro2A cells
transiently expressing huntingtin exon 1 having 16 and 83 glutamine repeats cloned in DsRed vector (designated as 16Q-DsRed and 83Q-DsRed respectively). Levels of β-
actin were taken as endogenous control. The levels of individual ncRNA were normalized by the corresponding β-actin levels. Error bars indicate ± SD. The statistical
significance level between different experimental pairs is indicated (NS, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001).
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both lncRNAs even in the absence of 83Q- DsRed had sig-
nificant effects on steady-state Tp53 levels. In both knock-
down cases, Tp53 levels decreased. However, the decrease in
Tp53 levels in Meg3 knockdown was more pronounced than
that in Neat1 knocked down cells in the presence as well as
the absence of 83Q-DsRed. Thus levels of Tp53 could be
modified by Meg3 or Neat1 directly or indirectly.

Interactions of MEG3, NEAT1, and XIST with protein-
coding genes and microRNA

Extending the paradigm that protein-coding genes carry out
their functions by interacting with other proteins [32,33] for
lncRNAs, we attempted to derive functions of lncRNAs from
functions of their interacting partners. lncRNAs are known to
interact with many proteins, microRNAs (miRNA) and
mRNAs [21] that are cataloged in the database NPInter [34]
based mainly from published high throughput experimental
data, as described in materials and methods. To identify the
possible functional roles of Meg3, Neat1, and Xist that were
increased in HD models, we enlisted the interacting partners
of these genes from the NPInter database (Table 2), detailed
in Supplementary data SD5A and SD5B. Evidently more data
was available for interactions with human genes compared to
that known for mouse genes probably due to less number of
studies in the mouse. Human MEG3 was found to interact
with 11 proteins, while mouse Meg3 was found to interact

with 6 proteins; interactions of Tp53 and UPF1 were com-
mon, indicating that these interactions were conserved
between the species. MEG3 was found to interact with 13
human miRNAs and mouse Meg3 with 3 miRNAs.

Enrichment of biological processes and pathways with
MEG3, NEAT1, and XIST interacting proteins

To identify possible functions of MEG3, NEAT1, and XIST,
we carried out an enrichment analysis of their protein inter-
acting partners using GeneCodis3. It was observed that 280
biological processes defined by Gene Ontology were enriched
significantly (p ≤ 0.05) after multiple testing correction
(Supplementary Data SD6A). The most significant biological
process was the regulation of DNA dependent transcription,
(GO: 0006355); enriched with 229 proteins. This result
showed that MEG3, NEAT1, and XIST with its protein inter-
acting partners might be involved in regulation of transcrip-
tion. Other representative biological processes that were
significantly enriched are shown in Figure 5.

Further, GeneCodis3 revealed that 101 KEGG pathways
(Supplementary Data SD6B) and 43 PANTHER (Supplementary
Data SD6C) were enriched with protein interacting partners of
MEG3, NEAT1, and XIST. Among these, Endocytosis,
Huntington’s disease, and Ubiquitin-mediated proteolysis path-
ways were the top hits. Others included Regulation of actin
cytoskeleton, Insulin signaling, Neurotrophin signaling, MAPK

(iii)

(iv)

Figure 2. Continued.
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signaling, mRNA surveillance, Spliceosome, Ribosome and
Proteasome, all having significant p-values (p ≤ 0.0002) after
multiple test correction. Among pathways described by
PANTHER the topmost significantly enriched were

Heterotrimeric G-protein signaling pathway, Gi alpha and Gs
alpha-mediated pathway, Integrin signaling pathway, PI3 kinase
pathway, p53 pathway, Inflammation mediated by chemokine
and cytokine signaling pathway, PDGF signaling pathway,

Figure 3. Reduction in the numbers of HTT-83Q-DsRed aggregates in Neuro2A and SHSY5Y cells. (i) & (iv) HTT-83Q-DsRed aggregates in Neuro2A and SHSY5Y cells
respectively, (ii) & (v) HTT-83Q-DsRed aggregates in Neuro2A and SHSY5Y cells respectively co-transfected with siRNA against Neat1 (iii) & (vi) HTT-83Q-DsRed
aggregates in Neuro2A and SHSY5Y cells respectively co-transfected with siRNA against Meg3. All representative images were acquired 24 hours post-transfection.
(vii) Bar graphs representative of three (n = 3) independent experiments, taking 30 cells each time shows the decrease in aggregate numbers per cell in cells
transfected with HTT-83Q-DsRed and treated with siRNAs against Meg3 or Neat1 compared to cells transfected with HTT-83Q-DsRed only. Error bars represent
standard deviation, *represents statistical significance (*p ≤ 0.05; **p ≤ 0.01).
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Insulin/IGF pathway, protein kinase B signaling cascade and
Huntington’s disease pathway

