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Huntington disease (HD) is a neurodegenerative disorder
caused by expanded CAG repeats in the Huntingtin gene.
Results from previous studies have suggested that transcrip-
tional dysregulation is one of the key mechanisms underlying
striatal medium spiny neuron (MSN) degeneration in HD. How-
ever, some of the critical genes involved in HD etiology or pa-
thology could be masked in a common expression profiling
assay because of contamination with non-MSN cells. To gain
insight into the MSN-specific gene expression changes in pre-
symptomatic R6/2 mice, a common HD mouse model, here we
used a transgenic fluorescent protein marker of MSNs for puri-
fication via FACS before profiling gene expression with gene
microarrays and compared the results of this “FACS-array”with
those obtained with homogenized striatal samples (STR-array).
We identified hundreds of differentially expressed genes
(DEGs) and enhanced detection of MSN-specific DEGs by com-
paring the results of the FACS-array with those of the STR-
array. The gene sets obtained included genes ubiquitously
expressed in both MSNs and non-MSN cells of the brain and
associated with transcriptional regulation and DNA damage
responses. We proposed that the comparative gene expression
approach using the FACS-array may be useful for uncovering
the gene cascades affected inMSNs duringHDpathogenesis.

Huntington disease (HD) is an autosomal-dominant neuro-
degenerative disease characterized by chorea, psychiatric dis-
turbances, and cognitive dysfunction (1). Neuropathological
changes in HD are most notable in caudate and putamen, with
prominent loss of striatal medium spiny neurons (MSNs) (2).
Genetically, HD is caused by the expansion of CAG repeats
encoding polyglutamine (polyQ) in exon 1 ofHuntingtin (HTT)
(3). Extensive experimental evidence shows that the truncated
mutant huntingtin protein (mHTT) causes transcriptional dys-
regulation via disruption of transcriptional regulators, such as
transcription factors (4–6) and chromatin status changes (7, 8).

Human HD brains exhibit a large number of gene expression
changes, and the representative dysregulated genes, such as
SCN4B, PENK, RGS4, and CNR1, substantially correspond to
those of HD model mice (7, 9, 10), suggesting that transcrip-
tional dysregulation is a central machinery of HD pathogenesis.
Gene expression profiling can be a potential tool for under-

standing disease phenotypes and identifying therapeutic targets
in HD (9–13). Previous transcriptome analysis using whole
brains and whole striatal samples revealed a large number of
dysregulated genes and affected biological pathways in HD
(14). In the dysregulated genes, more than 80% of down-regu-
lated genes are strongly expressed in striatal MSNs (e.g. D1R,
D2R, SCN4B, and PPP1R1B) (15), and affected biological path-
ways are related to the function of striatum (e.g. neurotransmit-
ter receptors, calcium signaling, and G-protein signaling) (14).
On the other hand, gene expression alterations in non-MSN
cells were also reported. Up-regulation of GFAP expression, an
astrocytic inflammatory gene expression, was shown in the
brain of HD model mice and HD patients (9, 11). In addition,
transcriptional activation of pro-inflammatory genes in micro-
glia occurs in the brain of HDmice andHD patients (16). These
results suggest that gene expression profiling using whole
brains or whole striatal samples is affected by glial cell
responses, and that critical genes contributing to MSN degen-
erationmay bemasked in common profiling assays.
Here, we report comparative analysis of gene expression

profiling between purified MSNs and whole striatal samples
derived from presymptomatic R6/2 mice, which are the well-
characterized and widely used HD model mice (17). The R6/2
expresses the 59 end of the human HD gene (HTT) containing
an ;120-CAG repeat expansion. The transgene expression is
driven by the human HTT promoter, and the expression levels
of transgene are around 75% of the endogenous levels. R6/2
mice display loss of body weight and progressive neurological
phenotypes, such as motor deficits and tremor (17). To avoid
incorporation of non-MSN cells, striatal MSNs were genetically
labeled (18) and purified by FACS (19–21). To identify differen-
tially expressed probes/genes (DEPs/DEGs) from purified MSNs

This article contains supporting information.
* For correspondence: Nobuyuki Nukina, nnukina@mail.doshisha.ac.jp.

9768 J. Biol. Chem. (2020) 295(29) 9768–9785

© 2020 Miyazaki et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

EDITORS' PICK

https://orcid.org/0000-0002-5378-4326
https://orcid.org/0000-0002-5378-4326
https://orcid.org/0000-0003-0862-8065
https://orcid.org/0000-0003-0862-8065
https://orcid.org/0000-0002-2034-2556
https://orcid.org/0000-0002-2034-2556
https://orcid.org/0000-0002-4545-5100
https://orcid.org/0000-0002-4545-5100
https://www.jbc.org/cgi/content/full/RA120.012983/DC1
mailto:nnukina@mail.doshisha.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA120.012983&domain=pdf&date_stamp=2020-6-4


and whole striatal samples, we performed microarray analysis
using these two samples (FACS-array and STR-array).We identi-
fied a number of FACS-enriched DEPs/DEGs showing enhanced
detection in FACS-array compared with STR-array. FACS-
enriched DEPs/DEGs contained genes that were ubiquitously
expressed in the brain rather than specifically expressed
in the MSNs. Those FACS-enriched DEPs/DEGs could be
masked in a common profiling assay by the changes of their
expression in non-MSN cells. Gene ontology (GO) enrich-
ment analysis revealed that FACS-enriched DEPs/DEGs were
associated with “transcriptional regulation” and “DNA dam-
age” that were distinct from the results of other gene sets
(FACS-nonenriched DEPs/DEGs, STR-enriched DEPs/DEGs,
STR-nonenriched DEPs/DEGs). Thus, the novel gene set, gen-
erated from contrast analysis between FACS-array and STR-
array, provided masked disease cascade in a common profiling
assay.We propose that the study of vulnerable cell-specific tran-
scriptome analysis provides information valuable for under-
standing pathological cascades in neurodegenerative disorders.

Results

Generation and characterization of R6/2;Scn4b-Venus mouse

To labelMSNs in R6/2mice with Venus fluorescence protein
genetically, we crossed R6/2 with a Scn4b-Venus mouse ex-
pressing Venus in MSNs under the control of a Scn4b-pro-
moter (18). Double staining using anti-GFP, which recognizes
Venus protein, and anti-DARPP-32, an established marker of
MSNs, showed colocalization of these two signals (Fig. S1).
This result indicates that Venus was definitely expressed in the
MSNs of Scn4b-Venus mice. Next, we examined mRNA and
protein levels of Venus in R6/2;Scn4b-Venus mice. Because
Venus expression is driven by the promoter of Scn4b, which is
one of the early down-regulated genes in HD (10), it is possible
that Venus expression is also affected by mHTT. The results of
in situ hybridization (ISH) showed that, in addition to Scn4b
mRNA, mRNA levels of Venus in MSNs of 4-week-old R6/2;
Scn4b-Venusmice were already down-regulated to half of con-
trol levels (Fig. 1A), suggesting thatVenus expression is affected
by mHTT through the promoter. Consistent results were
obtained by quantitative PCR (qPCR) using whole striatal sam-
ples (Fig. 1B). On the other hand, the immunohistochemical
analysis showed that protein levels of Venus were mostly pre-
served in MSNs of 4-week-old R6/2;Scn4b-Venusmice, although
the Venus protein expression was clearly reduced in 8- and 12-
week-old R6/2;Scn4b-Venusmice compared with control (Fig. 1,
C and D). These results indicate that even though VenusmRNA
expression was affected by mHTT, protein levels of Venus were
preserved in MSNs until 4 weeks in R6/2;Scn4b-Venus. Double
staining with anti-GFP and anti-Htt (EM48), generated against
the first 256 amino acids of truncated huntingtin protein (22),
showed that GFP-positive MSNs contained intranuclear diffuse
Htt-positive signals in 4-week-old R6/2;Scn4b-Venus mice (Fig.
1C and Fig. S2). These diffuseHtt signals are called “nuclear accu-
mulations” (NAs), which are distinct from the neuronal intranu-
clear inclusions (NIIs) observed in the degenerating neurons of
HD mouse models and HD patients (4, 23). Indeed, at 4 weeks,
EM48- and ubiquitin-positive aggregates are mainly NAs or

small-size NIIs in the striatum of R6/2, whereas the NIIs became
obvious in association with a decrease inNAs at 8 weeks (Fig. S3).
The percentage of NA-positive MSNs was more than 99% (n =
417 NA1Venus1 out of 418 Venus1) at 4 weeks. We thus
decided to use the MSNs of 4-week-old R6/2;Scn4b-Venus and
its control (WT;Scn4b-Venus) mice for array profiling for the
following reasons: 1) mRNA levels of Scn4b, a representative
DEG in HD, were already altered at this stage; 2) protein levels
of Venus in MSNs of R6/2 mice were similar to those of control
mice; and 3) secondary effects of transcriptional disruption
would be small at this early stage.

