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Brief Communications

Dysregulation of Gene Expression in Primary Neuron
Models of Huntington’s Disease Shows That Polyglutamine-
Related Effects on the Striatal Transcriptome May Not Be
Dependent on Brain Circuitry
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Gene expression changes are a hallmark of the neuropathology of Huntington’s disease (HD), but the exact molecular mechanisms of this
effect remain uncertain. Here, we report that in vitro models of disease comprised of primary striatal neurons expressing N-terminal
fragments of mutant huntingtin (vialentiviral gene delivery) faithfully reproduce the gene expression changes seen in human HD. Neither
viral infection nor unrelated (enhanced green fluorescent protein) transgene expression had a major effect on resultant RNA profiles.
Expression of a wild-type fragment of huntingtin [htt171-18Q] also caused only a small number of RNA changes. The disease-related
signalin htt171-82Q versus htt171-18Q comparisons was far greater, resulting in the differential detection 0of 20% of all mRNA probe sets.
Transcriptomic effects of mutated htt171 are time- and polyglutamine-length dependent and occur in parallel with other manifestations
of polyglutamine toxicity over 4 - 8 weeks. Specific RNA changes in htt171-82Q-expressing striatal cells accurately recapitulated those
observed in human HD caudate and included decreases in PENK (proenkephalin), RGS4 (regulator of G-protein signaling 4), dopamine
D, receptor (DRD1), DRD2, CNRI1 (cannabinoid CB, receptor), and DARPP-32 (dopamine- and cAMP-regulated phosphoprotein-32; also
known as PPP1R1B) mRNAs. HD-related transcriptomic changes were also observed in primary neurons expressing a longer fragment of
mutant huntingtin (htt853-82Q). The gene expression changes observed in cultured striatal neurons are not secondary to abnormalities
of neuronal firing or glutamatergic, dopaminergic, or brain-derived neurotrophic factor signaling, thereby demonstrating that HD-
induced dysregulation of the striatal transcriptome might be attributed to intrinsic effects of mutant huntingtin.
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far made them intractable to fully understand or treat (Luthi-
Carter, 2007).

HD pathology includes a dramatic atrophy of the caudate with
extensive degeneration of its GABAergic medium spiny output
neurons. Widespread HD-related atrophy of the cerebral cortex
has also been described through both postmortem neuropathol-
ogy and morphometric imaging studies. Cortical pathology and
electrophysiologic studies in animal models further indicate dys-
function of corticostriatal synapses (DiFiglia et al., 1997; Cepeda
etal.,, 2003; Cummings et al., 2006). Although not as prominent a
feature in HD as in Parkinson’s disease, abnormalities of the

Introduction

Huntington’s disease (HD) is a member of a family of nine inher-
ited polyglutamine neurodegenerative disorders associated with
dramatic changes in motor, cognitive and/or psychiatric perfor-
mance, progression to severe systemic wasting, and eventually,
death (Bates, 2002). Although the genetic causes for these dis-
eases are known, the multipartite cellular mechanisms have thus
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dopaminergic substantia nigra pars compacta have also been ob-
served (Yohrling et al., 2003).

One mechanism hypothesized to play a major role in HD and
other polyglutamine diseases is the dysregulation of transcription
(Luthi-Carter and Cha, 2003). A consistent pattern of RNA-level
changes in human HD caudate and HD mouse striatum from an
early disease stage indicates a primary and universal effect of
mutant huntingtin on gene expression. The mechanism underly-
ing transcriptomic effects of mutant huntingtin has been de-
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bated, however, with evidence for changes in the activities of
soluble DNA-binding transcription factors (Dunah et al., 2002;
Zuccato et al., 2003), abnormalities of chromatin biochemistry
and organization (Steffan et al., 2001; Helmlinger et al., 2006; Ryu
etal., 2006; Stack et al., 2007), and aggregate-driven nuclear tran-
scription factor sequestration (Boutell et al., 1999; Kazantsev et
al., 1999).

In parallel with nuclear effects of mutant huntingtin, many
other disease-related cellular consequences have been demon-
strated. These include the dysregulation of glutamatergic and
dopaminergic signaling (Zeron et al., 2002; Cepeda et al., 2003;
Cummings et al., 2006; Johnson et al., 2006; Tang et al., 2007), the
dysfunction of calcium homeostasis (Panov et al., 2002; Brus-
tovetsky et al., 2005; Tang et al., 2005), metabolic abnormalities
(Weydt et al., 2006; Lee et al., 2007; Valenza et al., 2007; van der
Burg et al., 2008), and decreases in brain-derived neurotrophic
factor (Zuccato et al., 2003; Gauthier et al., 2004). These events
can also lead to downstream changes in gene expression (Lee et
al., 2007; Strand et al., 2007). Importantly, the manifestation of
disease arises from a combination of nuclear, non-nuclear, and
transsynaptic huntingtin effects (Landles and Bates, 2004; Luthi-
Carter, 2007), and the interrelationships of these effects need to
be understood in greater detail to access better therapeutic strat-
egies (Handley et al., 2006).