Huntington’s disease pathway (KEGG: 05016 and
PANTHER: P00029): probable involvement of MEG3,
NEAT1, and XIST in HD pathogenesis

Significant over-representation of protein interacting partners of
MEG3, NEAT1 and XIST in Huntington’s disease pathways
described by both KEGG and PANTHER placed these
lncRNAs as new players involved in HD pathogenesis by mod-
ulating the HD pathway. Huntington’s disease pathway in
KEGG had 180 proteins and PANTHER had 126 proteins. 36
proteins were enriched in KEGG HD pathway and 21 proteins
were enriched in the PANTHER HD pathway of which 49 were
unique. NEAT1 showed interaction with all 49 proteins includ-
ing TP53, while MEG3 showed interaction with TP53 only.

Relevance for NEAT1 and MEG3 interacting protein partners
in HD pathway was further evident from their involvement in
transcription deregulation in postmortem brains [35,36] and
induced pluripotent stem cells (iPSCs) derived from HD patients
[37]. Among the 49 unique genes associatedwithHDpathway and
coding for NEAT1 and MEG3 interacting proteins, no data for
altered expression in HD was available for 20 genes; levels of 19
genes were decreased; levels of 6 genes were increased while levels
of 4 genes increased in one experiment and decreased in the other
[35–37]. Altered levels of 29 genes that coded for NEAT1 and
MEG3 interacting proteins and discovered through large-scale
microarray or RNA sequencing of HD tissues (Table 3), revealed
that NEAT1 and MEG3 might be associated with altered HD
pathway.

Interacting partners of MEG3, NEAT1, and XIST associated
Huntington’s disease pathways (KEGG: 05016 and
PANTHER: P00029) are also co-expressed

Co-expression, a statistical correlation between the expres-
sions of two genes in similar levels in the same direction
(increase or decrease) in diverse conditions and in a large
number of samples, can be used to assign putative functions

to poorly annotated genes. Co-expressed genes are likely to be
regulated by the same transcription factors/regulators and
might have similar functions, possibly through physical inter-
actions of the protein products of the co-expressed genes.
Identification of genes co-expressed with MEG3, NEAT1 or
XIST should provide additional functional information about
the lncRNAs. We utilized search options for microarray-based
results in GeneFriends database. In this analysis we consid-
ered only the positively correlated genes; increase in expres-
sion of the lncRNA was correlated with an increase in the
expression of the co-expressed genes. A summary of the list of
co-expressed genes retrieved from this database is shown in
Table 4 (details in Supplementary Data SD7A-SD7C). It was
observed that MEG3 co-expressed with more than 5000 genes
with co-expression value ≥ + 0.5. MEG3 co-expressed with
GRIK5, GRIN1, DLG4, COX7A1, TP53 and other 42 genes
known to be involved in HD pathway. It would be interesting
to mention that MEG3 has also been known to physically
interact with TP53 as discussed. NEAT1 co-expressed in the
same direction with many lncRNAs like INE1, LINC00312,
HCG4B, LINC00663, LINC00574, LINC00472 and others
including NEAT1 and XIST. Role of other lncRNAs co-
expressed with MEG3 remains unknown. Increased expres-
sions of MEG3, NEAT1, and XIST, increased in our experi-
ments indicated that these 3 lncRNAs might be regulated by
the same transcription factors.

NEAT1 co-expressed with many genes including
ARPC1B, TP53, NDUFA4L2, BAX, COX7A1, TUBB1,
AKT1, CLTB, ARPC1A, PLCB3, BBC3, CREB3, POLR2E,
CYC1, POLR2J, NDUFS6, DLG4, and others
(Supplementary Data SD7A) associated with HD pathway
(Table 5). Other than XIST and MEG3, NEAT1 co-
expressed with many other lncRNAs. Whether these co-
expressed lncRNAs might also be involved in HD could
be anybody’s guess. Many genes co-expressed with XIST
were also associated with HD pathway (Table 5). This result
indicated that MEG3, NEAT1, XIST and these common 37
genes were likely to be regulated by the similar transcrip-
tion machinery and together might participate in the same
biological processes and pathways.