Gene expression profiling of MSNs and whole striatal samples
from HDmice

To purify MSNs, we dissected striatal regions from the
brains of 4-week-old R6/2;Scn4b-Venus and its control mice
and dissociated them with papain. After staining with propi-
dium iodide (PI) to detect dead cells, the dissociated cells
were sorted with FACS, and finally 5,000–10,000 Venus-posi-
tive MSNs were obtained (Fig. 2 (A–C) and Fig. S4). RNA
quality of the sorted MSNs was assessed using Agilent Bioa-
nalyzer to confirm no clear degradation (RIN . 7.0) (Fig. S5).
Amplified and labeled MSN cDNAs were generated from the
total RNA and hybridized to anAgilent SurePrint G3MouseGE
8x60K Microarray (FACS-array) (Fig. 2A). To compare DEPs
between purified MSNs and whole striatum, we performed
microarray analysis using whole striatal samples from 4-week-
old R6/2 and control mice (STR-array) (Fig. 2A). No degrada-
tion of total RNA of the striatal samples was confirmed by Agi-
lent Bioanalyzer (RIN. 8.0) (Fig. S6).
To validate purification of FACS-sorted MSNs, we per-

formed qPCR using cell type–specific markers. The expression
levels of cell type–specific markers for oligodendrocyte (Mbp,
Mag,Mog, Sox10, andGjc2), astrocyte (Gfap,Gjb6, Egfr3,Aqp4,
and Slc1a2), microglia (Cx3cr1, Itgam, Tmem119, and Fcrl),
and striatal interneurons (Calb2, Chat, Sst, Pvalb, Npy, and
Htr3a) (24) were very low in the FACS-purified MSNs com-
pared withwhole striatal samples (Fig. 2D). Only the expression
of Th, a marker of the striatal interneuron subtype, was
detected in purified MSNs (Fig. 2D). The result suggests that a
subset of Th-expressing interneurons could remain in FACS-
purifiedMSN fractions or detect local expression of THmRNA
in the terminals of nigrostriatal projection fibers (25). In con-
trast, the expression of MSN subtype markers, such as Drd1a
and Tac1 (striatonigral MSN markers) and Drd2 and Penk
(striatopallidal MSN markers), was detected in the FACS-puri-
fied MSNs (Fig. 2D). Comparative analysis between FACS-puri-
fiedMSNs gene expression data (WT;Scn4b-Venus, raw signal.
3,000, 3,014 probes) (Table S1) and Heiman’s MSN-enriched
gene expression data (3,897 genes) (26) revealed that 745 probes
(24.7%) in our data overlapped with their MSN-enriched gene
expression data (Fig. 2E). Furthermore, well-known striatal-
enriched genes, Ppp1r1b, Ptpn5, Arpp19, Arpp21, Gnal, Rasd2,
Rgs9, Adcy5, Gng7, Rasgrp2, Pde1b, Pde10a, Gpr88, Rarb, Strn4,
Foxp1, and Zfp503 (26), were contained in our FACS-purified
MSN gene expression data (Table S1). These results indicate
that we obtained an MSN-enriched fraction containing both
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striatonigral and striatopallidal MSN subtypes by FACS.
Microarray data for FACS-purified MSNs and whole striatal
samples are available in the GEO database under accession
numbers GSE113928, GSE113929, and GSE113930.

Identification of FACS- and STR-array DEPs in HD mice

First, we performed qPCR validation for FACS- and STR-array
data. The qPCR results of known dysregulated genes (14) showed
consistent results with log2 -fold change (FC) values of themicro-
array data (Fig. 3,A and B). This result indicates that both FACS-
and STR-array data certainly include mHTT-associated differen-
tially expressed genes. Next, to identify differentially expressed
probes of FACS-array (FACS-array DEPs), microarray data were
statistically analyzed using GeneSpring software. We identified
1,014 probes showing different signals in R6/2 MSNs (absolute
(abs) FC . 1.5, p , 0.05, raw signal . 100) (Table S2). To find
DEPs showing enrichment in FACS-array compared with STR-
array, we examined the ratio of absolute FC of FACS-array DEPs
to corresponding probes in STR-array (FACS-FC/STR-FC). The
FACS-array DEPs showing FACS-FC/STR-FC . 1.5 were se-
lected as FACS-enriched DEPs. The FACS-enriched DEPs
referred to more detectable DEPs by FACS-array than STR-array
due to their higher FC. On the other hand, the FACS-array DEPs
showing similar FC and the same directional change as STR-array

(FACS-FC/STR-FC , 1.5) were selected as FACS-nonenriched
DEPs (Fig. S7A). Because FACS-“enriched” DEPs should include
“dramatically changed” DEPs compared with STR-array, we
included the DEPs showing opposite expression change com-
pared with corresponding STR-probes (up and down or down
and up). Those probes were also considered “dramatically
changed”DEPs and included in the FACS-enriched DEP set (Fig.
S7A). To obtain an overview of the array data, we plotted the log2
FCs of the FACS-array DEPs against those of corresponding
probes in STR-array (Fig. 3C and Fig. S8A). DEPs located on the
positive direction area of the x axis (from 0 to 5) are up-regulated
genes in R6/2 MSNs, and DEPs located on the negative direction
area of the x axis (from 0 to25) are down-regulated genes in R6/
2 MSNs. Likewise, DEPs located on the positive direction area of
the y axis (from 0 to 5) are up-regulated genes in R6/2 striatum,
and DEPs located on the negative direction area of the y axis
(from 0 to25) are down-regulated genes in R6/2 striatum (Fig. 3,
C and D). In addition, DEPs located on the opposite direction
area (x axis, 0–5; y axis, 0 to 25; x axis, 0 to 25; y axis, 0–5)
are the DEPs showing opposite expression regulation between
FACS-array and STR-array. We identified 677 FACS-enriched
DEPs (pink dots in Fig. 3C) and 337 FACS-nonenriched DEPs
(blue dots in Fig. 3C) (Table S2). Notably, known dysregulated
genes such as Scn4b (FC = 22.22, p = 0.0068) and Rgs4 (FC =

Figure 1. Characterization of Venus expressing cells in the striatum of WT; and R6/2;Scn4b-Venus mouse. A, images of ISH using Scn4b and Venus
probes in the brain of 4-week-old WT; and R6/2;Scn4b-Venus mouse. The right panels show higher magnification of the striatum in the left panels. B, relative
mRNA levels of Venus in the striatum of 4-week-old WT; and R6/2;Scn4b-Venusmice (n = 4 from each genotype). Gapdhwas used to normalize mRNA levels of
Venus. Data are presented as mean6 S.D. ***, p, 0.001, unpaired Student’s t test. C, coronal striatal sections of 12-week-old WT;Scn4b-Venus and 4-, 8-, and
12-week-old R6/2;Scn4b-Venusmice were stained with anti-GFP (green) and anti-Huntingtin (Htt, clone EM48) (red). Nuclei were stained with 49,6-diamidino-2-
phenylindole (DAPI) (blue). Arrowheads reveal Htt-positive nuclear accumulations (NAs) in the striatal MSNs. Arrows reveal Htt-positive NIIs. Large images of the
boxed areas are shown in the inset boxes. Large images of C are displayed in Fig. S2. D, box plot showing average immunofluorescence intensity of GFP per cell.
The box plot displays the median (line across the box), interquartile range (box), and maximum and minimum values (whiskers). GFP intensity of individual
MSNs is calculated by ArrayScan HCS Reader (4 weeks old, n = 445 for WT;Scn4b-Venus and n = 418 for R6/2;Scn4b-Venus; 8 weeks old, n = 390 for WT;Scn4b-
Venus and n = 417 for R6/2;Scn4b-Venus; 12 weeks old, n = 404 for WT;Scn4b-Venus and n = 435 for R6/2;Scn4b-Venus). *, p, 0.05; ***, p, 0.001, unpaired Stu-
dent’s t test. Scale bars, 1 mm (A, left) and 50mm (A (right) and C).
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Figure 2. Purification of MSNs from striatum ofWT; and R6/2;Scn4b-Venusmouse. A, experimental procedure of FACS-array and STR-array. B, example of
flow cytometric data of Venus-positive and PI-negative cells from striatum of WT (negative control) andWT; and R6/2;Scn4b-Venusmouse. C, images of bright-
field (top), PI staining (middle), and native Venus expression (bottom) of presorted and postsorted striatal sample from WT;Scn4b-Venus mouse. D, relative
mRNA levels of cell type–specific markers for oligodendrocyte, astrocyte, microglia, interneuron, and MSN in FACS-purified MSNs and whole striatal samples.
Data are presented as mean 6 S.D. (error bars) (n = 6 for MSNs, n = 4 for whole striatal samples). Gapdh was used to normalize the gene expression data. E,
Venn diagram of the probe sets, which are FACS-purifiedMSN (WT;Scn4b-Venus, raw signal cut-off.3,000, at least 1 of 4 samples have the value within range)
and Heiman’s MSN-enriched probe set (26). Scale bar, 50mm (C).