To distinguish neuronal effects of mutant huntingtin that may
be independent of brain circuitry, we investigated gene expres-
sion abnormalities arising in vitro after expression of 171 or 853
aa fragments of mutant huntingtin in primary striatal neurons via
lentiviral vectors. Here, we describe the use of these models to
uncover a polyglutamine-length-dependent pathway leading to
transcriptomic dysfunction in the medium spiny GABAergic
neurons that are most prominently affected in HD.

Materials and Methods

Lentiviral vectors. Lentiviral vectors encoding the first 171 aa of human
huntingtin containing either 18, 44, 66, or 82 CAG repeats under control
of the PGK (phosphoglycerate kinase) promoter [SIN-PGK-htt171-18Q/
44Q/66Q/82Q-WPRE], the first 853 aa of human huntingtin under con-
trol of a TRE-regulated promoter (SIN-TRE-htt853-18Q/82Q-WPRE),
the enhanced green fluorescent protein (EGFP) (SIN-PGK-GFP-
WPRE), or the tTA transactivator (SIN-PGK-tTA-WPRE) were pro-
duced in human embryonic kidney 293T (HEK293T) cells with a four-
plasmid system as described previously (Zala etal., 2005). (Sequencing of
the transgenes used for this study revealed the deletion of one repeat,
accounting for the difference from the previously reported htt19Q.) The
viruses were resuspended in PBS with 1% of BSA and matched for par-
ticle content to 1500 ng of p24 antigen per milliliter as measured by
ELISA (RETROtek; Gentaur).

Primary cultures and RNA extraction. Dissociated neuronal cultures
were prepared from ganglionic eminences of embryonic day 16 rat em-
bryos, yielding a majority population of neuronal nuclear antigen
(NeuN)-positive neurons and some residual astroglial cells (Zala et al.,
2005). Ninety-five percent of NeuN-positive cells also coexpressed
dopamine- and cAMP-regulated phosphoprotein-32 (DARPP-32; also
known as PPPIRIB) (supplemental Fig. 1A, available at www.
jneurosci.org as supplemental material). On day 1 in vitro, cells were
infected with lentiviral expression vectors at a titer of 1 ng of p24/10,000
cells and harvested for RNA after 2, 4, 6, or 8 weeks. The time points used
for the microarray measurements (PGK-htt171-82Q at 6 weeks or TRE-
htt853-82Q at 4 weeks) correspond to a stage in which huntingtin-
positive protein inclusions are present, but no significant cell death is
observed by criteria of terminal deoxynucleotidyl transferase-mediated
biotinylated UTP nick end labeling (TUNEL) positivity, caspase-3 acti-
vation, or diminished expression of pan-neuronal genes (Zala et al,,
2005) (supplemental Fig. 1 A, available at www.jneurosci.org as supple-
mental material). Death of htt82Q-expressing cells is, however, observed
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at time points of 8 weeks and greater. RNA samples from independent
culture samples were prepared with the RNeasy Mini System (Qiagen)
and comprised biological replicates for quantitative real-time PCR
(QPCR) and microarray studies.

Microarray sample processing. Biotinylated cRNAs were prepared from
1 ng of total RNA using the CodeLink Expression Assay Reagent Kit (GE
Healthcare) (htt171 series) or Affymetrix One-Cycle Target Labeling Kit
(htt853 model). cRNA (11 pg) was hybridized to Rat Expression 230A or
230 2.0 Genechips (for htt171 or htt853 experiments, respectively) and
processed, stained, and scanned according to the manufacturer’s recom-
mendations. The quality of input RNAs and cRNAs was verified with the
Bioanalyzer 2100 (Agilent Technologies) before use in each step of the
procedure.