Figure 3. Continued.
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Transcription regulation of NEAT1, MEG3, and XIST

Levels of lncRNAs are regulated by transcription factors
(TFs), similar to that observed for protein-coding genes.
Estrogen receptor alpha ERα [38] and TP53 [39] were
reported to bind to the putative promoters of NEAT1 and

regulated its levels in prostate cancer cells and leukemic cells,
respectively. In a hypoxic condition, HIF-2α activated the
expression NEAT1 and enhanced cell growth [40]. YY1 was
seen to bind to the putative promoters of XIST and regulated
its expression [41]. To identify additional transcription factors

(i)

(ii)

Figure 4. Endogenous p53 protein levels alter after treatment with siRNA against Meg3 or Neat1 in HD cell model. (i) Representative western blot of three
independent experiments (n = 3) shows (Left to Right) decrease in endogenous levels of p53 in wild-type (WT) Neuro2A cells, Neuro2A cells co-transfected with HTT-
83Q-DsRed and siRNA against Meg3 or Neat1, Neuro2A cells transfected with HTT-83Q-DsRed only and Neuro2A cells transfected only with siRNA against Meg3 or
Neat1 without HTT-83Q-DsRed, 24 hours post-transfection.(ii) Histogram representing the fold changes of p53 in the different conditions compared to WT cells in (i)
normalized to β-actin. Fold change was calculated by considering the relative levels of p53 in WT cells (control) to be 1. Error bars represent standard deviation,
*represents statistical significance (*p ≤ 0.05; **p ≤ 0.01).

Table 2. Summary of protein and miRNA interactions of ncRNAs Meg3, Neat1, and Xist.

Noncoding RNA

Total number of interacting partners in No of a different category of genes in human

Human Mouse* Protein MicroRNA

MEG3 26 9 11 15
NEAT1 2577 264 2265 312
XIST 546 88 21 525
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that could bind within 5 Kb upstream sequences of NEAT1,
MEG3, and XIST, we utilized the database http://deepbase.
sysu.edu.cn/chipbase/that cataloged ChiP data [42]. It has
been observed that three transcription factors namely HEY1,

HNF4A, NRSF could bind to the putative promoters of these
lncRNAs. It remained to be found out whether such binding
could activate or represse the expression. Summary of the
results is shown in Table 6.

Figure 5. Comparison of Biological processes in noncoding RNA interacting proteins (dark black) and in human Genome (light black). GO ID is shown within
parenthesis, except for Regulation of transcription (GO: 0006355) and Nuclear mRNA splicing (GO: 0000398). Levels of significance after multiple testing between the
two as determined in the GeneCodis3 analysis are: 1.39E−27, 3.67E−16, 1.52E−15, 2.89E−15, 1.69E−13, 1.83E−13, 1.69E−09, 1.69E−09, 1.55E−07, 1.13E−06, 2.15E−06 and
2.72E−06 respectively from left to right.

1356 K. CHANDA ET AL.
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Discussion

In the present study, we analyzed the small RNA sequencing
data in a mouse model of HD, designed originally to identify
differential expression levels of miRNA. Such customized
analysis identified differentially expressed ncRNAs other
than miRNA that was subsequently validated using low
throughput assays in an animal model and two cell models
of HD. Knockdown of Meg3 and Neat1 modulated the aggre-
gation of mutant HTT and decreased the levels of Tp53. Using
various databases that catalog interacting partners and co-
expressed genes of Meg3, Neat1, and Xist, we observed that
protein interacting partners and co-expressed protein-coding
genes of Neat1 were associated with Huntington’s disease
pathways. Taking these together, we have provided evidence
in support of the involvement of Meg3 and Neat1 in HD
pathogenesis.

Additional lines of evidence implicating Meg3 and Neat1
in HD pathogenesis include: (i) altered levels of Meg3, Neat1
and Xist altered in R6/2 mice and various cell models of HD,
(ii) loss of function of Meg3 and Neat1 modulated aggregate
formation of mutated N-terminal HTT, coded by exon1 of
HTT in cell models of HD, and concurrently modulated of
Tp53 levels (iii) identification of protein interacting partners
of NEAT1, MEG3 and XIST were enriched with biological
processes and pathways known to be involved in HD,(iv)
expressions of more than 50% of NEAT interacting proteins
associated with HD pathway that were altered in HD brains
and (v) co-expression of NEAT1 interacting protein partners
associated with HD pathways with NEAT1.

MEG3 is expressed in many normal human tissues, with the
highest observed expression in the pituitary gland followed by
different regions of the brain (http://www.gtexportal.org/home/

Table 3. Expression of genes in HD associated with Huntington’s disease pathway (KEGG: 05016 and PANTHER: P00029) and coded for protein interacting partners of
NEAT1 or MEG3.

Increased Decreased Opposite trend Not identified (unknown)

ARPC1B, CREB3,
NCOR2, PLCB3,
POLR2H TP53
(6)

AP2A1, ARF3, ARPC1A, ARPC5L, ATP5G1, COX6B2, COX6C,
CREB3L4, CYC1, DCTN2, DLG4, GAPDHS, GRIK5, GRIN1,
GRIN2D, NDUFA3,NDUFB10, NDUFB2, POLR2E (19)

ACTG1, CLTB,
DYNLL2 TUBB3 (4)

ATP5E, AKT1, AP2S1, BAX, BBC3, COX7A1, CREB3L3, DNAH2,
NDUFA13, NDUFA4L2, NDUFB7, NDUFS6, NDUFS8, NDUFV3,
POLR2I, POLR2J, POLR2J2, POLR2J3, SIN3A TUBB1 (20)

Table 4. Summary of co-expressed genes of MEG3, NEAT1, and XIST.