Figure 3. Comparison of DEPs between FACS-array and STR-array. A and B, validation of expression changes of known HD dysregulated genes in FACS-
purifiedMSNs (A) and striatal samples (B). The top panels show normalized log2 expression value of the genes. The bottom panels show relative mRNA levels in
qPCR data. Gapdhwas used to normalize the gene expression data. Data are presented as mean6 S.D. (error bars) (n = 6 forWT; and R6/2;Scn4b-Venus and n =
4 for WT and R6/2). *, p, 0.05; **, p, 0.01; ***, p, 0.001, unpaired Student’s t test. C, scatter plot of log2 FC value between 1,014 FACS-array DEPs (abs FC.
1.5, p, 0.05, raw signal. 100, x axis) and their corresponding probes in STR-array (y axis). FACS-array DEPs are divided into two groups, either FACS-enriched
DEPs (pink dots) or FACS-nonenriched DEPs (blue dots), according to the FC ratio (FACS-FC/STR-FC . 1.5 or FACS-FC/STR-FC , 1.5, respectively). The DEPs
showing opposite expression change between FACS-array and STR-array were included in FACS-enriched DEPs (yellow area). D, scatter plot of log2 FC value
between 496 STR-array DEPs (abs FC. 1.5, p, 0.05, raw signal. 100, y axis) and their corresponding probes in FACS-array (x axis). STR-array DEPs are divided
into two groups: either STR-enriched DEPs (purple dots) or STR-nonenriched DEPs (green dots) according to the FC ratio (STR-FC/FACS-FC . 1.5 or STR-FC/
FACS-FC, 1.5, respectively). The DEPs showing opposite expression change between FACS-array and STR-array were included in STR-enriched DEPs (yellow
area). C and D, border lines of two probe sets are shown by a yellow line. Red dots indicate known dysregulated genes, which are displayed in A and B (Scn4b,
Penk, Ppp1r1b, Drd1a, Drd2, Adora2a, Gabrd, Rgs4, Rgs9, Cnr1, Adcy5, Tmem90a, Pde10a, and Pde1b). The pie chart indicates the number of DEPs in each probe
set.
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21.63, p = 0.0076) were mostly found in FACS-nonenriched
DEPs (red dots in Fig. 3C).
We next identified DEPs strongly detected by STR-array

(STR-enriched DEPs) in the same way as the FACS-array DEPs.
To extract STR-enriched DEPs, we examined the ratio of abso-
lute FC of STR-array DEPs to corresponding probes in FACS-
array (STR-FC/FACS-FC). The STR-array DEPs showing STR-
FC/FACS-FC . 1.5 were selected as STR-enriched DEPs, and
the STR-array DEPs showing similar FC to FACS-array (FACS-
FC/STR-FC , 1.5) were selected as STR-nonenriched DEPs
(Fig. S7A). The DEPs showing opposite expression change with
corresponding FACS-probes (up and down or down and up)
were included as STR-enriched DEPs in the same way as the
FACS-enriched DEPs (Fig. S7A). We identified 170 STR-
enriched DEPs (purple dots in Fig. 3D) and 326 STR-nonen-
riched DEPs (green dots in Fig. 3D) (Table S3). Log2 FCs of the
STR-array DEPs against those of corresponding probes in
FACS-array (Fig. 3D and Fig. S8B) showed that known dysregu-
lated genes, Scn4b (FC = 22.33, p = 0.0003) and Rgs4 (FC =
22.24, p = 0.0031), were contained in STR-nonenriched DEPs
(red dots in Fig. 3D). Taken together, we created four probe set
from FACS- and STR-array DEPs according to enrichment of
the two different arrays: FACS-enriched DEPs, FACS-nonen-
riched DEPs, STR-enriched DEPs, and STR-nonenriched
DEPs. Because known dysregulated genes were enriched in the
FACS-nonenriched DEPs, FACS-enriched DEPs could contain
DEPs that aremasked in commonly used profiling analyses.
To explore the biological implications for each probe set, we

carried out GO enrichment analysis using DAVID 6.8 (RRID:
SCR_001881), which is a web-accessible program to investigate
functional associations among differentially expressed genes
(27). The top 5 annotation clusters in each probe set produced
by a functional annotation clustering tool are presented in Fig.
4 (genes of all clusters are listed in Table S4). Notably, FACS-
enriched DEPs were associated with “regulation of transcrip-
tion,” “DNA damage,” and “DNA repair,” whereas the other
three probe sets were associated with neuronal functions and
properties such as “ion transport,” “calcium signaling pathway,”
and “synapse.” These results suggest that FACS-enriched DEPs
may be more relevant to basic cellular function rather than
neuronal function.

Analysis of FACS-array DEGs

Next, we performed further selection using more stringent
criteria, because some of the probes with low signal value (less
than 500 in microarray data) were difficult to verify by qPCR
(data not shown). To select more verifiable DEPs, we elimi-
nated the probes with raw signal , 500 from the normalized
FACS-array data. Then we selected DEPs with the FC and p
value cut-off (absolute FC. 1.5, p, 0.01) (Fig. S7B). Further-
more, multiple probes recognizing identical genes were con-
solidated to carry out further analysis (regional expression pat-
tern analysis). To consolidate multiple probes to one probe, we
selected the probe showing the highest average signal value in
control samples. After gene extraction, we retrieved 181 genes
as FACS-array DEGs (Table S5), To find DEGs showing enrich-
ment in the FACS-array compared with the STR-array, we

examined the ratio of absolute FC of FACS-array DEGs to cor-
responding genes in STR-array (FACS-FC/STR-FC). The selec-
tionmethod was the same as that for the selection of the FACS-
array DEPs. The FACS-array DEGs showing FACS-FC/STR-
FC . 1.5 were selected as FACS-enriched DEGs, and the
FACS-array DEGs showing similar FC to STR-array (FACS-
FC/STR-FC , 1.5) were selected as FACS-nonenriched DEGs
(Fig. 5A and Fig. S7B). We included FACS-array DEGs showing
opposite expression change to corresponding STR-array DEG
(up and down or down and up) in FACS-enriched DEGs (Fig.
5A and Fig. S7B). Among the FACS-array DEGs, 91 genes were
identified as FACS-enriched DEGs and 90 genes were identified
as FACS-nonenriched DEGs (Fig. 5A and Table S5).
We found that known dysregulated genes in HD were

enriched in the FACS-nonenriched DEGs (Fig. 5A). The per-
centage of up-regulated genes in FACS-enriched DEGs (up,
30.77%; down, 69.23%) was slightly higher than FACS-nonen-
riched DEGs (up, 13.33%; down, 86.67%) (Fig. 5A). Functional
annotation clustering analysis of FACS-enriched DEGs did not
show the enrichment of GO terms related to basic cellular
function, such as “regulation of transcription” and “DNA dam-
age,” which were observed in the FACS-enriched DEPs. After
gene extraction, the genes associated with “regulation of tran-
scription” and “DNA damage” were eliminated, probably due
to their low expression. In contrast, the terms related to neuro-
nal functions and properties, such as “synapse,” “axon,” and
“ion transport,” were preserved in FACS-nonenriched DEGs
(Fig. 5A, Fig. S9, and Table S7). This result suggests that charac-
teristics of the probe sets were partly preserved in the gene sets.
Next, we verified the expression of FACS-array DEGs by qPCR.
We confirmed that the expression of 14 of 20 (70%) genes in
FACS-array DEGs was significantly dysregulated in R6/2 mice
(Fig. 5B).
Cell type–specific gene expression profiling in human HD

brain revealed that up-regulated genes in HD were more highly
represented in glia than in MSNs, whereas down-regulated
genes were preferentially observed inMSNs (28). This gave rise
to speculation that gene expression alterations in non-MSN
cells may affect the detection of DEGs in MSNs if those DEGs
are expressed in both MSNs and non-MSN cells. Our FACS-
array data could overcome the problem, because we used
FACS-purified MSNs for the analysis. To find the DEGs, which
are ubiquitously expressed in the brain, including in MSNs and
non-MSN cells, we next performed regional expression pattern
analysis. We obtained ISH gene expression data from the Allen
Brain Atlas (ABA) (RRID:SCR_006491), a tool used to explore
gene expression data from ISH in mouse, human, and nonhu-
man primate brain (29–31) and calculated relative expression
values among 12 brain regions (Table S8). The expression of
FACS-enriched DEGs was basically at the same levels among
brain regions rather than enriched in the striatum (Fig. 5C). In
contrast, FACS-nonenriched DEGs were strongly expressed in
the striatum (Fig. 5D). Consistently, FACS-enriched DEGs
showed similar expression levels between striatum and pal-
lidum, an adjacent area that receives projections from striatum
(average expression value: striatum = 1.197, pallidum = 0.805,
p = 0.0252), whereas FACS-nonenriched DEGs showed much
higher expression in striatum than pallidum (average expression
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Figure 4. GO enrichment analysis of the probe sets of FACS- and STR-array DEPs. Significantly enriched GO terms of the top 5 clusters are displayed.
Ranking is according to p value. The genes in each cluster are listed in Table S4.
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value: striatum = 1.811, pallidum = 0.968, p, 0.0001) (Fig. 5, C
and D). A heatmap of relative expression values also showed
that expression of FACS-nonenriched DEGs tended to be
enriched in the striatum with high S.D. values compared with
FACS-enriched DEGs (Fig. S10 and Table S9). These results
suggest that FACS-enriched DEGs contained genes that were
ubiquitously expressed in the brain rather than specifically
expressed in the striatum. It is possible that those FACS-
enriched DEGs were expressed in not only MSNs but also other
cell types. Furthermore, those FACS-enriched DEGs could be
masked in the STR-array by the changes of their expression in
non-MSN cells.

