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Abstract

Transcriptional dysregulation has emerged as a central pathogenic mechanism in Huntington's
disease (HD), which is associated with neuropathological changes predominantly in the striatum.
Here we demonstrate that expression of Bclllb (a.k.a. CTIP2), a transcription factor exhibiting
highly-enriched localization in adult striatum, is significantly decreased in HD cells, mouse models
and human subjects and that overexpression of Bcl11b attenuates toxic effects of mutant huntingtin
in cultured striatal neurons. We show that Bcl11b directly activates the proximal promoter regions
of striatal-enriched genes and can increase mMRNA levels of striatal-expressing genes. We further
demonstrate an interaction between Bcl11b and huntingtin protein in cultured cells and brain
homogenates from HD R6/1 and YAC72 transgenic mice. We propose that sequestration and/or
decreased expression of Bcl11b in HD is responsible, at least in part, for the dysregulation of striatal
gene expression observed in HD and may contribute to the specificity of pathology observed in this
disease.
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Introduction

Huntington's disease (HD) is an inherited, neurodegenerative disorder caused by expansion of
a trinucleotide (CAG) repeat region in the HD gene, which results in an expanded
polyglutamine stretch in the encoded protein, huntingtin (htt) (Group 1993). A major enigma
exists regarding the pathology in HD: although the mutated htt protein is expressed
ubiquitously throughout the brain and body, the most striking neurodegenerative changes are
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observed in the striatum, a brain region that regulates movement and directed motor behavior,
as well as cognitive function (Graybiel 2005). Since the distribution of htt is itself inadequate
to explain the regional patterns of pathology that ensues in HD, a major question exists
regarding the mechanism(s) for this specificity.

Diverse models for HD cellular pathogenesis have been proposed (Ross 2004). However,
increasing evidence implicates transcriptional dysregulation as a central pathogenic
mechanism in HD (Cha 2000; Okazawa 2003; Sugars and Rubinsztein 2003). The exact roles
of htt in the regulation of transcription are not clear; however interactions between htt and
several transcription factors have been demonstrated. Studies have shown that mutant htt
interacts with ubiquitous transcription factors such as the cAMP response element-binding
protein- (CREB)-binding protein (CBP), Specificity protein 1 (Sp1), TATA binding box
protein (TBP) and widely expressed components of the basal polymerase Il transcriptional
machinery such as the transcription initiation factor complexes TFIID and TFIIF, and the
TATA box binding protein (TBP)-associated factor (TAF4; a.k.a. TAFI11130) (McCampbell et
al., 2000; Shimohata et al., 2000; Dunah et al., 2002; Li et al., 2002; van Roon-Mom et al.,
2002; Zhai et al., 2005). However, other mechanisms of transcription factor disruption due to
mutant htt have been proposed (Chen-Plotkin et al., 2006; Sadri-Vakili et al., 2007). Overall,
there is much evidence that mutant htt disrupts transcriptional regulation; consequential of this
concept are gene profiling studies that have revealed dramatic expression alterations of genes,
especially those exhibiting enriched expression in the striatum, in the brains of HD mouse
models and human subjects with HD (Luthi-Carter et al., 2000; Zucker et al., 2005; Desplats
et al., 2006; Hodges et al., 2006; Thomas 2006). While this model is widely accepted, it does
not establish how only specific neuronal populations are affected in HD.

In our previous microarray studies focusing on the expression of striatal-enriched genes in HD,
we identified a transcription factor, Bclllb (a.k.a. CTIP2), that showed enriched expression
in the striatum and was decreased in the brains of R6/1 transgenic mice (Desplats et al.
2006). Bcll1b is a CoH, zine finger DNA binding protein that has been shown to alter
transcription in vitro by interacting with chicken ovalbumin upstream promoter transcription
factor (COUP-TF) family members (Avram et al., 2000), or via a sequence-specific DNA
binding element that is related to the canonical GC box (Avram et al., 2002). Bcl11b isacritical
developmental protein. Studies on Bcl11b null mice, which die shortly after birth of unknown
causes, have demonstrated important roles for Bcl11b in the immune system, where it controls
T cell subtype specification and survival in the developing thymus (Wakabayashi et al.,
2003). Studies in the CNS have demonstrated essential roles in the development of
corticospinal motor neurons (Arlotta et al., 2005), and the differentiation of medium spiny
neurons and establishment of cellular architecture of the striatum (Arlotta et al., 2008). Despite
important developmental roles, its functional role in adult CNS remains unclear. Due to its
highly enriched expression in adult striatum, we hypothesize that Bcl11b may regulate striatal
gene transcription and hence, may represent a candidate transcription factor associated with
dysregulation of striatal gene expression in HD.