Long ncgenes No of genes with Pearson coefficient (Co-expression value) ≥ + 0.2 No of genes with Pearson coefficient (Co-expression value) ≥ + 0.5

MEG3 17,993 5054
NEAT1 14,709 126
XIST 14,310 2

Table 5. MEG3, NEAT1 and XIST interacting protein enriched with HD pathway.

Gene Interacting protein (total number) Co-expressed (total number, the range of Pearson’s coefficient)

NEAT1 COX6B2, CREB3L3, SIN3A, NDUFB10, POLR2J2, NDUFV3, POLR2J3, AP2A1,
ACTG1, DYNLL2, ARPC1B, TP53, NDUFA4L2, BAX, COX7A1, TUBB1, AKT1,
CLTB, ARPC1A, PLCB3, BBC3, CREB3, POLR2E, CYC1, POLR2J, NDUFS6,
DLG4, ARPC5L, COX6C, GRIN2D, TUBB3, ARF3, ATP5G1, GAPDHS, ATP5E,
NCOR2, AP2S1, POLR2H, GRIK5, NDUFB7, DCTN2, NDUFA13, POLR2I,
NDUFB2, DNAH2, GRIN1, NDUFA3, NDUFS8, CREB3L4 (49)

ARPC1B, TP53, NDUFA4L2, BAX, COX7A1, TUBB1, AKT1, CLTB, ARPC1A,
PLCB3, BBC3, CREB3, POLR2E, CYC1, POLR2J, NDUFS6, DLG4, ARPC5L,
COX6C, GRIN2D, TUBB3, ARF3, ATP5G1, GAPDHS, ATP5E, NCOR2, AP2S1,
POLR2H, GRIK5, NDUFB7, DCTN2, NDUFA13, POLR2I, NDUFB2, DNAH2,
GRIN1, NDUFA3, NDUFS8, CREB3L4 (39, 0.455–0.24)

MEG3 TP53 (1) COX7A1, DLG4, NDUFA4L2, GRIK5, GRIN1, GRIN2D, TUBB3, GAPDHS,
TUBB1, CLTB, ARF3, NCOR2, BBC3, CREB3, DNAH2, PLCB3, DCTN2, TP53,
AKT1, POLR2I, NDUFB7, ARPC1A, ATP5G1, NDUFA3, ARPC5L, COX6C,
ARPC1B, NDUFA13, POLR2E, NDUFB2, BAX, AP2S1, CYC1, NDUFS6,
NDUFS8, POLR2H, POLR2J, ATP5E, CREB3L3, COX6B2, AP2A1, POLR2J2 (42,
0.577–0.205)

XIST1 None COX7A1, NDUFA4L2, TP53, GAPDHS, ARPC1B, TUBB1, GRIK5, GRIN2D,
DLG4, BBC3, BAX, TUBB3, CREB3, CLTB, ATP5G1, GRIN1, NDUFA3, DNAH2,
AKT1, POLR2I, ARPC1A, ARF3, CYC1, COX6C, NDUFA13, PLCB3, POLR2E,
NCOR2, NDUFB7, NDUFS6, DCTN2, ARPC5L, AP2S1, POLR2H, POLR2J,
NDUFB2, ATP5E, NDUFS8, CREB3L3, COX6B2 (40, 0.385–0.205)

Table 6. Transcription factors that bind within 5 Kb upstream sequences of NEAT1, MEG3, and XIST.

NcRNA No of TF binds 5Kb Upstream sequence Representative TF

NEAT1 86 E2F1, E2F4, E2F6, ERalpha, GATA2, HEY1, HNF4A, HSF1, Myc, NFKB, NRSF, p300, p63, p68, TCF7L2, YY1
MEG3 15 AR, CDX2, CTCF, E2F4, ERalpha, FOXH1, GATA6, HEY1, HNF4A, NRSF, p300, SETDB1, SMAD3, SMAD4, ZNF263
XIST 14 c-Myc, CTCF, EWS_ERG, GTF2B, HEY1, HNF4A, NANOG, NFKB, NRSF, Pbx3, POU2F2, Rad21, SP1, TAF1
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gene/MEG3). Mining the existing microarray data, levels of
MEG3 has been reported to be decreased in HD [25], although
this has not been validated by low throughput assays. In R6/2
mice, Meg3 was increased in the early stage (6 weeks) and
continued to increase up to 8 weeks (late stage). In other cellular
models also increased levels of Meg3 could be observed.
Differences between the results obtained in this study and
those reported earlier [25] could be due to the differences in
species or techniques used. Increased levels of NEAT1 have been
reported earlier by data mining [25] and also in models of HD
and postmortem samples from HD patients [43]. We identified
similarly increased levels of Neat1 in the late stage of HD
(8 weeks) in R6/2 mice and in several cell models of HD. To
the best of our knowledge, alterations in the levels of Xist in HD
has not been reported yet.

