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Abstract

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder caused by a CAG expansion in the gene-
encoding Huntingtin (HTT). Transcriptome dysregulation is a major feature of HD pathogenesis, as revealed by a large body of
work on gene expression profiling of tissues from human HD patients and mouse models. These studies were primarily fo-
cused on transcriptional changes affecting steady-state overall gene expression levels using microarray based approaches. A
major missing component, however, has been the study of transcriptome changes at the post-transcriptional level, such as
alternative splicing. Alternative splicingis a critical mechanism for expanding regulatory and functional diversity from a lim-
ited number of genes, and is particularly complex in the mammalian brain. Here we carried out a deep RNA-seq analysis of
the BA4 (Brodmann area 4) motor cortex from seven human HD brains and seven controls to systematically discover aberrant
alternative splicing events and characterize potential associated splicing factors in HD. We identified 593 differential alterna-
tive splicing events between HD and control brains. Using two expanded panels with a total of 108 BA4 tissues from patients
and controls, we identified four splicing factors exhibiting significantly altered expression levels in HD patient brains.
Moreover, follow-up molecular analyses of one splicing factor PTBP1 revealed its impact on disease-associated splicing
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patterns in HD. Collectively, our data provide genomic evidence for widespread splicing dysregulation in HD brains, and sug-
gest the role of aberrant alternative splicing in the pathogenesis of HD.

Introduction

Huntington’s disease (HD) is an autosomal dominant neurodegen-
erative disorder caused by an expansion in the glutamine-coding
CAG tract in the Huntingtin (HTT) gene (1-3). Normal individuals
have less than 36 CAG repeats (on average 15-25) in exon 1 of HTT,
while affected individuals exhibit repeat lengths greater than 39
(2,3). The elongated polyglutamine tract at the amino terminus re-
sults in HTT protein aggregation and a gain-of-function toxicity
(4). HD primarily affects neurons in the striatum and cortex, and
patients can display emotional symptoms, cognitive deficits, mo-
tor impairment, sleep disturbance and weight loss (5-8).
Currently, no disease modifying therapies are available, and treat-
ment is limited to the symptomatic management of chorea and
emotional disorders (2). Thus, efforts to clarify disease pathogene-
sis and identify potential therapeutic targets are of high priority.

Huntingtin’s role in part is as a transcription regulator (9),
and while the functional targets of wild-type HTT are not fully
understood, expanded polyglutamine HTT exhibits an altered
DNA interaction profile (10) and causes transcriptional dysregu-
lation of multiple genes (2,3,11). Some of the earliest studies
looking into the molecular pathophysiology of HD revealed that
neuronal genes, such as neurotransmitter receptors and neuro-
petides, are differentially expressed in patient brains (12-15).
The importance of transcriptional dysregulation in the
pathology of HD was also demonstrated in mouse models by
nuclear-restricted variants of mutant mouse Htt transgenes
that reproduced major aspects of the mouse phenotype (16,17).

Transcriptome dysregulation is widespread in HD, as re-
vealed by a large body of work on gene expression profiling of
RNA samples from human HD patients and mouse models. HD
was among the first neurological diseases to which microarray
technology was applied. Studies included HD cells and brains
harvested from mouse models and postmortem HD brain tissues
(6,18-33). Several studies have characterized transcriptional dys-
regulation in HD from the network perspective (34-39). More re-
cently, changes in the microRNA class of noncoding RNAs have
been evaluated (29,36,40-43). The major conclusion from these
studies is that a multitude of gene expression changes occur be-
fore an overt cell loss is observed, and that this dysregulation
contributes to regional vulnerability. Gene expression changes
are remarkably similar in HD postmortem brains and HD mouse
models (31), reinforcing the idea that they are important for
pathogenesis. Brain regions studied in HD are generally striatum
and cerebral cortex. The latter is clearly affected, but with lim-
ited cell loss, so changes in gene expression profiles likely reflect
dysregulated transcription rather than merely altered cell type
composition between HD brains and healthy controls. While
these studies have provided much information about the HD
transcriptome, they are primarily based on conventional gene
expression microarrays designed for measuring overall gene ex-
pression levels. A significant missing component is a compre-
hensive survey of the HD transcriptome where information
extends beyond changes in overall gene expression levels to in-
clude changes in transcript isoforms arising from alternative
RNA processing such as alternative splicing (AS).

AS is a major mechanism for expanding the regulatory and
functional complexity in higher eukaryotes. RNA sequencing
(RNA-seq) studies suggest that over 90% of multi-exon human

genes are alternatively spliced (44,45). AS is important in neural
development and plays a critical role in regulating neuronal
gene expression in a tissue and cell-type specific manner
(45-47). The precise regulation of alternative splicing patterns
requires complex interactions between cis-regulatory splicing
elements and trans-acting splicing factors (48). Mutations that
disrupt splicing factors can produce aberrant gene products and
cause disease (49,50). A classic example of this as related to re-
peat expansion diseases is myotonic dystrophy type 1 (DM1). In
DM1 the expanded trinucleotide repeat CUG in the 3’ UTR of
DMPK sequesters the muscleblind-like splicing regulator 1
(MBNL1), disrupting many MBNL1-dependent splicing events
(51). Similar mechanisms of “RNA toxicity” have been suggested
for fragile X tremor ataxia syndrome (FXTAS) (52), spinocerebel-
lar ataxia 3 (SCA3) (53), and spinocerebellar ataxia 8 (SCA8) (52).
The role of alternative splicing has also been implicated in vari-
ous neurodegenerative and psychiatric diseases such as
Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), and
schizophrenia (46,47,54-56).