In this study, we have investigated the potential role for Bcl11b in the control of striatal gene
expression and further characterized Bcl11b in HD cells and transgenic mouse models
expressing mutant htt, as well as in brains from human HD subjects. We present evidence
indicating that Bcl11b is responsible for transcriptional control of important genes in the
striatum and suggest that its dysregulation and/or aggregation caused by expanded htt protein
may contribute to the striatal transcriptional deficits observed in HD.
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Material and Methods

Animals and human subjects

HD R6/1 transgenic mice, expressing exon 1 of the human HD gene carrying 115 CAG repeats
(Mangiarini et al., 1996) and YAC72 mice, which express a full-length human HD gene
carrying 72 CAG repeats (Hodgson et al., 1999) were obtained from Jackson Laboratories. At
the age of 4 weeks, mice were genotyped according to the Jackson Laboratories protocol to
determine hemizygousity of the HD transgene. Mice were housed in groups of four on a
standard 12/12hr light-dark cycle with ad libitum access to standard laboratory chow and tap
water. All procedures were in strict accordance with the NIH Guidelines for the Care and Use
of Laboratory Animals. Human postmortem caudate samples were obtained from Harvard
Brain Tissue Resource Center (McLean Hospital, Belmont, MA, USA). Caudate samples
consisted of three HD samples, grade 3, a 53 years old female, postmortem interval (PMI)=
16.90 h and two males, 46 and 54 years old, PMIs=22.25 h and 15.92 h respectively, and three
controls, a 58 years old female, PMI= 24.25 h and two males, 49 and 55 years old, PMIs=
27.13 h and 14.50 h respectively. The pH values of the samples ranged from 6.1 to 6.5. All
samples were stored at -70°C until use.

Real-Time PCR Analysis

Statistics

Real-time PCR experiments were performed using the ABI PRISMs 7900HT Sequence
Detection System (Applied Biosystems, Foster City, CA) as described previously (Desplats et
al. 2006). Amplification was performed on a cDNA amount equivalent to 25 ng total RNA
with 1 x SYBR® Green universal PCR Master mix (Applied Biosystems) containing
deoxyribonucleotide triphosphates, MgCl,, AmpliTaq Gold DNA polymerase, and forward
and reverse primers. PCR reactions were performed on two independent sets of template (n=
6 mice or human samples per condition and STHdh cells). Specific primers for each studied
sequence and for mouse and human endogenous controls were designed using Primer Express
1.5 software and their specificity for binding to the desired sequences was searched against
NCBI database (Supp. Table 1). Standard curves were generated for each gene of interest using
serial dilutions of mouse or human cDNAs. Experimental samples and no-template controls
were all run in triplicate. The PCR cycling parameters were: 50°C for 2 min, 95°C for 10 min,
and 40 cycles of 94°C for 15 s, 60°C for 1 min. Finally, a dissociation protocol was also
performed at the end of each run to verify the presence of a single product with the appropriate
melting point temperature for each amplicon. The amount of studied cDNA in each sample
was calculated using SDS2.1 software by the comparative threshold cycle (Ct) method and
expressed as 2exp(Ct) using hypoxanthine guanine phosphoribosyl transferase (Hprt) as an
internal control for mice sequences, whereas 32-microglobulin (B2M) was used for the human
sequences. For calculations applying the Ct method, age-matched wild-type littermate control
mice, control, non-affected human individuals or mock-transfected cells were used as calibrator
samples.