Decreased aggregates of mutant N-terminal HTT observed
in cells, where endogenous Meg3 or Neat1 has been knocked
down, could be explained by effects of Meg3 or Neat1 on the
levels of Tp53. Meg3 is known to stabilize Tp53 by interacting
with it. Increased levels of Tp53 could also be mediated
through destabilization of MDM2 by interacting with Meg3
[38–40]. Binding of Tp53 at −3485 of TSS of MEG3 (chro-
mosomal position 100,775,826–100,776,022) has been identi-
fied [42] although it remains unknown whether such binding
activates the transcription of MEG3.

NEAT1 has two isoforms, the shorter variant NEAT1_1, also
known as MENepsilon is 3756 bp long, while the longer variant
NEAT1_2, also known as MENbeta is 22,743 bp long. Both the
isoforms are conserved at the 5ʹ-end and are also observed in
mouse. The longer isoform NEAT1_2, which is mostly localized
in the nucleus, acts as a scaffold of RNAs and RNA binding
proteins to form nuclear bodies known as ‘paraspeckles’.
Although present in lower abundance, the PCR primers that
we used to detect the levels of NEAT1 detected a region from
the longer isoform. Our results indicated that the reduction of
Neat1 reduced the levels of Tp53 which further indicated that
Neat1 might interact with Tp53 and alter its stability. However,
NEAT1 has been shown to bind active chromatin sites near Tp53
genes along with other genes [34]. Tp53 directly regulates the
transcription of Neat1 by binding to the promoter of the gene
[44,45]. Levels of Neat1 and Tp53 are thus under the control of a
feedback loop.MEG3, NEAT1, and XIST can interact withmany
miRNAs possibly through sequence complementarity.
Interaction of lncRNAs with miRNAs may contribute to func-
tional deregulation of target mRNAs of those miRNAs by redu-
cing their effective levels by acting as a ‘sponge’ or as a
competitor for binding with the target mRNAs [34]. Due to
the miRNA- lncRNA interactions, the stability of lncRNAs
might also be compromised leading to their silencing [46].
Levels of miR-132, miR-221, miR-222, and miR-9 have been
reported to decrease in various models of HD as well as in HD
postmortem tissues [6]. Levels of miR-125b, miR-146a, miR-150
are reduced in cell and animal models of HD [6,41]. NEAT1
interacts with these miRNAs thereby contributing to the HD
pathogenesis.

It has been shown earlier that inhibition of proteasomal degra-
dation increased the levels of Neat1, with a concomitant increase

in length and size of nuclear paraspeckles. Cytoplasmic and
nuclear aggregates with ubiquitinated proteins are also identified
in this condition [47]. Given that proteasomal degradation is
compromised [48–51] and levels of Neat1 increased in HD –
observed here as well by others [25,43], it is likely that Neat1
may influence the proteasomal degradation in HD. This conten-
tion is further supported by our observation that in the KEGG
pathway, ubiquitin-mediated proteolysis is enriched significantly
with 28 NEAT1 interacting proteins. Among these proteins, levels
of 7 genes (BRCA1, HUWE1, SMURF2, UBE2D3, UBE2G2,
UBE2S and UBR5) increased and the levels of 9 genes (FZR1,
HERC, MGRN1, PML, RHOBTB2, SMURF1, TCEB1, UBE2M,
and UBE2Z) decreased in postmortem brains of HD patients
[35,36] or induced pluripotent stem cells (iPSCs) derived from
HD patients [37]. Modulation of proteasomal degradation by
miRNAs due to the interaction of NEAT1 with more than 300
miRNAs cannot be ruled out.

Levels of NEAT1 are increased in the temporal cortex and
hippocampus of patients with Alzheimer’s disease (AD) to
negatively regulate CDK5R1 [52].The role of NEAT1 in mod-
ulating neuronal excitability and its association with patholo-
gical seizure states has recently been reported [44,53]. It has
also been found that ALS associated TDP-43 and FUS/TLS
proteins were enriched in paraspeckles and bound to
NEAT1_2 lncRNA directly [54].