Analysis of STR-array DEGs

Next, to analyze STR-enriched DEGs in the same way as
the FACS-enriched DEGs, we also extracted STR-array
DEGs. To select more verifiable DEPs, we selected DEPs
showing higher raw signal (.500) and then selected DEPs
using the FC and p value cut-off (absolute FC. 1.5, p, 0.01)
(Fig. S7B). Furthermore, multiple probes recognizing identi-
cal genes were consolidated, as with the FACS-array DEGs.
We retrieved 181 STR-array DEGs with those criteria (Fig.
6A and Table S6). Among the STR-array DEGs, 46 genes
were identified as STR-enriched DEGs, and 135 genes were
identified as STR-nonenriched DEGs (Fig. 6A and Table S6).
We found that known dysregulated genes were mostly con-
tained in the STR-nonenriched DEGs, and the percentages

of down-regulated genes in STR-enriched DEGs (up, 13.04%;
down, 86.96%) and STR-nonenriched DEGs (up, 10.37%; down,
89.63%) were much higher than those for up-regulated genes
(Fig. 6A). GO enrichment analysis showed that both STR-
enriched DEGs and STR-nonenriched DEGs were associated
with neuronal function and properties (e.g. “signal,” “negative
regulation of signal transduction,” “dendrite,” “neural cell body,”
and “synapse”) (Fig. 6A, Fig. S9, and Table S7). These results are
consistent with the results of STR-array DEPs, suggesting that a
major component of the gene set was retrieved in STR-array
DEGs. Next, we verified the expression of STR-array DEGs by
qPCR.We confirmed that the expression of 9 of 10 genes (90%)
in STR-array DEGs was significantly dysregulated in R6/2 mice
(Fig. 6B).
Regional expression pattern analysis showed that the expres-

sion levels of STR-enriched DEGs were mostly the same among
brain regions. In contrast, STR-nonenriched DEGs were strongly
expressed in the striatum (Fig. 6, C and D). Consistently, STR-
enriched DEGs showed similar expression levels between stria-
tum and pallidum (average expression value: striatum = 0.988,
pallidum = 0.770, p = 0.9910) (Fig. 6C), whereas the expression of
STR-nonenriched DEGs was enriched in the striatum (average
expression value: striatum = 1.615, pallidum = 0.833, p, 0.0001)
(Fig. 6D). Consistent results were also obtained from the heatmap
of relative expression values: the expression of STR-nonenriched
DEGs tended to be enriched in the striatum compared with STR-
enrichedDEGs (Fig. S10 and Table S9).

Figure 5. Gene expression analysis and regional expression pattern analysis of FACS-array DEGs. A, FACS-array DEGs, which are extracted from
FACS-array DEPs with more stringent criteria (abs FC . 1.5, p , 0.01, raw signal . 500, 181 genes) are divided into two groups, either FACS-enriched
DEGs (red) or FACS-nonenriched DEGs (blue), according to the FC ratio (FACS-FC/STR-FC. 1.5 or FACS-FC/STR-FC, 1.5, respectively). The DEGs showing
opposite expression change between FACS-array and STR-array were included into FACS-enriched DEGs. The pie chart indicates the gene number of
each gene set. The number and gene symbol of known dysregulated genes (Scn4b, Penk, Ppp1r1b, Drd1a, Drd2, Adora2a, Gabrd, Rgs4, Rgs9, Cnr1, Adcy5,
Tmem90a, Pde10a, and Pde1b) are displayed at the top. The number and percentage of up-regulated or down-regulated genes are displayed in the mid-
dle. The number and percentage of genes annotated to enriched GO term are displayed at the bottom. B, relative mRNA levels of selected genes from
FACS-array DEGs are verified by qPCR (FACS-enriched DEGs, red; FACS-nonenriched DEGs, blue). Gapdh was used to normalize the gene expression data.
Data are presented as mean6 S.D. (error bars) (n = 6 for each genotype). *, p, 0.05; **, p, 0.01; ***, p, 0.001, unpaired Student’s t test. C and D, regional
expression pattern analysis of FACS-array DEGs in 12 brain regions of mouse. ISH expression data were obtained from the ABA (57 of 91 genes in FACS-
enriched DEGs and 76 of 90 genes in FACS-nonenriched DEGs are available). Relative expressions are calculated by average expression value of 12 brain
regions (raw expression value/average expression value). The inset line graph shows the typical gene expression pattern. Data are analyzed by one-way
ANOVA followed by Tukey’s multiple-comparison test.
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Next, we examined the distribution of STR-enriched DEGs,
which showed enhanced detection in STR-array. Because the
expression of STR-enriched DEGs was not enriched in the
striatum, we expected those genes could be expressed in non-
MSN cells, the same as the FACS-enriched DEGs. To examine
this possibility, we performed dual ISH and immunohisto-
chemistry (IHC) staining using ISH probes of STR-enriched
DEGs and anti-DARPP-32, which is a marker of MSNs. We
selected Th, Cpne7, Trh, Myl4, Ctgf, and Nrn1 for ISH probes
because they showed lower expression in the striatum com-
pared with Scn4b, which is anMSN-enriched gene belonging to
STR-nonenriched DEGs (Fig. S11). The result of dual ISH-IHC
staining showed that Th, Cpne7, and Trh were expressed in a
few DARPP-32–positive MSNs but were mainly expressed in
other striatal cells (Fig. 6E). On the other hand,Myl4, Ctgf, and
Nrn1 were distributed in cortical cells (Fig. 6E). Furthermore,
the expression pattern of those genes was distinct from Scn4b
(Fig. 6E). These results suggest that a portion of STR-enriched
DEGs were mostly unexpressed in the striatal MSNs.

Transcriptional regulators and apoptosis-related gene in the
FACS-array DEGs

GO enrichment analysis showed that FACS-enriched DEPs
were associated with “regulation of transcription” and “DNA
damage” (Fig. 4). Thus, we next focused on the genes related to
transcriptional regulation and DNA damage in FACS-array
DEGs. In addition, because DNA damage links to apoptosis
and neurodegeneration (32, 33), we also focused on the genes
related to apoptosis.
We identified Nfya (FC = 4.650, p = 0.0096), Etv4 (FC =

1.562, p = 0.0093),Nacc1 (FC =21.700, p = 0.0036), Per1 (FC =
21.592, p = 0.0035), Arid2 (FC = 21.887, p = 0.0054), Nab2
(FC =22.159, p = 0.0097), Bmp2 (FC =23.914, p = 1.19E205),
andMbd6 (FC =21.796, p = 0.0096) as transcriptional regula-
tors in FACS-array DEGs (Fig. 7A and Table S4). NF-YA
encoded by the Nfya gene is a component of the NF-Y tran-
scription factor and known as an mHTT-interacting protein
(6). It has been reported that NF-Y binds to a promoter region
of HSP70 and affects the promoter activity (6). In the brain of