Microarray analysis. Microarray quality control was performed using
the software package affyPLM from Bioconductor (www.bioconductor.
org). Microarrays with a median normalized unscaled SE =1.05 were
excluded. After quantification of gene expression by robust multiarray
analysis (Irizarry etal., 2003) using the affy package, spike probe sets were
removed, and differential gene expression was determined using the
limma package. For the htt853-82Q versus htt853-18Q, differential ex-
pression was determined by direct two-group comparison (n = 6 of 6
arrays). For the htt171 experimental series, differential gene expression
between each of the three treatment groups (EGFP, n = 3 arrays; htt171-
18Q, n = 4 arrays; htt171-82Q, n = 3 arrays) and the uninfected group
(n = 3 arrays) was determined with one-way ANOVA using the limma
package. We used the uninfected sample group as baseline and fitted
three coefficients representing the difference between each of the three
treatment groups and the uninfected sample group (treatment-contrasts
parametrization). Differential expression between 82Q and 18Q was de-
termined by calculating the corresponding contrast from the fitted coef-
ficients. p values were corrected for multiple testing using a false discov-
ery rate (FDR) approach (Benjamini and Hochberg, 1995). Gene
rankings reflected the order of ascending p values. Affymetrix annota-
tions (version 24) were used for probe-set-to-gene assignments; unan-
notated probe sets were discarded. Where multiple probe sets were as-
signed to the same gene, the probe set with the smallest p value was
included. The comparison of differential expression in each HD model to
gene expression changes detected in human HD caudate was performed
using the annotationTools package (Kuhn et al., 2008) as described in the
study by Kuhn et al. (2007), with human microarray data from the study
by Hodges et al. (2006).

Quantitative real-time PCR. Custom Tagman Low-Density Arrays
were obtained from Applied Biosystems. Reverse-transcription reactions
were performed with the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Replicate QPCR assays were performed with
cDNA equivalent to 1 ng of total RNA per reaction in Tagman Universal
PCR Master Mix on microfluidics cards in a 7900HT Real-Time PCR
System (all from Applied Biosystems). Data are presented for the follow-
ing inventoried assays: ADORA2a (Rn00583935_m1), proenkephalin 1
(PENK1) (Rn00567566_m1), regulator of G-protein signaling 4 (RGS4)
(Rn00568067_m1), neurogranin (NRGN) (Rn00480741_m1), Purkinje-
cell protein 4 (PCP4) (Rn00564515_ml), visinin-like 1 (VSNL1)
(Rn00562148_m1), and nuclear transcription factor Y gamma subunit
(NFYC) (Rn00563487_m1). Expression values were calculated as de-
scribed in the study by Runne et al. (2007), using B-actin (assay ID
Rn00667869_m1) as the normalization control. Similar results were ob-
tained after normalization to 18S ribosomal RNA (assay ID
4342379-18srRNA).

Multielectrode recordings. Primary neurons were cultured on MEA60
four-well multielectrode arrays (Ayanda Biosystems), and spontaneous
electrical activity was recorded using the MEA60 data acquisition system
(Multi Channel Systems).

BDNF assays. BDNF was measured by ELISA (Emax ImmunoAssay
System; Promega; sensitivity, 15.6 pg/ml). No BDNF was detected in
uninfected striatal cell lysates (~100 ug of total protein in triplicate) or
culture medium (100 ul of 20X concentrated medium, in triplicate). For
cellular lysates, parallel samples of cultured primary cortical neuron or
HEK293 cells were included as positive and negative controls, respec-
tively. Striatal cells had assay values indistinguishable from negative con-
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Figure1.  Comparison of overall differential expression signal in EGFP-, htt171-18Q-, and htt171-82Q-expressing cells. A, The relative distributions of uncorrected p values in the three conditions.

B, The signal (A) and differential expression (M) distributions, with probe sets meeting FDR p << 0.05 indicated by filled circles.

trol samples, whereas BDNF was detected at 215 pg/ml in cortical neuron
lysates (in triplicate), corresponding to 320 pg of BDNF per milligram of
total cellular protein. Similar results were obtained in independent
batches of neuronal cultures.