Enriched biological process like regulation of gene expres-
sion [4,5,55,56], RNA splicing, mRNA metabolic processes,
RNA metabolic process, nuclear mRNA splicing [57], apop-
tosis [58,59], carbohydrate/lipid/cholesterol metabolism [60–
62], nervous system development [25,55] and S phase of
mitotic cell cycle [12,13] were known to be associated with
HD. Such association of known biological processes with HD
that were enriched with interacting proteins of MEG3,
NEAT1 and XIST indicated that increased expression of
these lncRNAs in HD models might contribute to HD patho-
genesis through their interacting protein partners.

Small nucleolar RNAs (snoRNAs), mostly 60–170 nucleo-
tides long, belong to a class of ncRNAs that are involved in
the post-transcriptional processing of other ncRNAs like
ribosomal RNAs. snoRNAs are mostly localized in the
nucleolus and have also been implicated in various processes
like microRNA-dependent gene silencing and alternative
splicing. Altered levels of snoRNAs have been identified in
cancer [63].

In summary, the involvement of lncRNAs in mouse HD
models mimicking neurodegeneration pathologies is quite
evident from our work. This apparently new avenue of
research warrants further investigation.

Materials and methods

Ethics statement

All animal experiments were conducted following the institu-
tional guidelines for the use and care of animals and approved
by the Institutional Animal and Ethics Committee of the
National Brain Research Centre (NBRC/IAEC/2012/71).
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Cell culture and transfection

Immortalized striatal STHdhQ7/HdhQ7 cells and STHdhQ111/
HdhQ111cells, kindly provided by Prof. Marcy E. MacDonald
of Massachusetts General Hospital, USA were cultured routi-
nely in DMEM (HiMedia, India) supplemented with 10% (v/
v) heat-inactivated FBS (Biowest, France), antibiotics penicil-
lin/streptomycin PS 1% (v/v) and 400 μg/ml G418
(Invitrogen, USA) at 33°C in humidified condition and 5%
CO2. Mouse neuroblastoma cell lines, Neuro2A and Human
neuroblastoma cell lines SHSY5Y were procured from NCCS,
Pune, India.

All transfections were carried out on 70–80% confluent
cells using Lipofectamine 2000 (Invitrogen) as per the manu-
facturer’s protocol. Unless otherwise mentioned, for single
transfection experiments 1 µg (30mm plate), 2.5μg (60mm
plate) or 5μg (100 mm plate) of plasmid DNA constructs
(HTT-83Q-DsRed, HTT-16Q-DsRed) as well as 5μl, 10μl or
15µl of Lipofectamine 2000 respectively were used.
Transfection efficiency was normalized by co-transfecting
cells with pEGFP-C1 (Clontech) or pDsRed-Monomer-C1
(Clontech) and counting and determining the percentage of
GFP or DsRed positive cells under the microscope.

Cell models of HD

Immortalized striatal STHdhQ7/HdhQ7cells were originally
established from wild-type Hdh knock-in mice which express
full-length wild-type Huntingtin gene (HTT) with 7 Glu (Q)
residues [30] These STHdhQ7/HdhQ7cells are primarily used as
controls for HD in experiments, whereas STHdhQ111/HdhQ111

cells express endogenous full-length mutant HTT gene with
111Glu (Q) residues. Both wild-type and mutant full-length
HTT are expressed from the chromosomal region in homo-
zygous conditions. These cells are extensively used as a cell
model of HD for identifying molecular alterations in the
disease pathogenesis. Prof. Marcy E. MacDonald of
Massachusetts General Hospital, USA kindly donated us
these cell lines.

STHdhQ7/HdhQ7cells transiently transfected with exon1 of
mutant HTT with 83Q (83Q- DsRed) were used as another
cell model of HD as described by many authors including us
[31] For control, STHdhQ7/HdhQ7cells were transiently trans-
fected with exon1 of wild-type HTT with 16Q (16Q- DsRed).

Mouse model R6/2

Dr. Nihar Ranjan Jana, National Brain Research Centre,
Manesar, Haryana, Pin- 122 050, India kindly provided us
with paraffinized cortical tissue from R6/2 mice and control
mice of the same age. R6/2 is one of the first mouse models of
HD which express ~ 130 CAG repeats from human HD
promoter [64]. Even though there are differences in time of
appearance of first symptoms in motor activities among the
colonies grown in standard living conditions,R6/2 mice typi-
cally are severely impaired by 8–12 weeks of age [65,66]. We
have used R6/2 mice at age 6 weeks and 8 weeks representing
early and late stage of HD.

RNA isolation from cultured cells and paraffinized tissue

Total RNA was prepared from cultured cells using TriZol
Reagent (Invitrogen, USA) according to manufacturer’s
protocol.