Figure 6. Gene expression analysis and regional expression pattern analysis of STR-array DEGs. A, STR-array DEGs, which are extracted from STR-array
DEPs with more stringent criteria (abs FC. 1.5, p, 0.01, raw signal. 500, 181 genes), are divided into two groups, either STR-enriched DEGs (purple) or STR-
nonenriched DEGs (green), according to the FC ratio (STR-FC/FACS-FC. 1.5 or STR-FC/FACS-FC , 1.5, respectively). The DEGs showing opposite expression
change between FACS-array and STR-array were included into STR-enriched DEGs. The pie chart indicates gene number of each gene set. The number and
gene symbol of known dysregulated genes (Scn4b, Penk, Ppp1r1b, Drd1a, Drd2, Adora2a, Gabrd, Rgs4, Rgs9, Cnr1, Adcy5, Tmem90a, Pde10a, and Pde1b) are dis-
played at the top. The number and percentage of up-regulated or down-regulated genes are displayed in themiddle. The number and percentage of genes
annotated to enriched GO terms are displayed at the bottom. B, relative mRNA levels of selected genes from STR-array DEGs were verified by qPCR (STR-
enriched DEGs, purple; STR-nonenriched DEGs, green). Gapdhwas used to normalize the gene expression data. Data are presented as mean6 S.D. (error bars)
(n = 4 for each genotypes). *, p, 0.05; **, p, 0.01; ***, p, 0.001, unpaired Student’s t test. C and D, regional expression pattern analysis of STR-array DEGs in
12 brain regions of mouse. ISH expression data were obtained from the ABA (27 of 46 genes in STR-enriched DEGs and 101 of 135 genes in STR-nonenriched
DEGs are available). Relative expression values were calculated by average expression value of 12 brain regions (raw expression value/average expression
value). The inset line graph displays the typical gene expression pattern. Data were analyzed by one-way ANOVA followed by Tukey’s multiple-comparison
test. E, images for dual ISH-IHC staining in coronal brain sections from 8-week-old mice. Antisense RNA probes of STR-enriched DEGs (Th, Cpne7, Trh, Myl4,
Ctgf, Nrn1) and STR-nonenriched DEGs (Scn4b) were used for ISH (blue). Anti-DARPP-32 was used for IHC (brown). Black arrowheads, single-ISH-labeled cells.
Yellow arrowheads, double-labeled MSNs. Arrows, ISH signals in the cortex region. The bottom panels show higher magnification of the boxed areas in themid-
dle panels. Scale bar, 100mm (E, top and bottom panels) and 300mm (E,middle panels). Str, striatum.
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R6/2 mice, NF-Y was sequestered into mHTT aggregates, the
protein levels of NF-Y were decreased, and NF-Y binding to the
HSP70 promoter region was reduced (6). Because HSP70 can
refold mHTT aggregates, reduction of NF-YA could affect HD
pathogenesis (6). The FACS-array data showed that the expres-
sion levels of Nfya were dramatically up-regulated in R6/2
MSNs (Fig. 7A). This suggests that increased expression of
Nfya could be a compensatory response to a decrease of NF-
YA. Furthermore, we identified Gsn (FC =23.778, p = 0.0030),
Bcl2l1 (FC = 21.513, p = 0.0099), Arel1 (FC = 22.134, p =
0.0016), Ucp2 (FC = 23.181, p = 0.0021), Hrk (FC = 22.874,
p = 0.0030), Pdpk1 (FC = 21.568, p = 0.0049), and Bcr (FC =
21.678, p = 0.0043) as the genes associated with apoptotic
response in FACS-array DEGs (Fig. 7B). BCL2L1/Bcl-xL pro-
tein encoded by the Bcl2l1 gene is known as an anti-apoptotic
protein belonging to the Bcl-2 family localized to themitochon-
drial outer membrane. It has been reported that PCR array
profiling data using postmortem neostriatal tissue revealed that
Bcl2l1 is up-regulated in HD (34). However, our qPCR result
showed the opposite result, that Bcl2l1 expression was signifi-
cantly down-regulated in MSNs of R6/2 at 4 weeks (Fig. 5B).
This finding suggests that gene expression alteration of apopto-
sis-related genes at an early disease stage may be distinct from
late stage. In addition, we found two other genes related to the

mitochondrial cell death pathway. Hrk is a BCL2L1/Bcl-xL-
binding protein belonging to BH3–only proteins and promotes
apoptosis when it is overexpressed (35). Ucp2, a mitochondrial
membrane protein, has a neuroprotective effect through reduc-
ing reactive oxygen species (36). Gsn, Arel1, Pdpk1, and Bcr are
also related to apoptosis, but their apoptotic cascade is unclear
(37–40). Those genes have not been identified by a common
profiling assay using whole striatal samples, suggesting that
they were masked in the assay. Next, to identify potential apo-
ptosis mediators, FACS-array DEGs were compared with the
transcriptome data of citrinin-induced apoptotic cells (41). Cit-
rinin is known to induce apoptosis via a mitochondria-medi-
ated apoptotic pathway (42). Interestingly, citrinin induced ap-
optosis-related genes implicated in DNA damage, DNA repair,
and transcriptional regulation (41). Overlapping genes between
FACS-array DEGs and citrinin-induced apoptosis-related
genes are displayed in Fig. 7C. Remarkably, higher FC and
lower p values were shown in FACS-array DEGs compared
with corresponding genes of STR-array data (Fig. 7, A–C), sug-
gesting that those DEGs were more detectable in FACS-array
than in STR-array. Regional expression pattern analysis
revealed that those identified transcriptional regulators and
known apoptosis-related genes basically showed similar
expression levels among the mouse brain regions and did not

Figure 7. Transcriptional regulators and apoptosis-related genes in the FACS-array DEGs. A–C, transcriptional regulators (A), known apoptosis-related
genes (B), and putative apoptosis-related genes (C) in FACS-array DEGs are displayed. The genes listed in C are overlapped with citrinin-induced apoptosis-
related genes (41). FC values and p values of those genes are compared between FACS-array (left columns) and STR-array (right columns). The color range from
white to red indicates low to high FC value of up-regulated gene, respectively. The color range fromwhite to green indicates low to high FC value of down-regu-
lated gene, respectively. The color range fromwhite to orange indicates high to low p value, respectively. D and E, regional expression pattern analysis of tran-
scriptional regulators (D) and known apoptosis-related genes (E) in 12 brain regions of mouse. ISH data of 4 of 8 genes in transcriptional regulators (A) and 6 of
7 genes in known apoptosis-related genes (B) were obtained from ABA and used for the analysis.
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show enriched expression in the striatum (Fig. 7, D and E).
Overall, these results suggest that FACS-array analysis using an
MSN-enriched fraction of R6/2 mice detected DEGs in the
MSNs, which have not been identified by a common profiling
assay. That was a methodological advantage of this assay.
In addition, we identified 34 disease-causative genes in

FACS-array DEGs analyzed by OMIM, which is a catalog of
human genes and genetic disorders (RRID:SCR_006437) (Fig.
S12). According to OMIM, 17 of the 34 genes are associated
with neurological disorders, such as dyskinesia, spinocerebellar
ataxia, Alzheimer’s disease, and frontotemporal lobar degener-
ation. This result suggests that common pathogenic genes or
pathways could exist among neurological disorders.

Comparative analysis between FACS-array DEPs and HD-
modified genes

A recent gene expression profiling study showed distinct
gene expression patterns between striatal MSNs (Drd1a and
Drd2 subtypes) and glial cells in symptomatic R6/1 HD mice
and HD brain (28). Both results show that down-regulated
genes were enriched in theMSNs, and in contrast, up-regulated
genes were enriched in the glial cells. This finding strongly sug-
gests that pathogenic changes of gene expression are distinct in
each cell type. To gain further information from our data, we
compared the FACS-array DEPs with the data of up- and
down-regulated genes in the striatal MSNs (HD-MSN-DEGs)
and glial cells (HD-glia-DEGs) in HD brain (9, 28). As described
in the previous report, down-regulated genes were enriched in
the MSNs rather than glial cells (MSN-down, 329 genes; glia-
down, 99 genes), whereas the opposite pattern was observed in
up-regulated genes (MSN-up, 63 genes; glia-up, 369 genes)
(Fig. S13A). Comparative analysis showed that HD-MSN-
DEGs were highly represented in FACS-nonenriched DEGs
(HD-MSN-DEGs, 45 genes (13.31%); HD-glia-DEGs, 7 genes
(2.07%)) (Fig. S13B). In contrast, HD-glia-DEGs were enriched
in FACS-enriched DEGs, although the expression data were
obtained from purified MSNs (HD-MSN-DEGs, 9 genes
(1.33%); HD-glia-DEGs, 23 genes (3.40%)) (Fig. S13B). We
speculated that those HD-glia-DEGs may be expressed in
MSNs as well as glial cells. To confirm this, we examined distri-
bution of those HD-glia-DEGs in WT mouse brain using ABA.
As expected, ISH data of HD-glia-DEGs overlapped with
FACS-enriched DEPs clearly showed that those genes were
expressed in bothMSNs and glial cells (Fig. S13C). Importantly,
some of those genes represented lower expression in the MSNs
than glial cells (e.g. Plekhh1, Camk2d, Dlgap1, Tmem25, and
Cdk14). This result suggests that those genes were mainly
expressed in glial cells but also expressed in MSNs with low
expression. FC values of those FACS-enriched DEPs and corre-
sponding probes in STR-array revealed that expression levels of
those genes were generally unchanged in STR-array. In con-
trast, much higher FC values were observed in FACS-array (Fig.
S13D). This suggests that gene expression in glial cells affected
the transcriptomic data and elimination of glial cells by FACS
improved the detection of DEGs with low expression inMSNs.
Transcriptomic HD data related to CAG repeat length was