Emerging evidence suggests splicing defects in HD. HTT neu-
ritic and cytoplasmic aggregates, which may reflect HD patho-
genesis, co-localize with the ALS-linked splicing factor
transactivation-responsive DNA-binding protein 43 (TDP-43)
(57). Proteomics studies show that mutant and wildtype HTT
proteins differentially interact with many RNA binding proteins
including splicing factors, suggesting that mutant HTT may
disrupt the splicing regulatory networks via protein-protein in-
teractions (58). Several genes important for other neurodegener-
ative diseases have been found to undergo mis-splicing in HD
brains - one example being tau, whose mis-splicing is known to
cause frontotemporal dementia with parkinsonism linked to
chromosome 17 (FTDP-17) (59). Finally, new data suggest that
the CAG repeat expansion in HTT may induce HTT exon 1 mis-
splicing to produce a premature polyadenylated mRNA coding
for a toxic N-terminal truncated protein (60). Despite these in-
teresting observations, there is limited knowledge about the
transcriptome-wide landscape of AS in HD.

The recent advent of the RNA-seq technology has enabled
high-throughput analyses of alternative splicing at an unprece-
dented resolution (44,45). In this work we carried out a deep
RNA-seq analysis of human HD brains and healthy controls to
systematically discover and characterize aberrant alternative
splicing events and their potential associated splicing factors in
HD. We selected BA4 motor cortex for our RNA-seq study, based
on the early symptoms of motor dysfunction and limited neuro-
nal cell loss in this region, as well as an abundance of gene ex-
pression changes documented from earlier microarray studies
(6). Based on the RNA-seq data, we performed detailed molecu-
lar analyses of the splicing factor PTBP1 in an expanded panels
of postmortem brains from patients and controls to assess its
role in disease-associated splicing patterns in HD.

Results

RNA-seq of postmortem brains from patients with HD
and healthy controls

To characterize transcriptome changes, especially alternative
splicing changes in HD, we conducted a deep RNA-seq analysis
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of 14 Brodmann area 4 (BA4) primary motor cortex samples
from HD (Grade 2-4) and control brains (n=7 each, Table 1,
Supplementary Material, Table S1). We generated 2.1 billion
100bp x 2 paired-end reads, with 128 million to 175 million pairs
of reads per sample. We calculated RNA-seq based gene expres-
sion levels represented by FPKM values and performed unsuper-
vised hierarchical clustering to assess similarities in global gene
expression profiles between the postmortem brain samples
(see Materials and Methods). Though an absolute separation be-
tween disease and normal groups was not observed, likely re-
flecting biological variability or limited power, the two groups
displayed a tendency to segregate, with HD brain samples
mostly clustered into one sub-group (5HD and 2 control sam-
ples), suggesting common transcriptome signatures while con-
trol brain samples showed a more scattered distribution in the
clustering dendrogram (Supplementary Material, Figure S1).

We identified 222 differentially expressed genes (Material
and Methods) (Figure 1A, Supplementary Material, Table S2).
Gene ontology (GO) analysis using Enrichr (61) revealed signifi-
cantly enriched GO terms among the differentially expressed
genes between HD and control brains (Material and Methods,
Figure 1B, Supplementary Material, Table S3). Among genes
upregulated in HD, the most significantly enriched GO terms fall
almost exclusively into two categories: morphogenesis/growth
(Figure 1B, red bars) and response to transition metal ions
(Figure 1B, orange bars). All significantly enriched GO terms in
downregulated genes in HD are biosynthetic/metabolic pro-
cesses (cholesterol, sterol, steroid, alcohol and organic hydroxyl
compound) (Figure 1B, blue bars).

We also evaluated the cell type composition of these brain
samples, using cell-type-specific marker genes for major brain
cell types collected from the literature (Material and Methods).
We did not observe statistically significant changes in the geo-
metric mean of FPKM values of marker genes for four major cell
types (neuron, astrocyte, oligodendrocyte and microglia, Figure
1C), consistent with the expectation that there is no overt neu-
ronal cell loss in the BA4 region (6).

Finally, we assessed the concordance of our differential gene
expression analysis based on RNA-seq data, with prior studies
of HD transcriptomes using gene expression microarray.
Specifically, we compared our results to the study by Hodges
and colleagues, which provides the most comparable dataset
with microarray profiling of BA4 motor cortex (6). Potentially
due to the difference in experimental design including gene ex-
pression profiling platform (microarray vs RNA-seq) and sample
size (31 vs 14), the numbers of differentially expressed genes
identified between HD and control brains were quite different
between these two datasets (1,374 by Hodges et al., and 222 in
our study). 39 differentially expressed genes overlapped be-
tween the two datasets, representing a significant overlap over

Table 1. Sample summary

random expectation (P=0.0002, Fisher exact test). We also per-
formed a Gene Ontology analysis of the differentially expressed
genes in the Hodges data set using Enrichr (61), and obtained
similar enriched GO terms in HD-upregulated genes as in the
current study using the same adjusted p-value and combined
score cut-off (Supplementary Material, Table S3), indicating
similarities between these two studies at the functional level.