We isolated RNA from paraffin-embedded tissue samples
of R6/2 mice following the modified protocol originally
described earlier [67]. In brief, the isolation method for
RNA from paraffin-embedded tissues consists of the following
steps: De-paraffinization: For RNA extraction from tissue
sections obtained from R62 mice, two sections each of
20 µm thickness were taken per 1.5 ml Eppendorf tube. The
sections were deparaffinized by two rinses in xylene for 5 min
each at room temperature followed by two centrifugations at
room temperature for 10 min each at 10,000 g. Rehydration:
After paraffin solubilization, a rehydration step was intro-
duced where the supernatants from the previous step were
carefully removed and the pellets were successively washed
with 1 ml of absolute ethanol and 1 ml of 95% ethanol in
DEPC water. After each step, the tissue was collected by
centrifugation at 10,000 g for 10 min. Protein digestion:
After the final wash, alcohol was aspirated and the tissue
pellets were air dried in a thermoblock at 37°C and re-sus-
pended in 500 µl of digestion buffer (10 mMNaCl, 500
mMTris, pH 7.6, 20 mM EDTA and 1% SDS). To obtain
purified RNA, tissue proteins were removed by adding
500 µg/ml of the proteolytic enzyme proteinase K. The sec-
tions were then incubated at 45°C for 16 hours (overnight).
Prior to RNA purification, proteinase K was inactivated at
100°C for 7 min in order to nullify its effects on PCR. RNA
extraction: Total RNA was then extracted from these tissue
sections by using the Trizol reagent and following the manu-
facturer’s protocol. The concentration of total RNA was mea-
sured using Biophotometer (Eppendorf, Germany).Details
about tissue weights, nanodrop concentrations, RIN values
and qubit concentrations are given in the Supplementary
Table 2.

Small RNA sequencing

Small RNA-seq library was prepared using IlluminaTruSeq
Small RNA library preparation kit following manufacturer’s
protocol. Cluster generation and 50bp single end read sequen-
cing were performed in IlluminaHiSeq platform. After quality
checking and post-processing of Fastq files, sequences were
mapped to the mouse genome (mm10) using Novoaligner
(http://www.novocraft.com/) (Supplementary Table 3). Only
uniquely aligned reads are considered for further analysis.
Read counts for ncRNAs excluding miRNAs are generated
using htseq-count module of the HT-seq [68]. The differential
levels of analysis of ncRNAs other than miRNAs were per-
formed using DESeq package in R statistical computing tool.
The data were first normalized by the size factor, i.e effective
library size. For differential analysis, DESeq uses a variation of
the Fisher exact test adopted for Negative Binomial distribu-
tion. It calculates the significance of the change in expression
of the gene I between two conditions and returns exact P
value. Adjusted P value for multiple testing was determined
with the Benjamini-Hochberg method. The deregulated
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noncoding RNAs were identified comparing age-matched
control cortex sample versus the cortex of 6 weeks old and
8 weeks old R6/2 mice mouse.

Quantitative real-time PCR

One microgram total RNA was subjected to DNase treatment
(Sigma) followed by cDNA preparation using random hex-
amer primer (Thermo Scientific), dNTPs (Thermo Scientific)
and MuLv-Reverse transcriptase (Fermentas). Quantitative
Real-time PCR (qRT-PCR) was carried out using Sybr green
2X Universal PCR Master Mix (Applied Biosystems) in
StepOne Real-time PCR system (Applied Biosystems). For
each gene, non-template control was used at the same condi-
tion to ascertain the baseline and threshold value for the
analysis. The absolute quantification given by the software
was in terms of Ct values. The relative quantification (fold
change) of a target gene in a sample compared to the parental
cell is expressed in terms of 2−ΔΔCt values after normalization
with respect to internal control.

Gene-specific primers

List of PCR primers used in this study is shown in the
Supplementary Table 1.

SiRNA mediated knockdown of Neat1 and Meg3

siRNAs against mouse NEAT1 (FlexiTube GeneSolution
GS66961 for Neat1, Cat no: LPM15183A) and MEG3
(FlexiTube GeneSolution GS17263 for Meg3, Cat No:
GS17263) were purchased from Qiagen and used, following
the protocol described by the manufacturer. siRNAs were
used at a final concentration of 40nM. For aggregate counting
studies, siRNAs against MEG3 and NEAT1 were co-trans-
fected along with HTT-83Q-DsRed in Neuro2A and
SHSY5Y cells and cells were either fixed and mounted on
slides for aggregate counting or used for Western Blot as in
reference [6].

Aggregate counting

Aggregates of mutant HTT tagged with DsRed were deter-
mined using methods described earlier [69]. In brief, mouse
Neuro2A or human SHSY5Y cells were cultured on coverslips
in 35 mm culture dish (Nunc, USA) and transfected with
HTT-83Q-DsRed or co-transfected with HTT-83Q-DsRed
and siRNAs against Neat1 and Meg3. Twenty four hours
after post-transfection, coverslips were washed with PBS,
counterstained with DAPI post fixation with 4%
Formaldehyde for 5 min prior to mounting on slides for
aggregate counting using a confocal microscope (Zeiss LSM
710 Meta, Germany). An average of 30 cells was counted for
each slide and the experiment was performed three times.