reported recently by Langfelder et al. (43). They performed

weighted gene co-expression network analysis using gene
expression profiling data of HD knock-in mice with different
CAG repeat length (Q20, Q80, Q92, Q111, Q140, and Q175),
different age (2, 6, and 10 months), and different sample (stria-
tum, cortex, and liver). Then they created 13 striatal and 5 cort-
ical modules that highly correlated with CAG length and age.
The striatal modules and their functional annotations are
shown in Fig. S14. First, we focused on striatal module M2,
which implicates cAMP signaling, postsynaptic density pro-
teins, and striatal marker genes. This module could be similar
to FACS-nonenriched DEPs/DEGs, because FACS-nonen-
riched DEGs represented many striatal-enriched genes (Fig.
5D). As expected, striatal module M2 also contained many
striatal-enriched genes (e.g. Ppp1r1b, Scn4b, Adcy5, Arpp21,
Pde1b, and Pde10a) and MSN subtype markers (e.g. Drd1a,
Drd2, and Penk) (43), and a large number of FACS-nonen-
riched DEPs were overlapped with the genes in striatal module
M2 (178 genes, 52.82%) (Fig. S14C). This result suggests that
components of striatal module M2 are quite similar to FACS-
nonenriched DEPs. On the other hand, FACS-enriched DEPs
were not so overlapped with striatal module M2 (103 genes,
15.21%) probably due to their ubiquitous expression in the
brain (Fig. 5C and Fig. S14B). Next, we focused on striatal mod-
ule M20 and M39, which implicate DNA damage response and
DNA damage repair, respectively, and striatal module M34,
which implicates regulation of transcription and chromatin
modification (Fig. S14A). Likewise, GO enrichment analysis of
our data also showed the association of FACS-enriched DEPs
with DNA damage and regulation of transcription (Fig. 4).
Interestingly, FACS-enriched DEPs were represented in striatal
modules M20 (39 genes, 5.76%) and M39 (18 genes, 2.66%)
(Fig. S14B), but FACS-enriched DEPs in the M34 showed simi-
lar representation with other modules (12 genes, 1.77%) (Fig.
S14B). Thus, FACS-array DEPs were partly consistent with the
Langfelder’s striatal modules. FC values of those FACS-
enriched DEPs showed higher FC in FACS-array compared
with corresponding probes in STR-array (Fig. S14D). This
result suggests that the DEPs implicated in DNA damage
responses were more detectable in FACS-array than in STR-
array.

Discussion

Gene expression studies in HD model mice and in humans
with HD have revealed that a large number of genes are altered
in their expression (9–12, 43, 44). In this study, we focused on
DEGs in striatal MSNs, which is the vulnerable cell type in HD
(45). To analyze DEGs in striatal MSNs, we obtained FACS-
purified MSNs, which were genetically labeled with Venus,
from presymptomatic R6/2mice.
We obtained two data sets of DEGs from MSNs and whole

striatal samples by microarray analysis (FACS-array DEGs and
STR-array DEGs) and created four probe/gene sets according to
enrichment of the two different arrays (FACS-enriched DEPs/
DEGs, FACS-nonenriched DEPs/DEGs, STR-enriched DEPs/
DEGs, and STR-nonenriched DEPs/DEGs) (Fig. 8). Our result
suggests that FACS-enriched DEPs/DEGs included masked
DEGs in a common profiling assay. This is a methodological
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advantage of this study. Regional expression pattern analysis
showed that expression levels of FACS-enriched DEGs were rela-
tively low in the MSNs, whereas FACS- and STR-nonenriched
DEGs tended to be strongly expressed in the MSNs. GO enrich-
ment analysis showed that FACS-enrichedDEPs were commonly
associated with “transcriptional regulation” and “DNA damage,”
suggesting that FACS-enrichedDEPs are relevant to basic cellular
function rather than neuronal functions, which are related to
FACS-nonenriched DEPs, STR-enriched DEPs, and STR-nonen-
richedDEPs (Fig. 8).
The contribution of DNA damage responses to HD pathoge-

nesis has been reported. For example, accumulation of oxida-
tive DNA damage is observed in HD model mice (46), and
mHTT impairs DNA repair by interacting with Ku70, a compo-
nent of the DNA damage repair complex (47). In this study, we
found many potential candidates related to DNA damage and
repair in FACS-enriched DEPs due to methodological advan-
tages (Fig. 4 and Fig. S14D). For example, Msh3 is a DNA mis-
match repair (MMR) component, and its expression was
increased in FACS-purified R6/2 MSNs (FC = 2.133, p =
0.0399). Recent studies have revealed that the DNA repair pro-
tein complexMsh2-Msh3 promotes CAG expansion in Saccha-
romyces cerevisiae (48), and genetic loss ofMsh2 andMsh3 sup-
presses CAG repeat expansion and nuclear accumulation of
mHTT in HD model mice (49), suggesting that up-regulation

of Msh3 in MSNs may increase instability of CAG repeats in
mHTT. It is well-known that CAG repeat instability is strongly
associated with the disease symptoms and progression (1).
Thus, FACS-enriched DEPs related to DNA MMR systems
could be a therapeutic target. In addition, because DNA dam-
age responses contribute to neuronal survival and degeneration
(33), disruption of DNA MMR–related gene expression may
cause neuronal cell death (Fig. 8). These newly identified genes
related to DNA damage could provide a better understanding
of not only the mechanisms of CAG repeat instability but also
themechanisms ofMSN degeneration in HD.
The mitochondrial cell death pathway is induced by disrup-

tion of mitochondrial outer membrane permeability followed
by cytochrome c release and caspase activation (50) It has been
proposed that disruption of transcriptional machinery induced
by mHTT may affect mitochondrial dysfunction in HD (51).
Indeed, amelioration of transcriptional dysregulation by treat-
ment with histone deacetylase inhibitors improved mitochon-
drial dysfunction in striatal neurons expressing mHTT (52).
We found apoptosis-related genes implicated in a mitochon-
drial cell death pathway in the FACS-array DEPs: Bcl2l1 (FC =
21.513, p = 0.0099),Ucp2 (FC =23.181, p = 0.0021), Hrk (FC =
22.874, p = 0.0030) (Fig. 7). Cell death pathway genes and HD-
modulated genes were also shown in the striatal module M7 of
the Langfelder CAG length–dependent module (43). We did

Figure 8. Summary of comparative analysis between FACS-array DEPs/DEGs and STR-array DEPs/DEGs.We created four probe/gene sets according to
enrichment of two different arrays (FACS-array and STR-array): FACS-enriched DEPs/DEGs (FACS . STR), FACS-nonenriched DEPs/DEGs (FACS = STR), STR-
enriched DEPs/DEGs (FACS , STR), and STR-nonenriched DEPs/DEGs (FACS = STR). FACS- and STR-nonenriched DEPs/DEGs contain a number of striatal-
enriched genes, including transcripts strongly expressed in the MSNs. FACS-enriched DEPs/DEGs contain the genes that are expressed in both MSNs and non-
MSN cells. STR-enriched DEPs/DEGs contain transcripts expressed in the forebrain. GO enrichment analysis shows that FACS-enriched DEPs/DEGs associate
with general cellular responses, such as transcriptional regulation and DNA damage. The other three probe/gene sets associate with neuronal functions and
properties, such as ion transport, calcium signaling, axon, dendrite, and synapse. FACS-enriched DEPs/DEGs could associate with neuronal cell death. In con-
trast, the other three probe/gene sets could be implicated in dysregulation of neuronal function.
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not find enrichment of overlapped gene between M7 module
and FACS-array DEPs, but two apoptosis-related genes impli-
cated in a mitochondrial cell death pathway were represented
in themodule (Bid and Sh3glb1).
PCR array profiling data using postmortem neostriatal tissue

revealed that many mitochondria-related apoptotic genes were
generally up-regulated in HD (34). For example, the expression
of Bcl2l1, which is a gene for an anti-apoptotic protein localized
on mitochondria, was strikingly up-regulated in HD (34). How-
ever, our FACS-array profiling and qPCR result showed that
Bcl2l1 expression was significantly down-regulated in the
MSNs of R6/2 mice at 4 weeks (Figs. 5B and 7B). Our data also
showed that expression of not only Bcl2l1, but also apoptosis-
related genes, including mitochondria-related genes, was gen-
erally down-regulated (Fig. 7B). Thus, the opposite regulation
of gene expression was shown in the brain of postmortem
human HD and presymptomatic R6/2. The gene expression
regulation of apoptosis-related genes could be altered, depend-
ing on disease stage (early or late).
Previous microarray studies revealed that the expression of

striatal-enriched genes, such as Scn4b, Kcnip2, PPP1r1b, Rgs9,
Drd1a, and Pde10a, was altered in HD patients and HD model
mice (15, 53, 54). Consistently, we also identified a large num-
ber of striatal-enriched genes in STR-array DEPs/DEGs, and
some of them overlapped with FACS-array DEPs/DEGs (Fig.
8). Striatal-enriched genes are associated with striatal func-
tion via neurotransmitter signaling, G-protein signaling, and
calcium signaling (53, 55, 56), suggesting that expression
alteration of those genes could disrupt striatal function in HD
(Fig. 8).
Furthermore, our study showed a methodological advantage

of vulnerable neuron-specific transcriptome analysis. As shown
in Fig. 7, FACS-array DEGs showed higher FC and lower p
value compared with the data of STR-array, suggesting that
those genes were hardly detected by the common profiling
assay using whole striatal samples. Taken together, FACS-array
profiling using purified MSNs provided novel information
about the disease cascade in HD. In addition, this profiling
method using vulnerable neurons is also applicable for investi-
gating themechanisms of pathological cascades in other neuro-
degenerative disorders. FACS-array profiling using vulnerable
neurons may lead to identification of novel therapeutic targets
for neurodegenerative disease.