Transcriptome-wide analysis of aberrant alternative
splicing in HD brains

To discover and characterize differential alternative splicing be-
tween HD and control brains, we applied our RNA-seq splicing
analysis software rMATS (62) to the RNA-seq data with a cutoff
at FDR < 5% and |APSI| >5% (see Materials and Methods). A total
of 593 significant differential AS events were identified between
the HD and control brains (Supplementary Material, Table S4),
covering five basic types of AS patterns with cassette exon skip-
ping (skipped exon, SE) being the majority of the AS events af-
fected (Figure 2A-C), indicating widespread changes in AS in HD
brains.

We found numerous events of differential AS in genes with
important neuronal functions (see Table 2 and Figure 2C for a
selected list). Here we briefly describe three examples with po-
tential functional implications. DPF2 (D4, zinc and double PHD
fingers family 2) is a transcription factor required for the apo-
ptotic response following deprivation of survival factors. An al-
ternative exon (exon 7) inserting 14 amino acids (aa) after aa
position 212 showed decreased inclusion levels in HD brains.
The position of the insertion falls within the C2H2-type zinc fin-
ger domain (aa 209-232), which may potentially change the
binding property of the protein (63). Interestingly and with rele-
vance to HD, DPF2 antagonizes PGCla interaction with ERRa
(64). Earlier work showed that the induction of PGCla expres-
sion is intact in the N171-82Q mouse model of HD, but its tran-
scriptional activation activity is impaired, as evidenced from
decreased levels of target genes (65). It is possible that the ele-
vated levels of the exon 7 skipping isoform of DPF2 may contrib-
ute to impaired PGCla activity in HD brains. A second example
is the gene Dystonin (DST). DST belongs to the plakin protein
family of adhesion junction plague proteins. Mice deficient for
DST develop neurodegeneration (66). In this gene exon 90 en-
codes 24aa near the C terminus of a neuronal variant of DST
also known as BPAGleA (67). Exon 90 was significantly reduced
in HD brains. A third example is in SORBS1 (sorbin and SH3 do-
main containing 1), a gene encoding a CBL-associated protein
that functions in the signalling and stimulation of insulin.
Splice variants of SORBS1 have been reported to interact with
ataxin-7 (68) and Huntingtin (69). The inclusion level of an

RNA-Seq Set 1 qRT-PCR/RT-PCR Set 2 qRT-PCR

Control HD Control HD Control HD

n=7 n=7 n=17 n=37 n=27 n=27
Age (Year)* 52.3+x7.9 56.3+8.5 55.0+12.9 59.7+9.5 65.7+t11.6 66.3+11.9
Sex M6:F1 M4:F3 M10:F7 M21:F16 M20:F6:21 M18:F9
PMI (Hour) 16.0+6.0 11.6+7.5 13.5+6.4 14.6+8.3 N/A N/A
HD Grade (1:2:3:4) N/A 0:2:4:1 N/A 6:10:12:9 N/A 0:12:14:1

Abbreviation: PMI, postmortem interval; M, male; F, female
*Age was indicated by mean + standard deviation
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Figure 1. Gene expression analysis of HD and control motor cortex (BA4) samples using RNA-seq. (A) Heat map of 222 genes differentially expressed between HD and
control motor cortex (BA4) samples. Color bars above sample IDs indicate the disease status: black, control; yellow, HD grade 2; orange, HD grade 3; red, HD grade 4.
Each row of the heat map represents the Z-score transformed FPKM values of one differentially expressed gene across all samples. (B) Diagram depicting gene ontology
(GO) terms that are significantly enriched in the differentially expressed genes. Categories in red and orange are enriched in up-regulated genes in HD. Categories in
blue are enriched in down-regulated genes in HD. (C) Cell type composition analysis of human BA4 motor cortex samples. Geometric mean of the FPKM values of cell
type marker genes of each cell type is used to indicate the change in specific cell type.

alternatively spliced exon (exon 3) encoding a 32aa peptide (aa
26-57) is elevated in HD brain. The exon 3 inclusion isoform is
designated as a foetal brain specific isoform when compared to
the brain specific exon 3 skipping isoform (70). Decreased glu-
cose metabolism and insulin signaling has been indicated in
Huntington’s disease (71). It remains to be determined if the in-
crease in foetal brain specific SORBS1 contributes to altered ac-
tivities of the insulin signalling pathway in HD.

To investigate the potential mechanisms for widespread
changes in AS in HD brains, we next sought to identify trans-
acting splicing factors potentially responsible for these changes.
Splicing factors are RNA-binding proteins that interact with
splicing regulatory elements in exons or introns to regulate AS
(48). We performed motif scan (Material and Methods) and iden-
tified 15 motifs in the exon bodies and one motif within 250nt
downstream intronic sequences that were enriched among the
differentially spliced exons as compared to background (control)
exons (Figure 2D). For example, the motif of the splicing factor
SRSF1 (also known as ASF/SF2) is significantly enriched in the
exon bodies of the exons with elevated inclusion levels in HD,
and in the downstream intronic sequences of the exons with re-
duced inclusion levels in HD. The motif of the splicing factor
polypyrimidine tract binding protein 1 (PTBP1) is significantly

enriched in the exon bodies of exons with elevated inclusion
levels in HD. However, none of these splicing factors with en-
riched binding motifs showed significant changes in gene ex-
pression in the RNA-seq data of the seven controls and seven
HD brain samples (Supplementary Material, Table S2), which
could be due to the limited sample size as well as measurement
noise in the RNA-seq gene expression data. For example, PTBP1
had higher average RNA-seq FPKM values in HD brains as com-
pared to controls, but the change was not called significant
(P=0.2).