Results

Transcriptomic effects of lentiviral expression are
polyglutamine dependent

We first investigated the potential effects of our lentiviral expres-
sion vector or transprotein per se on neuronal RNA profiles.
Uninfected neurons were compared with EGFP-, htt171-18Q-,
and htt171-82Q-expressing cells after 6 weeks in vitro using mi-
croarray analysis. Global profiles of each lentiviral-infected group
was compared with uninfected cells to examine the differences in
overall signal characteristics. Uncorrected p value distributions
and signal/change ratio plots for these comparisons are shown in
Figure 1. GFP expression had very little effect on endogenous
RNA levels, as evidenced by only 3 (of 10,222) probe sets meeting
a cutoff criterion of FDR p < 0.05 (supplemental Table 1, avail-
able at www.jneurosci.org as supplemental material), an even
distribution of p values, and little deviation from zero in the
signal/change ratio plot. Expression of an N-terminal huntingtin
fragment with 18Q had a slightly larger effect, as assessed by 32 (of
10,222) probe sets meeting the criterion of FDR p < 0.05 (sup-
plemental Table 1, available at www.jneurosci.org as supplemen-
tal material), an increased distribution of p values near zero, and
more deviation from zero in the signal/change ratio plot. An
N-terminal huntingtin fragment with 82Q had a much greater
effect on endogenous RNA expression than the other two condi-

tions. This was demonstrated by 2151 (of 10,222; 21%) of probe
sets meeting the criterion of FDR p < 0.05, an obvious peak of
small p values, and large deviations from zero in the signal/
change ratio plots. These criteria all indicated that the major gene
expression effect detected in the neurons was attributable to the
expansion of the polyQ tract in huntingtin.

Polyglutamine-length dependence of htt171 effects and
confirmation of disease-related effects in a second model
system

Disease-specific changes in gene expression were extracted from
the comparison of htt171-82Q- versus htt171-18Q-expressing
cells. These comprised 2009 probe sets at a cutoff of FDR p < 0.05
(of 10,222; 20%) (Table 1; supplemental Table 2, available at
www.jneurosci.org as supplemental material), representing 1242
decreases and 767 increases in RNA expression. To assess the
strict polyglutamine-length dependence of the effects of mutant
htt171 fragments, we performed quantitative real-time PCR as-
says for selected RNAs (ADORA2A, PENK, RGS4, NRGN, PCP4,
VSNLI, and NFYC) after 6 weeks of expression of htt171
transproteins with 18Q, 44Q, 66Q, or 82Q repeats (Fig. 2).
Htt171-82Q had the greatest disease-related effect on RNA levels
(significantly different from 18Q for all), whereas htt171-66Q
significantly diminished the expression of only ADORA2a and
DRD2. Htt171-44Q showed a decrease in only the DRD2 RNA,
but resulted in levels of RGS4 and PENK that were slightly higher
than in htt171-18Q-expressing cells. In total, these results show
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Table 1. mRNA changes concordant in striatal neuron HD models and human HD caudate
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N171 log, fold change N853 log, fold change Human log, fold change Gene symbol Gene name
—2.24 —0.33 —0.78 GUCY1A3 Guanylate cyclase 1, soluble, & 3
—1.84 —0.24 —0.85 PDE2A Phosphodiesterase 2A, cGMP-stimulated
—1.88 —1.56 RGS4 Regulator of G-protein signaling 4
21 —0.42 —1.28 NGEF Neuronal guanine nucleotide exchange factor
—2.19 —0.34 —138 PENK Proenkephalin
—1.95 —1.22 PCP4 Purkinje cell protein 4
—237 —0.42 —1.60 GPR88 G-protein-coupled receptor 88
—148 —1.34 RASD2 RASD family, member 2
—1.24 —0.55 RGS2 Regulator of G-protein signaling 2, 24 kDa
—0.90 —0.58 ATP2B2 ATPase, Ca** transporting, plasma membrane 2
—2.55 —0.94 —0.40 NPY Neuropeptide Y
—1.25 —1.52 LPL Lipoprotein lipase
—1.13 —1.23 TPBG Trophoblast glycoprotein
—-1.16 —033 SLC24A3 Solute carrier family 24 (sodium/potassium/calcium exchanger), member 3
—1.69 —0.85 NPTX1 Neuronal pentraxin |
—0.88 —1.00 PLCBT Phospholipase C, B 1 (phosphoinositide-specific)
1.26 0.96 HSPB1 Heat shock 27 kDa protein 1
291 0.89 o Ceruloplasmin (ferroxidase)
—154 —0.67 ARPP-21 CAMP-regulated phosphoprotein, 21 kDa
—1.13 —1.51 PLK2 Polo-like kinase 2
—1.3 —0.65 VSNLT Visinin-like 1
—1.38 —0.75 PPPIR1B Protein phosphatase 1, regulatory (inhibitor) subunit 1B (DARPP-32)
—1.48 —0.62 HRH3 Histamine receptor H3
—0.82 1.1 PRKCBT Protein kinase C, B 1
—1.06 —0.31 —0.67 GADT Glutamate decarboxylase 1 (brain, 67 kDa)
—0.81 —0.55 OLFM1 Olfactomedin 1
—1.03 —1.49 DRD1 Dopamine receptor D1
—1.02 —0.69 VMP Vesicular membrane protein p24
—0.84 —0.79 ATP2A2 ATPase, Ca®* transporting, cardiac muscle, slow-twitch 2
—0.69 —1.09 sym Synaptotagmin |
—0.54 -1.23 (PLXT Complexin 1
—133 —0.40 —1.31 SYNPR Synaptoporin
—0.70 —1.06 GUCY1B3 Guanylate cyclase 1, soluble, B3
—1.46 —1.30 NRGN Neurogranin (protein kinase C substrate, RC3)
—0.55 —0.76 TESC Tescalcin
—0.53 —0.74 ACTN2 o Actinin-2
—0.69 —0.80 GNG7 Guanine nucleotide binding protein (G protein), y7
—133 —1.12 KCNAT Potassium voltage-gated channel, shaker-related subfamily, member 1
—0.63 —0.29 —0.39 DUSP14 Dual-specificity phosphatase 14
—1.41 —1.42 PCPALT Purkinje-cell protein-4-like 1
0.46 0.39 ACADVL Acyl-coenzyme A dehydrogenase, very long chain
0.76 0.43 GSN Gelsolin (amyloidosis, Finnish type)
—0.80 —0.49 —0.41 SNCA Synuclein, c (non-A4-component of amyloid precursor)
—0.56 —0.70 NELL2 NEL-like 2
—0.72 =17 (NRT (Cannabinoid receptor 1 (brain)
—133 —0.28 —0.33 NNAT Neuronatin
—1.10 —0.85 CAMKV (aM kinase-like vesicle-associated
—0.65 —0.89 CKMT1 (reatine kinase, mitochondrial 1A/B
—0.87 —1.08 ITPRT Inositol 1,4,5-triphosphate receptor, type 1
0.62 0.84 HSPA1B Heat shock 70 kDa protein 1B
—0.41 —-123 ADORA2A Adenosine A2a receptor