Experimental procedures

Animals

All surgical procedures and experiments were approved by
the RIKEN ethics committee (approval no. H21-2-238 for ani-
mal experiments and 2011-016 for genetic recombinant experi-
ments) and the Doshisha university ethics committee (approval
no. A15083 for animal experiments and D15083 for genetic
recombinant experiments). All animal experiments were per-
formed in accordance with the guidelines approved by the
Animal Experiments Committee of RIKEN and Doshisha
University. All experiments were carried out in accordance
with the approved ethical guidelines and regulations. Scn4b-
Venus transgenic mice expressing the fluorescent marker

Venus under the control of the 9-kb Scn4b promoter (18)
were crossed with R6/2 transgenic mice (bearing 114–129
CAG repeats) (17). To identify Scn4b-Venusmouse, a mutant
band was amplified by PCR using two primers: GFP_Venus-S61
(59-GGCGACGTAAACGGCCACAAGTTCA-39); GFP_Venus-
A660 (59-GACCATGTGATCGCGCTTCTCGTTG-39). To
identify the R6/2 mouse, the mutant band was amplified by
PCR using two primers: HD33934F (59-GGCGGCTGAG-
GAAGCTGAGGA-39) and HD31329 (59-ATGAAGGCC-
TTCGAGTCCCTCAAGTCCTTC-39). Brains from 4-week-
old male mice were used for microarray analysis.

FACS of MSNs from striatum

The striatal samples were dissected from coronal brain sec-
tions of 4-week-old male R6/2;Scn4b-Venus and control mice
and minced with a scalpel blade (No. 11, Feather, Osaka, Japan)
in Earle’s balanced salt solution (EBSS), which is a reagent of
the papain dissociation system (#LK003150, Worthington).
DNase was added to the minced striatal samples, which were
then dissociated at 37 °C and 140 rpm for 30 min using papain
enzyme according to themanufacturer’s instructions. The sam-
ples were dissociated with a 1-ml blue tip 50 times and centri-
fuged at 1,000 rpm for 5 min at room temperature. To remove
debris and papain enzyme, pellets were resuspended in EBSS/
DNase/albumin-ovomucoid inhibitor solution and carefully
added onto albumin-ovomucoid inhibitor solution in the cen-
trifuge tube for discontinuous density gradient. Layered sam-
ples were centrifuged at 800 rpm for 5 min at room tempera-
ture. Pellets were resuspended in EBSS with DNase and filtered
through a cell strainer with 40-mm pores (#352340, Falcon–
Corning, Corning, NY, USA). To label dead cells, cells were
stained with 20 mg/ml PI (#P4864, Sigma–Aldrich) and then
sorted by FACSAria (BD Biosciences) at the Support Unit for
Bio-Material Analysis in RIKEN CBS Research Resources Divi-
sion (RRD) using the following laser and filter combinations:
488-nm laser and 530/30 filter (detecting Venus), 488-nm laser
and 710/50 filter (detecting PI). Striatal cells from WT litter-
mates were treated with the same method described above and
used as negative control. After sorting, 5,000–10,000 Venus
(1)/PI (2) MSNs were obtained from each sorted aliquot.

Total RNA purification and cDNA amplification of FACS-
purified MSNs

Approximately 4-20 ng of total RNAs were extracted from
Venus (1)/PI (2) MSNs of R6/2;Scn4b-Venus and its control
using an RNeasy Micro Kit (#74004, Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. We validated
total RNA quality and concentration using an Agilent 2100
Bioanalyzer (Agilent Technologies, San Carlos, CA, USA) and
decided to use total RNAs above 7.0 RIN for microarray analy-
sis. Next, we performed cDNA amplification using an Ovation
Pico WTA System V2 (#3302-12, NuGEN, San Carlos, CA,
USA) according to the manufacturer’s instructions. An input
amount of 2 ng of total RNA was used for cDNA synthesis and
amplification.
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Microarray analysis

cDNA labeling and hybridization were performed by DNA
Chip Research Inc. (Tokyo, Japan) using the standard protocol
for Agilent microarray. We used a SurePrint G3 Mouse GE
8x60K Microarray (#G4852A, Agilent Technologies) for this
study. The microarray data were subsequently analyzed by
GeneSpring 13 (Agilent Technologies). We performed micro-
array analysis using striatal samples to compare FACS-array
data. Total RNAs from striatal samples of 4-week-old maleWT
and R6/2 mice were isolated by TRIzol reagent (#15596026,
Thermo Fisher Scientific, Waltham, MA, USA) and then puri-
fied using an RNeasy Mini Kit (#74104, Qiagen) according to
the manufacturer’s instructions. Approximately 30–50 mg of
total RNAs were purified from those striatal samples, and we
used total RNAs above 8.0 RIN for microarray analysis. cDNA
and cRNA synthesis were performed by DNA Chip Research
Inc. (Tokyo, Japan). An input amount of 100 ng of total RNA
from striatal samples was used for cRNA synthesis. cRNA label-
ing and hybridization were carried out by DNA Chip Research
Inc. (Tokyo, Japan), and then microarray data were analyzed by
GeneSpring 13 (Agilent Technologies). The microarray data
of purified MSNs and whole striatal samples are available in
the GEO database under accession numbers GSE113928,
GSE113929, and GSE113930.

Analysis of FACS- and STR-array DEPs/DEGs

Raw signal values of microarray data were normalized by a
75-percentile shift, the default setting of GeneSpring. Because
weak signal could be an inaccurate signal, we eliminated the
probes with raw signal ,100 (at least 1 of 8 samples) from the
normalized data. Then we identified differentially expressed
probes of FACS-array (FACS-array DEPs, absolute FC . 1.5,
p, 0.05). We used a nominal p value for the selection because
normalized signal value showed higher variance compared with
the common profiling assay. The higher variance probably
resulted from the use of amplified cDNA for FACS-array analy-
sis. When we obtained the log2 expression value from microar-
ray data, the raw signal value was log2-transformed and nor-
malized with GeneSpring (75-percentile shift normalization).
After normalization, the value of 75 percentile reached 0.
Next, FACS-array DEPs were divided into two groups, either

FACS-enriched DEPs or FACS-nonenriched DEPs, according
to enrichment of the different two arrays (FACS-array and
STR-array). To create the sets, we examined the ratio of abso-
lute FC of FACS-array DEPs to corresponding probes in STR-
array (FACS-FC/STR-FC). We determined the DEPs that are
enriched or nonenriched in FACS-array compared with FACS-
array using the following contrasts: FACS-enriched DEPs,
FACS-FC/STR-FC. 1.5; FACS-nonenriched DEPs, FACS-FC/
STR-FC, 1.5. FACS-array DEPs showing opposite expression
change to the corresponding STR-probes (up and down or
down and up, respectively) were included in FACS-enriched
DEPs.
As with the FACS-array DEPs, raw signals of STR-array were

normalized (75-percentile shift normalization), and STR-array
DEPs were selected with FC, nominal p value, and raw signal
cut-off (absolute FC . 1.5, p , 0.05, raw signal . 100). When

we obtained the log2 expression value from microarray data,
raw signal value was log2-transformed and normalized using
GeneSpring (75-percentile shift normalization). Next, STR-
array DEPs were also divided into two groups: either STR-
enriched DEPs or STR-nonenriched DEPs. To create the sets,
we examined the ratio of absolute FC of STR-arrayDEPs to cor-
responding probes in FACS-array (STR-FC/FACS-FC). We
determined the DEPs that are enriched or nonenriched in STR-
array compared with FACS-array using the following contrasts:
STR-enriched DEPs, STR-FC/FACS-FC . 1.5; STR-nonen-
riched DEPs, STR-FC/FACS-FC, 1.5.
STR-array DEPs showing opposite expression change to the

corresponding FACS-probes (up and down or down and up,
respectively) were included in the STR-enriched DEPs, as
described for the FACS-array DEPs. A flowchart of the selec-
tion of FACS- and STR-array DEPs is displayed in Fig. S7A.
We performed further selection for the following two rea-

sons: 1) some of the probes with low signal value (,500 in
microarray data) were difficult to verify by qPCR (data not
shown), and 2) to carry out regional expression analysis with
ABA, multiple probes recognizing identical genes should be
consolidated. To select more verifiable DEPs, we eliminated the
probes with raw signal,500 from normalized FACS- and STR-
array data. Then we selected DEPs with the FC and p value cut-
off (absolute FC. 1.5, p, 0.01 (nominal p value)). To consoli-
date multiple probes, we only selected the probe showing the
highest average signal value in control samples. We named the
gene set as FACS- and STR-array “differentially expressed
genes” (DEGs), because one probe recognizes one gene in the
set. Next, we created four gene sets (FACS-enriched DEGs,
FACS-nonenriched DEGs, STR-enriched DEGs, and STR-non-
enriched DEGs), as we did for the FACS- and STR-array DEPs.
To determine whether the DEGs were either enriched or non-
enriched in each array, we used the following contrasts: FACS-
enriched DEGs, FACS-FC/STR-FC . 1.5; FACS-nonenriched
DEGs, FACS-FC/STR-FC , 1.5; STR-enriched DEGs, STR-
FC/FACS-FC . 1.5; STR-nonenriched DEGs, STR-FC/FACS-
FC, 1.5.
As with the FACS- and STR-array DEPs, the DEGs showing

opposite expression change to the corresponding FACS-probes
(up and down or down and up, respectively) were included in
FACS- or STR-enriched DEGs. A flowchart of the selection of
FACS- and STR-array DEGs is displayed in Fig. S7B.