To further test the hypothesis that alternative splicing
changes in the HD brains are associated with the gene expres-
sion changes of splicing factors, we performed real-time qPCR
quantification of the expression levels of 64 splicing factors/
RNA-binding proteins (Supplementary Material, Table S5) in a
much more expanded patient cohort of 17 healthy controls and
37 patients with HD covering all stages of the disease (Sample
set 1; Table 1, Supplementary Material, Table S1). Nine RNA
binding proteins exhibited significantly altered expression level
in HD patients (nominal P < 0.05), with six significantly upregu-
lated and three significantly downregulated (Figure 3A). PTBP1
has one of the most significant changes between control and
HD brains (Figure 3A-C) and is the only one with enriched
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Figure 2. Aberrant splicing program in Huntington’s disease. (A) Differential alternative splicing events between HD and control motor cortex (BA4) samples. (B) Heat
map of 316 differentially skipped exons in HD based on PSI (Percent Spliced In) values in HD and control motor cortex (BA4) samples. Color bars above sample IDs indi-
cate the disease status: black, control; yellow, HD grade 2; orange, HD grade 3; red, HD grade 4. Each row of the heat map represents the Z-score transformed PSI values
of one differentially spliced exon across all samples. (C) Examples of differential AS events in genes with neuronal functions. Box plots of PSI values of each alternative
splicing event in 7 CTRL vs 7 HD samples. PSI values are represented by dots and dark horizontal lines represent the mean, with the box representing the 25th and 75th
percentiles, the whiskers representing the 5th and 95th percentiles. (D) Significantly enriched binding sites of splicing factors and other RNA binding proteins in differ-
entially skipped exons between HD and control samples. Gene symbols of splicing factors are followed by the consensus binding motifs and their Fisher’s exact test
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Table 2. Examples of differential AS events in genes with neuronal functions.

Gene Symbol

Ensembl Transcript ID PSI*HD PSICTRL Delta PSI®

(Exon number)

Notes

DPF2
DST
SORBS1

PTPRF

PTPRS
ARAP2

ENST00000252268 (7)  68% 79%
ENST00000421834 (90)  63% 76%
ENSTO00000277982 (3)  30% 14%
ENST00000359947 (12)  15% 6%

ENST00000262963 (15)  25% 15%
ENSTO00000303965 (24)  89% 98%

-11%
—13%
15%

Antagonize PGC1 alpha function
Mice deficient for DST develop neurodegeneration
A CBL-associated protein that functions in the signaling and

stimulation of insulin

9%

10%
-9%

Function in the regulation of epithelial cell-cell contacts at adherens
junctions, as well as in the control of beta-catenin signaling

Molecular control of adult nerve repair

Associates with focal adhesions and functions downstream of RhoA

to regulate focal adhesion dynamics

2pSI: Percent Spliced In; ®Delta PSI: PSI(HD-CTRL).

binding motif in differentially spliced exons between HD and
control brains (Figure 2D). To further validate these results, we

repeated the gRT-PCR analysis of the nine significantly changed
RNA-binding proteins in an independent set of human BA4 sam-

ples of 27 control and 27 HD brains (Sample set 2, mostly grade 2
and 3) (Table 1, Supplementary Material, Table S1) without any
overlap with the Sample set 1. Four RNA binding proteins were
validated to be also significantly changed (upregulated) in this
new sample set (Figure 3D), including PTBP1 (Figure 3E-F). We

also noticed that PTBP1 expression level showed significant in-
crease as early as in grade 2 HD (Figure 3C, F).

Quantitative analyses of PTBP1-regulated alternative
splicing events in HD brains

Multiple lines of evidence including motif enrichment analysis
and qRT-PCR analysis pointed to the splicing factor PTBP1 as
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Figure 3. gRT-PCR analysis of splicing factors and RNA binding proteins in two independent sets of control and HD motor cortex (BA4) samples: Set 1 (17 control and
37 HD) (A-C); Set 2 (27 control and 27 HD) (D-F). (A) and (D) Splicing factors and RNA binding proteins with significantly altered gene expression. (B) and (E) PTBP1 expres-
sion comparison between control and HD brains. (C) and (F) PTBP1 expression comparison among control and different HD grades. Lines indicate group means. Error
bars indicate +SEM. * Nominal P < 0.05; ** P <0.01, ** P <0.001. $: Genes with outlier data point detected and excluded from analysis; &: Genes with unequal variance

and p-value calculated using unpaired t-test with Welch’s correction.

potentially playing an important role in AS changes in HD
brains. PTBP1 is a tissue-specific splicing factor that generally
acts as a suppressor of neuronal-specific alternative splicing
events (46,72). A prior gene expression microarray study of the
BA4 brain region indicated that PTBP1 has elevated mRNA levels
in HD patients (6). We also noticed that exon 7 of DPF2 (Table 2,
Figure 2C), which had reduced inclusion levels in HD brains, is a
known exon target repressed by PTBP1 (73).