Student's t test was used to determined differences in expression of Bcl11b in HD R6/1 mice
and human HD caudate. One-way ANOVAs with Bonferroni post-tests for multiple
comparisons followed by student's t test for determination of exact p-values were used to
determined significant effects of Bcl11b on promoter activity, cell viability and gene
expression in HD cells. Fisher exact probability test was used to assess the statistical
significance of the overrepresentation of Bcl11b binding sites in proximal promoter regions of
striatal-expressed vs. non-striatal-expressed genes, using a 2x2 contingency table. All
statistical tests were performed using GraphPad software (GraphPad Prism, San Diego, CA).
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Immunohistochemical/ln situ hybridization analyses

Immunohistochemical experiments were performed using an anti-Bcl11b (1:2,000 dilution;
Bethyl Laboratories, Montgomery, TX). The immunoreaction was detected with VVectastain
ABC kit (Vector Laboratory Inc., Burlingame, CA) according to the instructions of the
manufacturer. Enzymatic development was performed in 0.05% diaminobenzene in PBS
containing 0.003% hydrogen peroxide for 3-5 min. Colocalization of hypocretin mMRNA and
Bcl11b protein was performed as described previously (Thomas et al., 2001). Briefly, in situ
hybridization for hypocretin mRNA was performed using an 3°S-labeled, single-stranded
antisense CRNA probe against hypocretin (nts 341- 459 of accession # NM_010410) at 107
cpm/ml, followed by immunostaining for Bcl11b protein.

Luciferase Assay

HEK?293 cells were plated at 3x10° cells per well in six well tissue culture plates. The following
day the cells were transfected with reporter plasmids containing the following mouse
sequences: substance P/tachykinin (Tacl; -871 to +10 of translation start site), adenylate
cyclase V (Adcyb5; -454 to -13), neuronal guanine exchange factor (Ngef; -1110 to -650) and
Bcl11b (-1002 to +9) cloned into pGL3-Basic (Promega, Madison, WI) in combination with
an expression plasmid containing the cDNA of mouse Bcl11b (beta isoform; nts 272-2710 of
accession #AB043553). In some experiments, cells were also co-transfected with exon 1 of
the human HD gene containing 25 CAG (pQ25) or 72 CAG (pQ72) repeats. Transfections were
carried out using Superfect transfection reagent according to the manufacturer's instructions
(Qiagen Inc, Valencia, CA). Empty expression vector, pcDNA3.1, was used to ensure all wells
received the same amount of total DNA. 48 hours after transfection, cells were analyzed for
luciferase activity. For luciferase assays, cell monolayers were rinsed twice with wash buffer
(40 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1 mM EDTA). Cells were lysed by the addition of 1
ml of lysis buffer (20 mM K,POy, pH 7.8, 5 mM MgCls, 0.5% Triton X-100). The lysate was
transferred to a microfuge tube and centrifuged for 2 min to pellet cell debris. Luciferase assays
were performed exactly as described previously (Archer etal., 1994). The protein concentration
of each extract was determined by dye binding using a commercial kit (Bio-Rad).