Selected genes differentially expressed in primary neuron HD models and human HD meeting criteria of FDR p << 0.05 in htt171-82Q (compared to htt171-18Q), FDR p << 0.05 in human HD grades 02 [compared with human controls;
microarray data from Hodges et al. (2006)], and top 500 genes in htt853-82Q (compared with htt853-18Q; blank fields indicate that no concordant regulation was observed).

the expected pattern of polyglutamine-length-dependent effects
on gene expression.

We further validated our in vitro system for assessing
polyglutamine-regulated changes in gene expression by examining
the effects of a mutant huntingtin fragment of a different length.
Expression of the first 853 aa of huntingtin under the control of a
TRE-regulated promoter (htt853-82Q vs htt853-18Q) also resulted
in significant changes in gene expression (Fig. 3A, B). Although the 4
week time point in the htt853 model showed a more modest overall
effect than the 6 week time point in the htt171-82Q model, the dif-
ferential expression results exhibited a strong correlation with the

htt171-82Q data (concordance coefficient, 0.63 for top 100 genes)
[Table 1; Fig. 3C; supplemental Table 3, available at www.jneurosci.
org as supplemental material (see also below)]. These results show
that different lentiviral vectors expressing different fragments of mu-
tant huntingtin show similar polyglutamine-related effects.

RNA changes show largest effects on neuronal signaling,
neurite outgrowth, protein degradation, and RNA splicing
pathways

To assess potential biological effects of these transcriptomic
changes, we asked whether the differentially expressed RNAs
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Figure2. Polyglutamine-dependent regulation of selected striatal RNAs in primary neurons by htt171. d, Significantly decreased expression; i, significantly increased expression compared with

htt171-18Q ( p << 0.05 by Student’s two-tailed ¢ test; assays in triplicate fromindependent RNA samples: 18Q, 82Q, n = 5;44Q,66Q, n = 4). Bar plots represent percentage of htt171-18Q expression

normalized to 3-actin; error bars represent SEM.

were significantly enriched in defined Gene Ontology (GO) cat-
egories. In agreement with previous observations in HD mice and
HD patient brains, top GO hits among genes downregulated in
htt171-82Q samples could be linked to neuronal signaling, in-
cluding cell communication, synaptic transmission, and mono-
valent and divalent cation transport (supplemental Table 4, avail-
able at www.jneurosci.org as supplemental material). There was
also significant overrepresentation of GO terms representing
gene sets involved in neuron differentiation and neuron and neu-
rite development, and morphogenesis in the set of downregu-
lated genes. Genes upregulated in htt171-82Q samples showed a
high representation of GO categories related to protein degrada-
tion, including modification-dependent/ubiquitin-dependent
protein catabolic processes, suggesting cellular responses to mu-
tant protein accumulation (Yamamoto et al., 2006). Another in-
teresting set of GO categories populated by upregulated genes
was categories associated with RNA splicing/RNA processing.
This is particularly intriguing given that mutant and wild-type
huntingtin have been reported to have differential affinities for
WW-domain proteins involved in RNA splicing (Passani et al.,
2000).