To further assess the downstream transcriptome impact of
elevated PTBP1 expression in HD brains, we utilized a fluores-
cently labelled RT-PCR protocol to quantitatively assay for exon
inclusion levels of known PTBP1 target exons. Since no global
profiling studies have been done to determine exon targets of
PTBP1 in human brains, we selected the comprehensive list
generated earlier by Llorian and colleagues (73). Their study
used a high-density exon and splice junction microarray to
identify AS events regulated upon PTBP1 knockdown in HeLa
cells. We selected 32 exons with a varying range of prediction
confidence scores for PTBP1 targeting (8 highest, 11 high, 2

medium high, 2 medium, 8 medium low, and 1 low, Table 3) and
designed RT-PCR primers to quantify splicing levels of these
exons. For each exon, we tested if exon inclusion levels showed
a strong correlation with PTBP1 expression levels across the 54
brain samples (Sample set 1, 17 control and 37 HD brains), which
would suggest regulation by PTBP1, and secondly if splicing lev-
els were significantly different between the control and HD
brains. Of the 32 exons we assayed, 25 showed a significant cor-
relation (nominal P <0.05) with PTBP1 gene expression levels,
among which 11 events showed a significant change (nominal
P <0.05) in transcript inclusion levels between HD patients and
controls. Three examples of these findings are presented in
Figure 4. Exon 2 of ATP1B3 has reduced splicing levels in HD
brains, consistent with the elevated expression of PTBP1 in HD
patients (Figure 4A). The splicing levels of this exon had a
strong negative correlation with PTBP1 gene expression levels
across all samples (R>=0.51, P <0.0001). A similar pattern was
also observed for the known PTBP1-repressed exon in DPF2
(Figure 4B).
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Table 3. Splicing changes of putative PTBP1 target exons in HD brains measured by fluorescently labeled quantitative RT-PCR.
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Gene Symbol

Exon Genome Coordinates

Exon Inclusion

Correlation Between Target Exon Inclusion

UCSC hg19 (Feb 2009) Change in HD Level And PTBP1 Gene Expression Level
Direction Nominal Correlation Nominal p-Value  r? Confidence
p-Value direction in Llorian 2010
CLASP1 chr2:122203025-122203072 Up 0.0123* Positive <0.0001 0.30 Med low
KTN1 chr14:56139890-56139973 Up 0.0011*  Positive 0.0005 0.26  High
ATP1B3 chr3:141620978-141621069 Down <0.0001 Negative <0.0001 0.51 High
RPN2 chr20:35866805-35866852 Down 0.0071 Negative <0.0001 0.48 Highest
DPF2 chr11:65112051-65112092 Down 0.0001**  Negative <0.0001 0.36  Highest
USP5 chr12:6972473-6972541 Down 0.0015 Negative <0.0001 0.35 High
AP2B1 chr17:33997876-33997917 Down 0.0022"  Negative < 0.0001 0.33  Highest
EHBP1 chr2:63215066-63215173 Down 0.0335 Negative* <0.0001 0.32 Med low
MACF1 chr1:39935219-39935287 Down 0.0295 Negative <0.0001 0.31 Med low
ACTN1 chr14:69345175-69345240 Down 0.0092 Negative <0.0001 0.31  High
ABLIM1 chr10:116213138-116213242 Down 0.0135 Negative 0.001 0.21 Highest
PC chr11:66721720-66721907 Trending down 0.0618 Negative 0.0005 026  Med low
SNX14 chr6:86248556-86248582 Trending down 0.0629 Negative 0.0003 0.25  High
ATP2B4 chr1:203702351-203702528 NC 0.1078 Negative < 0.0001 0.34 Highest
BCLAF1 chr6:136588167-136588313 NC 0.2021 Negative <0.0001 0.29 Med low
CNNM2 chr10:104831531-104831596 NC 0.3289 Negative 0.0002 0.26 Med
ROD1 chr9:115092721-115092754 NC 0.1173 Negative 0.0003 0.24  Highest
ABI2 chr2:204261508-204261690 NC 0.2816 Negative 0.0005 0.22 High
APP chr21:27369675-27369731 NC 0.1914 Negative 0.0009 0.21 Highest
SYNJ1 chr21:34051112-34051120 NC 0.4163 Negative 0.0065 0.16  Med low
FMNL2 chr2:153499933-153500058 NC 0.1496 Negative 0.0061 0.14 Highest
KIF1B chr1:10386169-10386417 NC 0.6374 Negative 0.0223 0.12 Med low
SMARCC2 chr12:56566721-56566813 NC 0.2357 Negative 0.0129 0.12  Med high
LIMCH1 chr4:41689857-41689934 NC 0.9682 Negative 0.0235 0.12 High
EXOC7 chr17:74087224-74087316 NC 0.2418 Negative 0.0405 0.09 Med
DCUN1D5 chr11:102953477-102953568  NC 0.1194™  No correlation 0.214 0.03 Low
HRB chr2:228396854-228396925 NC 0.51* No correlation 0.371 0.02 High
GANAB chr11:62401782-62401847 NC 0.8245 No correlation 0.5411 0.01 High
FAM21C chr10:51886920-51886982 NC 0.1878 No correlation 0.6085 0.01  Medlow
PTBP2 chr1:97271975-97272008 NC 0.2335 No correlation 0.7785 0.00 Med high
FMNL2 chr2:153501948-153502041 NC 0.2281 No correlation 0.7795 0.00  High
TBC1D1 chr4:38053520-38053681 NC 0.2787 No correlation 0.9883 0.00  High