Co-Immunoprecipitation experiments

For the co-immunoprecipitation of interacting proteins, striata from R6/1 transgenic mice and
wild type littermate controls (n = 3 animals/condition, 6 months old) and whole brains from
YACT72 transgenic mice (n=2 animals/condition, 8 months old) were homogenized with Teflon
arrows in IP buffer (10 mM Tris/Hcl pH 7.8, 150 mM NaCl, 1 mM EDTA, 40 % v/v Nonidet
P-40, 1 mM PMSF) at a ratio of 100 pl buffer/10 mg tissue. For in vitro assays, HEK293 cells
were co-transfected with a Bcl11b construct (1 pug, pcDNA3.1: beta isoform; nts 272-2710 of
accession # AB043553) in combination with HD exon 1 gene constructs containing 25 or 103
CAG repeats (1 nug each, pcDNA3.1; kindly provided by the Hereditary Disease Foundation)
using Lipofectin Reagent (Invitrogen, Carlsbad, CA) according to the manufacturers
instructions. After 3 passages of the lysate through a 1 ml syringe, the homogenates were spun
at 10,000 x g 10 min at 4°C, and supernatants were collected. For immunoprecipitation, aliquots
containing 650 pg of protein (determined by the bicinchoninic acid method) were brought to
a final volume of 500 pl with NET-BSA buffer (50 mM Tris/HCI pH 7.5, 150 mM NaCl, 1
mM EDTA, 0.1 % v/v Nonidet P-40, 0.25 % w/v BSA and 0.02 % sodium azide). Homogenates
were incubated for 3 hrs with either, 1 ug of rabbit anti-Bcl11b (Bethyl Laboratories,
Montgomery, TX), 1 ug mouse anti-htt/exonl antibody, EM48 (MAB5374, Chemicon
International, Temecula, CA), 1 ug mouse anti-htt/C-terminal antibody, 4C8 (MAB2166,
Chemicon International, Temecula, CA) or 1 ug of a normal rabbit or mouse 1gG (Santa Cruz
Biotechnology, Santa Cruz, CA) as control, in a rocker at 4 °C. 40 ul of protein A-sepharose/
PBS 50:50 v/v was added to the homogenates and incubated overnight on a rocker at 4 °C.
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Collection of the conjugates was done by spinning the samples at 12,000 x g for 30 sec and
washing pellets for 10 min in a rocker at 4°C using 1 ml of NET-BSA buffer and finally with
1 ml of 10 mM Tris/HCI pH 7.5 — 0.1 % Nonidet P-40. Protein-sepharose A beads were
resuspended in 50 mM TRIS/HCI, pH 6.5; 1 X Nupage loading buffer (Invitrogen, Carlsbad,
CA) and 40 mM DTT and heated at 100 °C for 5 min before separation by SDS-PAGE and
subsequent Western blotting. Western blotting was performed using the following antibodies:
a-Bcll1b, 1:2,000 dilution (Bethyl Laboratories, Montgomery, TX), rabbit a-Actin, 1:200
dilution (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-htt, EM48, 1:1,000
(Chemicon International, Temecula, CA), anti-htt, 4C8 antibody, 1:5,000 dilution (MAB2166,
Chemicon International, Temecula, CA) and anti-htt, 2E8 antibody, 1:5,000 dilution
(MAB2168, Chemicon International, Temecula, CA). Although useful in immunoprecipitation
and immunohistochemistry experiments on mouse brain, the EM48 antibody does not produce
consistent results in mouse brain in Western blot analyses, hence was only used in HEK293
cells. Equal loading of Western blots was verified by Ponceau S stain.

Striatal Cell Culture

MTT assay

Results

Conditionally immortalized wild-type STHdAhQ” striatal neuronal progenitor cells expressing
endogenous normal huntingtin, with 7 glutamines and homozygous mutant STHdhQ111 striatal
neuronal progenitor cell lines, expressing endogenous mutant huntingtin with 111-glutamines,
were a kind donation from Dr. Marcy MacDonald (Trettel et al., 2000). The striatal cell lines
were grown at 33°C in Dulbecco’s modified Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 1% non-essential amino acids, 2mML-glutamine and 400 mg/ml
G418 (Sigma-Aldrich, St Louis, MO). Cells were plated at 3x10° cells per well in six well
tissue culture plates. The following day the cells were transfected with an expression plasmid
containing the cDNA of mouse Bcl11b (beta isoform; nts 272-2710 of accession # AB043553)
using Lipofectin transfection reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer's instructions. Empty expression vector, pcDNA3.1, was used to ensure all wells
received the same amount of total DNA. 48 hours after transfection, cells were plated on 96-
well ELISA plates and analyzed for mitochondrial activity by MTT assay. Transfection
efficiency was assessed in duplicate sets of transfected cells by quantifying the percentage of
green fluorescent protein (GFP)- positive cells using fluorescence microscopy. By this method,
we observed transfection efficiency of ~50%.