In vitro gene expression effects of huntingtin fragments
reproduce those found in human HD caudate

To examine the extent to which transcriptomic changes in our in
vitro models of HD accurately recapitulate the transcriptomic
changes of the human HD brain, we compared our results to
microarray data from low pathologic grade human HD caudate
(Hodges et al., 2006). We assessed the interaction of these two
data sets using a concordance coefficient method that we devel-
oped previously, which tallies the fraction of same-direction gene
expression changes (e.g., increased or decreased in model and
human HD) and penalizes for opposite-direction changes (e.g.,
increased in model and decreased in human, or vice versa). This
analysis showed that our in vitro models are very similar to HD
brain [for htt171-82Q: concordance coefficient, 0.45; p < 0.0026

(Fig. 4 A, B); for htt853-82Q: concordance coefficient, 0.255; p =
0.0142 (Fig. 4C,D)], with the 6 week htt171-82Q in vitro model
showing a particularly strong HD profile, as evidenced by its
transcriptomic concordance coefficient being equivalent to the
highest-scoring transgenic mouse models of HD (Kuhn et al.,
2007). Also, like the HD mice, a higher concordance in down-
regulated than in upregulated genes was observed in htt171-82Q-
expressing cells (0.53 vs 0.24, respectively). Specific gene expres-
sion changes concordant with those of human HD brain are
presented in Table 1 and supplemental Table 2, available at
www.jneurosci.org as supplemental material.

Transcriptomic changes are progressive

A distinct evolution of transcriptomic effects parallels the deteri-
oration of neuronal function in HD models, and magnitudes of
changes in mRNA levels increase with pathological grade in hu-
man HD brain. To evaluate the time dependence of htt171-82Q
effects on gene expression in our in vitro HD model, we con-
ducted quantitative real-time PCR assays at 2 week intervals for
RNAs that are consistently dysregulated in mouse and/or human
HD brain (Hodges et al., 2006; Kuhn et al., 2007). Mutant polyQ-
associated gene expression changes became significant at 4 weeks
and increased in magnitude through 8 weeks, ranging from a
decrease to 23% of control (ADORA2A) to an increase to 155%
of control (NFYC) [expressed as htt171-82Q- vs htt171-18Q-
expressing cells (Fig. 5)]. The steep onset of gene expression
changes just after the appearance of inclusions and shallow but
continued progression to cell death is reminiscent of the timeline
of molecular pathologies observed in HD mice (Luthi-Carter et
al., 2002).

Gene expression effects are not attributable to abnormal
neuronal firing

Changes in neuronal circuitry have been observed in mouse and
cell models of HD. Although we had isolated ganglionic
eminence-derived cells from other neurons in the brain, we
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wanted to rule out any transsynaptic ef-
fects that might nonetheless be present as
the driving force for gene expression
changes. To confirm that gene expression
changes did not result from the aberrant
spontaneous firing of neurons in the cul-
ture, we assessed their electrical behavior
using multielectrode arrays. Indeed, our
DARPP32-positive cells behaved as ex-
pected for an inhibitory GABAergic neu-
ron culture and did not show any sponta-
neous firing (0 of 256 channels on four
multielectrode arrays). In contrast, we ob-
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Because BDNF has been heavily impli-
cated in the etiology of HD, and BDNF
signaling can also influence gene expres-
sion, we asked whether changes in BDNF
protein levels might underlie gene expres-
sion changes in our in vitro model of HD.
Although it is clear that most striatally de-
livered BDNF is synthesized in cortical
neurons, there has been some debate over
whether striatal cells also produce this
neurotrophic factor. In addition, it is pos-
sible that the cell culture conditions used
in our experiment might result in non-
physiologic BDNF expression. Therefore, we assayed BDNF by
ELISA in uninfected primary neurons and in their culture me-
dium, reflecting BDNF accumulation over ~1 week. No BDNF
was detected in striatal cells [consistent with previous data (Zala
et al., 2005)], whereas a BDNF level of 320 pg/mg protein was
detected in primary cortical neurons. Together with the above
data, these results show that gene expression changes in our stri-
atal neuron model of HD are not a result of large transsynaptic
events or BDNF signaling. These findings support the view that
some aspects of HD-related striatal dysfunction are caused by the
effects of mutant huntingtin within medium spiny striatal
neurons.