*Opposite direction from Llorian 2010

*“Unpaired t-test with Welch'’s correction, data with significantly different variances

NC: No Change

Although PTBP1 generally acts as a splicing repressor, it
should be noted that certain exons can be positively regulated
by PTBP1 (73). For example, exon 40 of KTN1 was previously
identified to be up-regulated by PTBP1 (73). We found that this
exon had elevated splicing levels in HD brains (Figure 4C), and
the splicing levels of this exon showed a significant positive cor-
relation with PTBP1 gene expression levels across all samples
(R*=0.25, P=0.0005). Although the confidence of target predic-
tion in Hela cells (73) does not necessarily correlate with
changes of exon inclusion levels in human motor cortex (BA4
region), it is interesting to note that a greater proportion of
the differential exon splicing events identified by RT-PCR
had high or highest prediction confidence scores (8 out of 11)
as compared to non-differential splicing events (11 in 21).
However, not all previously confirmed PTBP1 target exons
in HeLa cells showed differential splicing in HD brains.
This discrepancy could be due to cell type-specific splicing regu-
lation by PTBP1, or the dosage-dependent effects of PTBP1 on its
target exons, which reflects the caveats of using putative PTBP1
target exons identified via knockdown in HeLa cells.

Discussion

Many cellular dysfunctions in HD have been attributed to alter-
ations in gene expression (33). The last 15 years have seen mul-
tiple HD animal models, inducible cell-based systems, and
postmortem tissues from patients with HD subject to transcrip-
tome profiling experiments (6,18-33). Barring a few exceptions,
the majority has relied extensively on microarray technology
with the goal of discerning gene expression differences. This
has led to a wealth of knowledge and a better understanding of
disease pathogenesis. In mice, profiling studies have identified
significant transcriptional differences at minimally symptom-
atic stages at the phenotypical and morphological level that
worsen  with  disease  progression  (18,19,23,36,74-76).
Additionally, there is substantial evidence that transcriptomic
differences occur well before cell loss, mutant polyglutamine
HTT aggregation, or mitochondrial dysfunction (20,77-79), and
that individual neurons from early symptomatic brain samples
mimic the altered transcriptome obtained from whole homoge-
nates (6). These studies and others that correlate gene expres-
sion with phenotype (80) suggest that transcriptional
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Figure 4. Splicing change of putative PTBP1 target exons in HD and the correlation between exon inclusion level and PTBP1 gene expression level (log2(PTBP1 fold
change)). (A) ATP1B3 exon 2 inclusion level is negatively correlated with PTBP1 gene expression level. (B) DPF2 exon 7 inclusion level is negatively correlated with PTBP1
gene expression level. (C) KTN1 exon 40 inclusion level is positively correlated with PTBP1 gene expression level. Error bars indicate +SEM. ™ Nominal P <0.01; ***

P <0.001.

dysregulation is a major contributor of HD pathogenesis
(19,79,81,82).

In this work, we sought to identify alternative splicing
changes in HD by RNA-seq. We identified 593 differential AS
events between HD and control samples. This number was
comparable to the number of differential AS events in our previ-
ous RNA-seq studies with perturbation of master splicing fac-
tors (62,83-89), suggesting widespread dysregulation of AS in
HD. We also identified splicing factors whose RNA motifs were
significantly enriched within or around these differential AS
events, suggesting that they played important roles in aberrant
splicing in HD. This could be due to differential expression of
the splicing factors in HD brains (as is the case for PTBP1), or dif-
ferential activity of the splicing factors at the protein level. We
know that compared to wildtype HTT, mutant HTT exhibits a
significantly different protein-protein interaction profile with a
number of RNA binding proteins (90). It is possible that the mu-
tant HTT may affect the protein activity or availability of certain
splicing factors via protein-protein interactions.

Using two expanded panels of postmortem brains from HD
patients and healthy controls, we quantitatively measured the
mRNA levels of 64 RNA binding proteins including many well-
known splicing factors. We identified 4 RNA binding proteins
with significant differential expression (P < 0.05) in HD brains in
both sample sets. Among these, the tissue-specific splicing fac-
tor PTBP1 showed one of the most significant changes in differ-
ential expression even in early stages (grade 2) of the disease
(see Figure 3), a pattern also corroborated by prior microarray
studies in human HD brains (6). Quantitative splicing profiling
of 32 putative PTBP1 target exons in HD and control brains fur-
ther confirmed the role of PTBP1 in driving aberrant AS patterns
in HD. Interestingly, increased activity of PTBP1 in the brain has
been associated with aging and observed in other neurodegen-
erative diseases such as frontotemporal lobar degeneration
(FTLD) and Alzheimer’s disease (AD) (91). Collectively, these
data suggest PTBP1 may underlie a common transcriptome and
splicing signature of neurodegenerative diseases.