The metabolic activity of STHdhQ” and STHdhQ11 cells was determined by using the MTT
assay. This method is based on the reduction of the soluble yellow MTT tetrazolium salt to
blue insoluble MTT formazan product by mitochondrial succinic dehydrogenase, an enzyme
which is only active in cells with an intact metabolism and respiratory chain. 48 hours after
transfection cells were treated with MTT reagents using CellQuanti-MTT kit (BioAssay
Systems, Hayward, CA) as per manufacturer's instructions. After incubation for 6 hours at 33°
C the reaction was stopped with acidified isopropyl alcohol to solubilize the colored formazan
product. Absorbance was read at 550 nm on a multiwell spectrophotometer.

Bclllb Expression is decreased in HD

Our initial studies showed decreased expression of Bcl11b mRNA in the striata of symptomatic
R6/1 transgenic mice (Desplats et al. 2006). In this study, we further investigated CNS-wide
expression of Bcl11b protein and gene expression changes in R6/1 transgenic mice at different
stages of disease, as well as in post-mortem caudate samples from human subjects with HD.
In addition to showing high levels of expression in the striatum, Bcl11b mRNA is also
expressed in other brain regions affected in HD, such as cortex, hippocampus and olfactory
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bulb from early embryonic stages of development (Leid et al., 2004; Arlotta et al. 2005;
Desplats et al. 2006). Immunohistochemistry experiments on adult mouse brain (>2 months of
age) demonstrate that Bcl11b protein expression is also expressed in these regions (Figure 1).
Directly comparing the CNS-wide protein expression patterns of Bcl11b to its mRNA patterns
revealed highly correlated expression profiles (Supplementary Table 2). Interestingly, we also
detect expression of Bcl11b protein in the hypothalamus, specifically in a subset of hypocretin-
containing neurons (Figure 1F), which are decreased in HD patients and mouse models
(Petersen et al., 2005). Consistent with its role as a transcription factor, Bcl11b is localized to
the nucleus of striatal neurons, as determined by precise colocalization with DAPI, which form
fluorescent complexes with double-stranded DNA in the nucleus, and NeuN (Supplementary
Figure 1).

Using real-time PCR analysis, we find that decreases in Bcl11b mRNA expression occur as
early as 1 month of age in R6/1 transgenic mice and progressively decrease with increasing
age (Figure 2A). These decreases detected at 1 and 2 months of age, precede the onset of disease
symptoms, which typically do not begin until ~4 months age (Mangiarini et al. 1996). Bcl11b
transcript levels are also substantially reduced in the caudate of human subjects with HD
(Figure 2A). Western blot analysis revealed decreases in Bcl11b protein expression in
symptomatic (>6 months of age) R6/1 transgenic mice and in human caudate from HD subjects,
in which an almost complete loss of protein is observed, consistent with the mRNA findings
(Figure 2B).

Bclllb binding sites are Overrepresented in Proximal Promoter Regions of Striatal-
Expressed Genes

We hypothesized that, due to its specific localization in the brain, Bcl11b may play a role in
the control of striatal gene expression, and hence, its decreased expression in HD may have
pathological consequences. Because Bcl11b has known consensus DNA binding sites as
determined from in vitro studies [GGCCG/AG/AAGG, or the core element GGCCG/AG/A
(Avram et al. 2002)], we used in silico analysis to investigate the presence of these sites in
different sets of genes. Most experimentally identified transcription factor binding sites lie in
the proximal promoter region, which is within 1 kb upstream, and surrounding, the transcription
start site (Zhang 1998). Therefore, we examined these promoter regions for 100 genes, 50
exhibiting “striatal-enriched” expression (Desplats et al. 2006) and 50 genes with low or
undetectable levels of expression in the striatum (“non-striatal” genes) (Table 1), for consensus
Bcll1b binding elements using SiteSeer, TFSEARCH and TESS search engines (Schug and
Overton 1997; Boardman et al., 2003). We found a significant overrepresentation of Bcl11b
binding sites in the proximal promoter regions of striatal-enriched genes compared to non-
striatal-expressed genes using the Fisher's exact probability test (Long et al., 2004) (two-side
probability threshold; p = 0.01) (Table 2). Scanning the putative promoter regions of these 100
genes for other transcription factors revealed the presence of many sites for known transcription
factors, including consensus binding sites for the ubiquitous transcription factors, COUP-TF,
which has been shown to interact with Bcl11b (Lin et al., 1999), Sp1, TBP and CREB.
Transcriptional control by the latter factors is disrupted by the presence of mutant htt protein,
with Spl and CBP specifically interacting with htt protein (McCampbell et al. 2000; Steffan
et al., 2000; Dunah et al. 2002; Li et al. 2002). Nonetheless, binding sites for these and other
transcription factors were equally represented in striatal and non-striatal gene groups (p values
ranging from 0.16 to 1.0) (Table 2), suggesting that these transcription factors have less of a
contribution to the specific control of striatal gene expression.