Figure3.

Discussion

Dating from the establishment of animal models of HD using
excitotoxic lesions, the issue of cortical and striatal interactions in
Huntington’s disease has received much attention and has been
heavily debated. This study provides clear evidence that intracel-
lular polyQ-driven events that closely resemble HD can occur
within striatal neurons in the absence of brain circuitry. These
results suggest that intrinsic effects of mutant huntingtin in stri-
atal neurons may be sufficient to cause some aspects of striatal
dysfunction.

log2 FC htt853-82Q

log2 FC hit853-82Q log2 FC htt853-82Q

Comparison of overall differential expression signal in htt853-82Q- versus htt853-18Q-expressing cells (n = 6 arrays
for each condition) and concordance between htt853-82Q and htt171-82Q model data. A, The distribution of uncorrected p values
(compare with Fig. 1). B, The signal (A) and differential expression (M) distributions, with probe sets meeting FDR p << 0.05 (40
probe sets of 31,042 total) indicated by filled circles. Lower stringency cutoffs show 2230 probe sets meet the criterion of nominal
p << 0.05, and 473 probe sets meet the criterion of FDR p << 0.33. The top 100, 200, and 500 unique probe sets show a significant
transcriptomic relationship to the htt171-82Q model (as shown in (). C, Plots top 100, 200, or 500 differentially regulated genes
from the htt853-82Q versus htt853-18Q expression analysis for RNAs detected by both Rat 230A and Rat 230 2.0 arrays. Genes
meeting criteria of FDR p << 0.05 in htt171-82Q versus htt171-18Q comparison are indicated by filled black circles. The high
fractions of genes showing concordant regulations (top right quadrant for upregulated genes and bottom left for downregulated
genes) versus discordantly regulated genes (in top left and bottom right quadrants) represents the strong association between
models. Concordance coefficient (conc. coeff.): 0.63 for top 100 genes; 0.55 for top 200 genes; 0.36 for top 500 genes.

The balance with which intrinsic and extrinsic events deter-
mine striatal cell fates in vivo will nonetheless require further
examination. The findings of the present study by no means rule
out possible neurotrophic or excitotoxic roles of the HD cortex in
vivo. Neither can we completely rule out that the culture condi-
tions used here reproduce a (presumably non-BDNEF-driven)
neurotrophic signaling activity that dysfunctions in striatal
neurons.

Recent data on the possible involvement of BDNF in HD are
very persuasive. Previous reports indicate that BDNF transcrip-
tion is inhibited through a decreased cytoplasmic targeting of the
neural-restrictive silencing factor (Zuccato et al., 2003). In paral-
lel, dysregulated expression of TrkB (tyrosine-related kinase B)/
Ntrk2 and other BDNF receptors is observed in human HD brain
(Zuccato et al., 2008), and a decrease of Ntrk2 mRNA is also
observed in our in vitro lentiviral model studied here (albeit with-
out any detectable BDNF protein). An HD-related decrease in
axonal transport of BDNF has also been proposed to result from
mutant huntingtin’s inhibition of forward vesicular movement
along microtubules (Gauthier et al., 2004). In addition, striata of
BDNF null mutant mice have a molecular phenotype that is strik-
ingly similar to human HD (Strand et al., 2007). Moreover,
BDNEF is neuroprotective in chemical and genetic models of HD,
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changes are secondary events, or possi-
bly even reflect nonpathogenic compen-
satory changes. We cannot discriminate
between these possibilities at the present
time, but nonetheless, we believe that
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these transcriptomic indicators can
serve as robust readouts for the specific
molecular and cellular mechanisms that
regulate polyQ-dependent effects and
responses. This perspective is well-
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supported in animal model data, which
show that gene expression changes gen-
erally correlate well with behavioral
measures in animals with early-to-
moderate disease signs and that the RNA
changes worsen with disease progression
(Luthi-Carter et al., 2002; Hodges et al.,
2007; Kuhn et al., 2007). Future testing
of the effects of individual gene manip-
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ulations will eventually allow us to estab-
lish the link between transcriptomic
changes and particular cellular effects.
Qualitatively, the profiles of gene ex-
pression changes in our primary striatal
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Figure 4.

including the very model we study in these experiments. Al-
though the sum of the data implicating BDNF is very impressive,
it is nonetheless likely that extracortical mechanisms also govern
striatal neurodegeneration in HD.