Tissue preparation for histological analysis

Mice were perfused with PBS followed by 4% paraformalde-
hyde in PBS. Mouse brains were dissected and postfixed with
4% paraformaldehyde in PBS overnight. The brains were trans-
ferred and immersed with 30% sucrose (w/v) in PBS and then
embedded into OCT compound by immediate freezing with
liquid nitrogen. After freezing, brain samples were stored at
280 °C. We cut 20-mm-thick frozen sections with a Leica
CM1850 Cryostat (Leica Biosystems, Wetzlar, Germany). To
prepare paraffin sections, we perfused mice as described above.
Dissected and postfixedmouse brains were dehydrated by etha-
nol, transferred to xylene, and then embedded in paraffin wax.
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4-mm-thick sections were cut with an HM430 sliding micro-
tome (Thermo Fisher Scientific).

qPCR

cDNAs obtained from MSN samples were synthesized and
amplified using an Ovation Pico WTA System V2 (NuGEN)
according to the manufacturer’s instructions. We used 2 ng of
cDNAs as a template for qPCR. cDNAs obtained from striatal
samples were synthesized using ReverTra Ace -alpha-® (#FSK-
101, Toyobo, Osaka, Japan) according to the manufacturer’s
instructions (input amount of total RNA was 1 mg). Template
cDNAs prepared in 50-fold dilutions were used for qPCR. Tem-
plate cDNAs and specific primers were mixed with FastStart
Universal SYBR Green Master (Rox) (#4913914001, Roche,
Basel, Switzerland), and PCRs were performed by a LightCy-
cler®480 Real-Time PCR System (Roche). Cycling parameters
for PCR were as follows: preincubation (95 °C for 10 min),
amplification (60 cycles of 95 °C for 15 s and 60 °C for 1 min),
melting curve (65–95 °C), and cooling (40 °C for 30 s).When we
compared expression levels of mRNA between WT and R6/2
striatal samples, standards were generated by cDNA diluent of
striatal samples. When we compared expression levels of
mRNA between WT and R6/2 purified MSNs, standards were
generated by cDNA diluent of purified MSNs. When we com-
pared expression levels between striatal samples and purified
MSNs ofWTmice, standards were generated by cDNA diluent
of striatal samples. The expression of the target gene was nor-
malized with the expression value of Gapdh in each sample.
Gapdh was used as the reference gene because it shows similar
expression levels between FACS-purified MSNs and striatal
samples (Fig. S15). Microarray data also showed that expres-
sion levels ofGapdhwere not altered inMSNs and striatal sam-
ples of 4-week-old WT and R6/2 mice (Fig. S16). We could not
clarify Gapdh expression levels across cell types due to techni-
cal limitations. Primers used for qPCR are listed in Table S10.

Antibodies

We used the following primary antibodies in this study: anti-
digoxigenin-AP (sheep, 1:2,000; #11093274910, Roche), anti-
GFP (chicken, 1:700; #ab13970, Abcam, Cambridge, MA,
USA), anti-GFP (mouse, 1:300; #11814460001, Roche), anti-
DARPP-32 (rabbit, 1:300; #AB10518, Millipore, Burlington,
MA, USA), anti-Huntingtin (mouse, clone EM48, 1:1,000;
#MAB5374, Millipore), anti-ubiquitin (rabbit, 1:1,000; #Z0458,
Dako, Glostrup, Denmark), and secondary antibodies: Alexa
Fluor 488/546 anti-mouse/rabbit/chicken IgG (1:300; Thermo
Fisher Scientific) and biotinylated anti-mouse/rabbit IgG
(1:300; Vector Laboratories, Burlingame, CA, USA).

In situ hybridization

cDNA fragments encoding target genes were amplified using
KOD-Plus-Neo polymerase (#KOD-401, Toyobo) and specific
primers (Table S10). Amplified cDNAs were subcloned into
pcDNATM 3.1/V5-His C vector (#V81020, Thermo Fisher Sci-
entific), and those sequences were confirmed by DNA sequenc-
ing. Digoxigenin (DIG)-labeled probes were synthesized using
a MEGAscriptTM T7 Transcription Kit (#AM1333, Thermo

Fisher Scientific) and DIG RNA Labeling Mix (#11277073910,
Roche) according to the manufacturer’s instructions. Probes of
Scn4b and Venus were synthesized as described previously
(12, 18). DIG-labeled cRNA probes hybridized to 20-mm-
thick frozen mouse brain sections, and signals were detected
as described previously (18).

Immunohistochemistry

For 3,39-diaminobenzidine staining, mouse brain sections
were autoclaved for 5 min at 120 °C utilizing pH 6.0 citrate
buffer for antigen retrieval and then incubated with 0.3% hydro-
gen peroxide for 30 min at room temperature to block endoge-
nous peroxidase activity. Sections were incubated with blocking
solution containing 5% skim milk in TBST (20 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 0.05% Tween 20) for 1 h at room tem-
perature, primary antibodies in TBST overnight at 4 °C, followed
by biotin-conjugated secondary antibodies for 3 h at room tem-
perature. Sections were incubated with R.T.U. VECTASTAIN
Elite ABC Reagent (#PK-7100, Vector Laboratories) for 30 min
at room temperature, and then 3,39-diaminobenzidine solution
was applied. Slides were washed, dehydrated, and thenmounted
with xylene-based mounting solution. For immunofluorescence
staining, slides were autoclaved and then incubated with 5%
skim milk/TBST, followed by primary antibodies and Alexa
Fluor–conjugated secondary antibodies. After washing, sections
were mounted with VECTASHIELD Mounting Medium (#H-
1200, Vector Laboratories). Images were taken with a BZ-X710
(KEYENCE, Osaka, Japan) and TCS SP2 confocal microscope
(LeicaMicrosystems,Wetzlar, Germany).

Image analysis

Coronal striatal sections obtained from 4-, 8-, and 12-week-
old WT; and R6/2;Scn4b-Venus mice were stained with anti-
GFP (mouse, 1:300; #11814460001, Roche) and anti-Hunting-
tin (mouse, clone EM48, 1:1,000; #MAB5374, Millipore).
Images were taken by a TCS SP2 confocal microscope (Leica
Microsystems) under the same conditions and then scanned by
ArrayScan HCS Reader (Thermo Fisher Scientific). Immuno-
fluorescence intensity of GFP and Huntingtin in individual
MSNs (;450 cells) was automatically calculated using Target
Activation Bioapplication software (Thermo Fisher Scientific)
with the same parameters for all images.

Regional expression pattern analysis

ABA (RRID:SCR_006491) provides gene expression values of
ISH in both coronal and sagittal sections of adult mouse brain.
The values obtained from two different planes of section are
similar but not always identical. Thus, we used only the expres-
sion values of sagittal sections for regional expression pattern
analysis.We could not obtain all gene expression data of FACS-
and STR-array DEGs from ABA, because some of them were
not available. We obtained the raw expression values of 57 of
91 genes in the FACS-enriched DEGs, 76 of 90 genes in the
FACS-nonenriched DEGs, 27 of 46 genes in the STR-enriched
DEGs, and 101 of 135 genes in the STR-nonenriched DEGs
from the ABA (Table S8). The relative expression value in dif-
ferent brain regions was calculated by average expression value
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of all brain regions (raw expression value/average expression
value) (Table S9).

Statistics

To examine whether the samples had the same variances,
samples were first analyzed by F-test. Next, to detect outliers,
samples were analyzed by Grubbs’ test. For microarray and
qPCR analysis, data were presented as mean 6 S.D. and ana-
lyzed by unpaired Student’s t test. For regional expression pat-
tern analysis by ABA, data were analyzed by one-way ANOVA
followed by Tukey’s multiple-comparison test. *, p , 0.05; **,
p, 0.01; and ***, p, 0.001. p values of,0.05 were considered
statistically significant.

Data availability

All data are contained within the article and supporting
information. All of the FACS-array and STR-array data were
deposited into the GEO database under accession numbers
GSE113928, GSE113929, and GSE113930.
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