We further compared genes whose expression was co-regulated in HD mouse models, based
on existing microarray profiling data in the literature [reviewed in (Thomas 2006)], for the
presence of consensus binding sites for Bcl11b using the Fisher's exact test. For this analysis,
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we focused exclusively on those genes demonstrating enriched expression in the striatum. We
find that 23 out of 41 genes shown to be regulated in HD mouse models contained > 2 Bcl11b
consensus binding sites in their proximal promoter regions, while only 2 genes that were not
regulated in HD mouse models showed the same occurrence (see Table 1). These numbers
indicate a significant enrichment of Bcl11b binding sites in the upstream sequences of genes
regulated in HD mouse models (p<0.04).

Bclllb Activates Promoter Regions of Genes with Striatal-Enriched Expression; Reversal
by Mutant Htt

In order to test whether Bel11b could directly regulate the basal expression of selected striatal
genes, proximal promoter fragments of four striatal-enriched genes, Tacl, Adcy5, Ngef and
Bcelllbitself, containing 0, 1, 2 and 5 consensus Bcl11b binding sites, respectively, were cloned
into the pGL3 basic luciferase reporter vector. HEK293 cells were cotransfected with the
different pGL3 constructs and increasing amounts of the full-length Bcl11b ORF (Figure 3).
Overexpression of Bcl11b in the presence of the Adcy5 promoter construct had no significant
effect on luciferase activity, while in the presence of Tacl, slight activation was observed at
concentrations of 100 and 500 ng Bcl11b only. In contrast, overexpression of Bcl11b in the
presence of the Ngef and Bcl11b promoters induced dose-dependent increases in luciferase
activity with maximal effects of 5-fold and 2.7-fold at 1 pg Bcl11b/pcDNAS3.1 (Figure 3A)
(p=0.0001, one-way ANOVA). Bcl11b had no significant effects on basal luciferase activity
(data not shown).

To test the effect of mutant htt protein on Bcl1l1b-induced Ngef promoter activity, we
cotransfected HEK293 cells with increasing concentrations of an HD/pCMV construct,
expressing exonl of human HD gene carrying 72 CAG repeats, in combination with the Ngef
promoter construct and Bcl11b plasmid. The presence of htt had no effect on Ngef promoter
activity alone, however, htt was able to almost completely reverse the activation of luciferase
activity induced by Bcl11b (Figure 3B). We also compared the effects of transfecting HD exonl
carrying 25 CAG repeats (pQ25) vs. 72 CAG repeats (pQ72) on Bcl11b-induced Ngef promoter
activity. Htt containing 25 glutamines was also able to inhibit Bcl11b-induced Ngef promoter
activity. However, significantly greater inhibition was observed with pQ72 compared to pQ25
(47.3£0.13% vs. 55.8+0.072% inhibition for 500 ng pQ25 and pQ72, respectively; p<0.05, and
68.4+0.002% vs. 79.0+0.09% for 1 pg of pQ25 and pQ72, respectively; p<0.026). Previous
studies, including our own unpublished studies, have shown that transient overexpression of
mutant htt alone has no effect on cell death in HEK293 cells (Hackam et al., 2000; Zeron et
al., 2001). Rather, htt fragments are only toxic in the presence of an additional stimulus, i.e.
an apoptotic or excitotoxic stressor. Hence, it is very unlikely that the reduced effects of Bcl11b
on promoter activity observed here are due to cytotoxic effects of mutant htt.