Recent studies using regionally restrictive promoters to drive
mutant huntingtin expression have suggested that pathological
cell-cell interactions contribute to cortical pathogenesis in an
HD mouse model (Gu et al., 2005) and also to a major interde-
pendence of cortical and striatal cells in HD pathogenesis (Gu et
al., 2007). Moreover, previous studies by our group also show
that HD-like pathology and typical motor deficits can be seen in
the striata of primates expressing mutant huntingtin in the stria-
tum only (Palfi et al., 2007). Therefore, it is also quite plausible
that the range of effects of mutant huntingtin comprises cellularly
independent, parallel, and combinatorial toxicities that may all
be involved in the pathogenesis of HD. In fact, one could postu-
late that the strong reproducibility of striatal degeneration de-
spite a wide range of clinical HD phenotypes arises from func-
tionally overlapping pathways that ensure the nearly universal
demise of this cell population.

The present findings focus on the transcriptomic level changes
in polyQ-affected cells. Although there is considerable evidence
to suggest that these changes are primary targets of mutant hun-
tingtin through its direct interactions with transcription and
chromatin remodeling factors, it is possible that some of these

-0.5
log2 FC in model

Concordance of HD models with human HD caudate. 4, €, The distributions of the top 200 differentially expressed
RNAs in htt171-82Q- versus htt171-18Q-expressing cells or htt853-82Q- versus htt853-18Q-expressing cells relative to the dif-
ferential expression of their orthologs in human HD (see Materials and Methods). Same-sign regulations (increased or decreased
in both mouse and human HD) are shown above the x-axis in black; opposite-sign requlations (increased in mouse and decreased
in human, or vice versa) are shown below the x-axis in white. B, D, Scatterplots of differential expression in the htt171-82Q model
or htt853-82Q model versus human HD. Large numbers in the top right and hottom left quadrants summarize same-sign (con-
cordant) regulations (increased or decreased in both mouse and human HD); small numbers summarize opposite-sign requlations
(increased in mouse and decreased in human, or vice versa) in the top left and bottom right quadrants. Filled gray circles indicate
RNAs whose human orthologs show statistically significant regulation by the criterion of FDR p << 0.05; open circles (outlined in
gray) indicate RNAs for which the orthologous expression measure in human is considered nonsignificant (FDR p = 0.05).

T neuron models show a strong similarity to
0.5 human HD but are somewhat different
from those reported in cell lines. One fac-
tor may be that our ganglionic eminence
cultures have a different basal pattern of
gene expression that changes the tran-
scriptomic background on which the
polyglutamine-dependent changes arise.
Another important difference may be the
chronic nature of the polyQ exposure,
which accumulates toxicities over weeks
instead of days in our models. Indeed, cell
line gene expression profiles of polyQ tox-
icity typically show signatures of stress-
related and extramitochondrial metabolic genes (Sipione et al.,
2002; Bae et al., 2005; Apostol et al., 2006; Yamamoto et al., 2006;
Lee et al., 2007) more prominently than changes in neurotrans-
mitter signaling pathways. Our view is that different cellular
models represent different balances of polyQ effects, with the cell
lines showing a higher contribution from protein aggregation
and cellular stress-related effects, and the mice and primary neu-
rons reflecting perturbations of cellular communication and
neuronal connectivity. Because both sets of mechanisms are
likely contributors to the disease process, the appropriate choice
of model system can be made depending on which aspect(s) of
disease one intends to study.

With respect to disease-related events that lead to dysregula-
tion of the transcriptome, both our in vitro lentiviral models of
HD show good correlation to the disease-related effects detected
in human HD brain. This finding is consistent with our studies of
HD mice, which also found that mutant N-terminal huntingtin
fragments had qualitatively indistinguishable effects from full-
length mutant huntingtin (Kuhn et al., 2007), except for a slower
evolution of transcriptomic changes. The strong correlation be-
tween the gene expression patterns in the N171-82Q in vitro
model and human caudate suggests that this model may be an
excellent system for testing the mechanisms underlying
transcriptome-level effects of mutant huntingtin in HD.

0.0
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Figure 5.  Time course of expression changes in the htt171-82Q in vitro model of HD as

measured by QPCR (n = 5 per condition) (see Materials and Methods). Progressive changes are
observed between 2 and 8 weeks in vitro.
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