Our study is a transcriptome-wide RNA-seq evaluation of
splicing dysregulation in human HD brains. While our RNA-seq

analysis was conducted on a cohort of limited sample size (7 HD
and 7 control), our sequencing coverage on individual samples
is high (128-175 million reads per sample). The small sample
size, however, limits power and as such the data is more prone
to RNA-seq noise or influence by outlier measurements. A study
on a larger sample size may capture additional relevant AS
events in HD that extend beyond those emerging from this im-
portant initial data set. We should also note that our analysis
was conducted on bulk brain tissues, in which cell type compo-
sition always represents a potential confounding issue. In our
RNA-seq data set, between HD and control brains we did not
find any significant change in the overall expression levels of
cell-type-specific marker genes for four major cell types (neu-
ron, astrocyte, oligodendrocyte and microglia), consistent with
the previous report that there is no overt neuronal cell loss in
the BA4 region (6). However, we did observe a trend for neuron
marker genes to go down slightly and astrocyte marker genes to
go up slightly in HD, although neither was significant, thus, it
remains possible that some of the identified splicing changes
are at least in part contributed by shifts in cell-type composi-
tion. In the future, the use of single cell transcriptome analysis
technologies such as Drop-seq (92) may allow us to better inter-
rogate cell-type-specific HD transcriptome changes. It would
also be useful to assess the regional differences in HD associ-
ated alternative splicing changes, using RNA-seq data from
other brain regions (93). Future studies should also investigate
the functional roles of the differentially expressed splicing fac-
tors and altered splicing events in HD pathogenesis.

Materials and Methods

Brain tissues

Postmortem brain samples were obtained from the New York
Brain Bank (Columbia University, New York, NY), the Harvard
Brain Tissue Resource Center (Belmont, MA), the New Zealand
Neurological Foundation Brain Bank (University of Auckland,
Auckland, New Zealand), and The Johns Hopkins University
(Baltimore, MD). Detailed sample information for Brodmann
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area 4 (BA4) motor cortex is described in Table 1 and
Supplementary Material, Table S1.

Total RNA preparation and quantitative real-time PCR
(QRT-PCR)

Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Single-pass cDNA
was synthesized using High-Capacity c¢DNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA) according
to manufacturer’s instructions. Quantitative real-time polymer-
ase chain reaction (QRT-PCR) was performed using Power SYBR
Green PCR Master Mix (Applied Biosystems, Foster City, CA).
gRT- PCR primers were designed using PRIMER3 (94). Primer se-
quences are described in Supplementary Material, Table S6. A
panel of nine housekeeping endogenous control genes
(Supplementary Material, Table S6) were used to normalize
tested gene expression level. Gene expression levels were pre-
analyzed using REST 2009 software (Qiagen, Valencia, CA) and a
subset of 6 reference genes, TFRC, PPIA, HMBS, GAPDH, ALAS1
and ACTB were selected to be used in the final analysis. Average
gene expression level in all control individuals were set to be 1.
Log?2 (expression fold change) were plotted and analyzed using
GraphPad software (La Jolla, CA). Outliers were detected using
outlier-labelling rule described in (95). Specifically, any data
point outside of the interval (Q1-g(Q3-Q1), Q3+ g(Q3-Q1)) (Q1:
25th percentile, Q3: 75t percentile, g=1.5) was marked as outlier
and excluded from further analysis. When outlier was detected
and excluded, the average of log2 (expression fold change) of the
control sample was not reset to 0. Instead, a new re-calculated
value was kept to reflect the exclusion of outlier data points.
Two-tailed unpaired t-test was used to determine the P-value of
log2 (expression fold change) between the control group (CTRL)
and the HD group (HD). If F test detected the variance to be sig-
nificantly different between the two sample groups, P-value was
recalculated using the two-tailed unpaired t-test with Welch’s
correction to account for the unequal variances.

RNA-seq analysis

RNA-seq libraries were prepared using TruSeq Stranded mRNA
Sample Prep Kit (Illumina) and sequenced on an Illumina HiSeq
2000. The entire RNA-seq dataset is available at the Gene
Expression Omnibus (GEO) database with the accession number
GSE79666. We mapped RNA-seq reads to the human genome
(hg19) and transcriptome (Ensembl, release 72) using the soft-
ware TopHat (v1.4.1) allowing up to 3bp mismatches per read
and up to 2bp mismatches per 25bp seed. We used Cuffdiff
(v2.2.0) to calculate RNA-seq based gene expression levels using
the FPKM metric (fragments per kilobase of exon per million
fragments mapped) (96). We also used Cuffdiff to identify 222
differentially expressed genes between control and HD samples
(Supplementary Material, Table S2) using the cutoff of Cuffdiff
FDR < 25%, an extra filter of p-value <0.05 from two-sided t-test
on FPKM values, and maximum average FPKMs > 0.1 in at least
one of the two sample groups. We then used rMATS (version3.0.
8) (62) to identify differential alternative splicing (AS) events be-
tween the two sample groups corresponding to all five basic
types of AS patterns. Briefly, IMATS uses a modified version of
the generalized linear mixed model to detect differential AS
from RNA-seq data with replicates, while controlling for
changes in overall gene expression levels. It accounts for exon-
specific sequencing coverage in individual samples as well as
variation in exon splicing levels among replicates. For each AS

event, we used both the reads mapped to the splice junctions
and the reads mapped to the exon body as the input for rMATS.
We ran rMATS with -c 0.0001 parameter and then detected sig-
nificant splicing events using a cutoff at FDR<5% and
|deltaPSI| >5% (Supplementary Material, Table S4).