Bcl11lb Interacts with Htt in the Brain

Because we found that the effects of Bcl11b on promoter activation were prevented in the
presence of mutant htt, we investigated whether these two proteins could interact with one
another. We first found that Bcl11b co-localized with intranuclear N-terminal htt aggregates
in the R6/1 mouse model of HD, indicating proximal compartmental localization of these two
proteins. Double immunofluorescence experiments revealed that 91.7+2.8% of Bcl11b-
positive neurons in the striatum of symptomatic, 6-8 month-old R6/1 transgenic mice also
contained htt aggregates (Supplementary Figure 1). To test for an interaction between Bcll1lb
and htt, we performed co-immunoprecipitation experiments both in vitro (HEK293 cells) and
in vivo, using HD mouse models expressing truncated (R6/1 mice) and full-length (YAC72
mice) forms of the htt protein. Three isoforms of Bcl11b, alpha, beta and gamma (75, 89.4 and
97.1 kDa, respectively), generated by alternative splicing, are detected in mouse striatum,
although the beta form is, by far, most abundant. HEK293 cells were first co-transfected with
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a construct containing the Bcl11b cDNA (beta isoform, Bcllb-beta) in combination with
constructs containing exon 1 of the HD gene carrying 25 or 103 CAG repeats.
Immunoprecipitation of htt resulted in the co-precipitation of Bcl11b-beta (Figure 4), with a
greater interaction being observed between Bcl11b-beta and htt containing 103 glutamines.
Interactions between htt and Bcl11b protein were also observed in the brains of two different
HD mouse models: R6/1 transgenic mice, which express exon 1 of the human HD gene carrying
115 CAG repeats (Mangiarini et al. 1996), and YAC72 transgenic mice, which express a full-
length human HD gene carrying 72 CAG repeats (Hodgson et al. 1999). Immunoprecipitation
of htt in striatal homogenates from wt and R6/1 transgenic mice using an antibody directed
against the N-terminal region of htt, (antibody EM48), which is necessary due to the nature of
the exon 1 model, resulted in the co-precipitation of all three Bcl11b isoforms (Figure 4B),
although the gamma form was detected only at low levels. Greater interactions were detected
between Bcl11b and mutant htt, with 1.4-fold and 2.6-fold increases in the amount of the alpha
and beta isoforms, respectively, immunoprecipitated in the striata of R6/1 transgenic mice
compared to wt mice (quantified relative to Ponceau S staining). We next tested whether Bcl11b
could interact with the full-length htt protein by performing co-immunoprecipitation in whole
brain of YAC72 transgenic mice. Immunoprecipitation of htt using an antibody directed against
the C-terminal region of huntingtin, (antibody 4C8), also resulted in the co-precipitation of
Bcll1b (Figure 4C). As we observed in the striata of R6/1 mice, the beta isoform of Bcll11lb
interacted with both wt and mutant htt protein, although a slightly greater interaction was
observed in the transgenic mice. The alpha form was found to interact predominantly with the
mutant htt protein, while the gamma isoform was only at detected very low levels in whole
brain of wt or YAC72 mice (Figure 4C). It should be noted that the htt antibody used in this
experiment, 4C8, can also recognize endogenous mouse htt protein, as well as htt proteolytic
fragments. Therefore, we have used the human-specific anti-htt antibody, clone 2E8, to verify
the immunoprecipitation of the mutant human transgenic protein in the reverse pull-down
experiment using Bcl11b as the bait (Figure 4D).