Isolation of cell extract and western blot analysis

Phosphate buffer saline (PBS) washed pellets from cell lines
were lyzed on ice in lysis buffer (1M Tris-HCl, pH 7.5, 1N

NaCl, 0.5 M EDTA, 1M NaF, 1M Na3VO4, 10% SDS, 20mM
PMSF, 10% Triton X-100, 50% glycerol) for 30 min in pre-
sence of complete protease inhibitor (Roche Diagnostics) and
centrifuged at 13,000 g for 15 min. Protein concentration was
determined by Bradford protein estimation assay.

The cell lysate was separated on SDS gel according to
molecular weight, was transferred to PVDF membrane
(Millipore Corporation) which was blocked by 5% skimmed
milk in TBST (50 mMTris-HCl, 150 mMNaCl, pH 7.5 con-
taining 0.05% Tween 20). After that, the membrane was
probed with primary antibody, followed by the incubation
with HRP conjugated secondary antibody. The immunoreac-
tive bands in the membrane were then developed with ECL
kit (Super Signal West Pico Substrate; Pierce or Abcam).
Quantification of western blots was carried out using
Quantity One software of Bio-Rad. At least three separate
experiments were analyzed and band intensities were normal-
ized to loading control. Significant levels (p-values) were
determined using the unpaired t-test.

Antibodies

We had used antibodies against p53 (mouse monoclonal)
from Santa Cruz (1:2000), β Actin (mouse monoclonal)
from Abcam (1:6000). The secondary antibody was a goat-
anti-mouse HRP secondary antibody (1:3000).

Databases

To identify the interacting partners of Meg3, Neat1 and Xist,
we used the database NPInter (http://www.bioinfo.org/
NPInter/, version 3.0) based on experimental data from high
throughput assays like crosslinking and immunoprecipitation
followed by deep sequencing (CLIP-seq), chromatin isolation
by RNA purification followed by high-throughput sequencing
(ChIRP-seq) and also manually curated from scientific litera-
ture. This online resource provides information for interac-
tions of long ncRNA with protein-coding genes and
microRNA in the mouse as well as human genes [70]. Two
genes expressed in a number of conditions in different indi-
viduals in the same tissue or different cell lines in similar
levels in the same directions (increase or decrease) are con-
sidered to be co-expressed. We used GeneFriends database
(http://genefriends.org/) that catalogs data for co-expression
derived from gene expression studies in 4164 microarray
datasets in 26,113 experimental conditions and 19,080
human genes. In mouse, 3571 microarray datasets containing
20,455 experimental conditions and 22,760 mouse genes. Co-
expression values defined as the correlation coefficient, varied
between 1 to 0 (for positive correlation), were also computed
for a given query [71] Co-expression can be used to assign
putative functions of genes to poorly annotated genes. This
online resource provides information on co-expressed pro-
tein-coding genes, ncgenes including microRNAs, anti-sense
RNA, and pseudogenes for a given query. To find out the
transcription regulation of Meg3, Neat1, and Xist, we used the
database at http://deepbase.sysu.edu.cn/chipbase/. This data-
base catalogs transcription factor binding sites from ChIP-seq
data obtained experimentally [72].
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Enrichment analysis for biological processes defined by
Gene Ontology (GO) and pathways by KEGG and
PANTHER

To find out the function (s) of these noncoding RNAs and
possible involvement in HD pathogenesis, we carried out an
enrichment analysis of the protein interacting partners of
these noncoding RNAs. Enrichment of biological processes
associated with GO terms and pathways defined by Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Protein
ANalysis THrough Evolutionary Relationships (PANTHER,
http://pantherdb.org/) was analyzed by GeneCodis3 (http://
genecodis.cnb.csic.es/) as described [73] following the meth-
ods modified earlier [6]. In GeneCodis3, the proportion of
proteins in a particular GO term from the input query list is
computed and compared with those coded by the human
genome. The hypergeometric p-value was computed after
correction for multiple testing.

Statistical analysis

Statistical significance was determined by Student’s unpaired
t-test using QuickCalcs (http://www.graphpad.com/quick
calcs/index.cfm). All data are reported as the mean of 3–5
independent experiments ± standard deviations and consid-
ered as statistically significant when p ≤ 0.05.

Abbreviations

HD Huntingtons disease
HTT Huntingtin.
ncRNA non-coding RNA.
lncRNA Long Non Coding RNA.
miRNA micro RNA.
rRNA Ribosomal RNA.
snoRNA Small Nucleolar RNA.
piRNA Piwi Interacting RNA.
tRNA Transfer RNA.
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