Cell type composition analysis

A list of ~6,000 cell-type-specific genes for astrocytes, neurons,
and oligodendrocytes were collected from (97). From this list of
genes, we selected 173 astrocyte specific genes, 300 neuron-
specific genes, and 119 oligodendrocyte-specific genes that
showed at least 10-fold enrichment in this study. Since this study
was done in mouse, we assigned corresponding human orthologs
before computing the FPKMs of these genes. We also used two
marker genes from Kuhn et al. (98) for the microglia cell popula-
tion. We computed the geometric mean of FPKM values of the se-
lected cell-type-marker genes for each cell type and used it as the
indicator to detect changes in specific cell populations. Genes
with FPKM =0 in at least one sample was excluded due to the re-
quirement for calculating geometric mean. Final numbers of cell
type marker genes used are shown in Figure 1C. Data were plotted
and analyzed using GraphPad software (La Jolla, CA). No outlier is
detected using outlier-labelling rule described in (95). Specifically,
any data point outside of the interval (Q1-g(Q3-Q1), Q3+ g(Q3-
Q1)) (Q1: 25" percentile, Q3: 75 percentile, g =2.2 for small sam-
ple size) was marked as outlier and excluded from further analy-
sis. Two-tailed unpaired t-test was used to determine the p-value
of the geometric mean of FPKM values between the control group
(CTRL) and the HD group (HD). No unequal variances between the
two sample groups were detected using F test.

Enrichment analysis of gene ontology (GO) terms

Enrichr (http://amp.pharm.mssm.edu/Enrichr/) was used to
generate lists of Gene Ontology terms enriched in the upregu-
lated, downregulated or differentially spliced gene lists (61).
Default setting of Enrichr was used. Among all GO terms with
adjusted p-value <0.05 (corrected for multiple hypothesis test-
ing), only the ones with “Combined score” (c =log(p)*z; ¢, com-
bined score; p, p-value; z, rank score or z-score, deviation from
an expected rank) of 15 and greater from the differentially ex-
pressed genes were listed.

Motif enrichment analysis

We sought to identify binding sites of splicing factors and other
RNA binding proteins that were significantly enriched in differ-
ential exon skipping events between HD and CTRL samples as
compared to background (non-regulated) alternative exons. We
collected 112 known binding sites (motifs) of human RNA bind-
ing proteins including many well-characterized splicing factors
from the literature (77-81). The full list of motifs and their regular
expression patterns we used can be found in (99) (http://rmaps.
cecsresearch.org/Help/RNABindingProtein). The motif analysis
followed our previously described procedure (83,84). Briefly, for
each motif, we scanned based on a regular expression match for
its occurrence in three separate regions: intronic regions 250 bp
upstream of an exon, exon regions, and intronic regions 250 bp
downstream of an exon. For intronic sequences, we excluded the
20bp sequence within the 3’ splice site and the 6bp sequence
within the 5’ splice site. To determine motif enrichment, we
counted the number of occurrences in the differentially spliced
exons and the background exons for each motif in three separate
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regions. The background exons consisted of 6,241 exons without
splicing changes (rMATS FDR >50%) in highly expressed genes
(FPKM > 5.0). Each motif would have its counts in target AS exons
and in background exons in three separate regions. Using these
counts, we calculated a P-value for motif enrichment via Fisher’s
exact test (one-sided, target exons vs. background exons) in three
separate regions per motif. A Benjamini-Hochberg FDR correc-
tion was used to adjust for multiple testing for exons, upstream
introns, and downstream introns separately.

Fluorescently labelled RT-PCR

For each tested exon, we designed a pair of forward and reverse
PCR primers targeting flanking constitutive exons using
PRIMER3 (100,101) (Supplementary Material, Table S7). A 22nt
universal tag sequence (5-CGTCGCCGTCCAGCTCGACCAG-3')
was added to the 5’ end of the gene-specific forward primer dur-
ing oligo synthesis. A fluorescently labelled universal primer (5'-
FAM-CGTCGCCGTCCAGCTCGACCAG-3') was used as the third
primer in PCR (102). Then, PCR reaction was carried out for 29-
35 cycles (optimized for each exon). The reaction products were
resolved on 5% TBE urea-PAGE gels. The fluorescent signal was
captured by Typhoon 9200 (Molecular Dynamics, Sunnyvale,
CA, USA) and quantified using the Quantity One 4.6.2 software
(Bio-Rad, Hercules, CA, USA). Alternatively, the reaction prod-
ucts were ran on a 3730 capillary DNA analyzer (Applied
Biosystems, Foster City, CA) and analyzed using GeneMapper
software (Applied Biosystems, Foster City, CA). HD vs control
comparison of exon inclusion levels was carried out using the
same procedure as the gRT-PCR analysis of splicing factor ex-
pression level. The correlation between exon inclusion level
and log2 (PTBP1 expression fold change) was plotted using
GraphPad software (La Jolla, CA) and statistics were done using
the built-in linear regression analysis. R? represented the good-
ness of fit for the linear regression and p-value was for the devi-
ation from zero of the slope.

Supplementary Material

Supplementary Material is available at HMG online.
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