Bclllb Expression Protects Against Mutant Htt-Induced Cellular Toxicity

To test for a physiological role in HD pathology, we investigated the effects of Bclllb in a
well-established HD cell culture model, STHdhQ111 cells. These cells have been generated
from the striatal tissue of HdhQ11! knock-in mice (Trettel et al. 2000), and express full-length
endogenous htt protein containing 7 glutamines in the wt cell line, STHdhQ” cells, and 111
glutamines in the mutant cell line, STHdhQ11! cells. STHdhQL! cells display a mutant
phenotype of decreased mitochondrial function and energy metabolism (Cui et al., 2006; Lee
etal., 2007), which has also been implicated in HD pathogenesis (Browne and Beal 2006). We
first tested whether these immortalized striatal cells express markers of in vivo mature striatal
neurons, by performing PCR analysis on randomly selected striatal-enriched genes [see
(Desplats etal. 2006)]. STHdhQ7 cells were found to express the dopamine and cAMP regulated
phosphoprotein (DARPP-32), forkhead box P1 (Foxpl), adenosine A2a receptor (Adora2a),
copine V (Cpneb), brain-specific angiogenesis inhibitor 1-associated protein 2 (Baiap2),
regulator of G-protein signaling 9 (RGS9), Guanine nucleotide binding protein (G protein)
gamma 7 subunit (Gng7), Ngef, Bcl11b and Adcyb; albeit, some of these were expressed at
low levels (data not shown). As we observed in the brains of HD transgenic mice and human
HD subjects, Bcl11b expression is greatly decreased in STHdhQ111 cells compared to wt cells
(Figure 5B); this allowed us to examine the effects of Bcl11b overexpression in these cells.
Using the MTT assay, we detected a defect in mitochondrial metabolism similar to previous
reports in these cells (Trettel et al. 2000; Cui et al. 2006). Overexpression of Bcl11b in these
cells significantly attenuated this deficit, suggesting that upregulation of Bcl11b can rescue the
effects of mutant htt (Figure 5A).
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Gene Expression Correlates to Bcl11b-Mediated Reversal of Phenotype in STHdhQ11 Cells

We next identified potential gene targets for Bcl11b in STHdhQ1L cells, focusing on striatal-
enriched genes, as these are the putative targets for Bcl11b regulation. Consistent with its
activation of the promoter region of Ngef, overexpression of Bcl11b resulted in a significant
increase in transcription of Ngef in STHdhQ11! cells, completely reversing the deficit in Ngef
expression exhibited by these cells (Figure 5B). Bcl11b elicited a small increase in the
expression of itself, slightly reducing the deficit exhibited by these cells. Bcl11b also caused
significant increases in the expression of striatal-enriched genes, Foxpl and Baiap2 (Figure
5B), although STHdhQ11! cells did not show an underlying deficit in the expression of these
genes. No effect of Bcl11b overexpression was observed for RGS9, Gng7 and Adcy5, whose
promoter region was also not activated by Bcl11b (see Figure 3). We also examined the
expression of peroxisome proliferative activated receptor, gamma, coactivator 1 alpha,
(Ppargcla), a mitochondrial respiration regulator (Puigserver and Spiegelman 2003) that has
previously been shown to be important to mitochondrial dysfunction and neurodegeneration
in these striatal HD cells (Cui et al. 2006). STHdhQ1! cells showed decreased expression of
Ppargcla, which was significantly attenuated by Bcl11b overexpression (Figure 5B). As we
observed with many of the striatal-enriched genes, the putative promoter region for Ppargcla
contains two consensus binding sites for Bcl11b, suggesting that Bcl11b activates transcription
via this site (data not shown).

Discussion

We have previously reported that the expression of 38 striatal-enriched genes is decreased in
the brains of HD transgenic mice (Desplats et al. 2006); These differences are also present in
caudate of human HD subjects (Hodges et al. 2006; Thomas 2006). These findings suggest
that one or more transactivating factors may be responsible for such co-dyregulation of striatal-
expressing genes. In this study, we present evidence indicating that Bcl11b is responsible for
transcriptional control of important genes in the striatum and suggest that its dysregulation
and/or aggregation caused by expanded htt protein may contribute to the striatal transcriptional
deficits observed in HD.

The most significant neuropathological and neurodegenerative changes in HD are observed
predominantly in the striatum. However, it is now appreciated that htt-induced deficits are more
widespread, involving cortex, hippocampus, hypothalamus and olfactory function (Hedreen et
al., 1991; Spargo et al., 1993; Murphy et al., 2000; Mitchell et al., 2005; Petersen et al. 2005;
Wetter et al., 2005). These regions correspond to the specific localization of Bcl11b in the
CNS, as described herein, and by others (Leid et al. 2004; Arlotta et al. 2005; Desplats et al.
2006). This led us to the hypothesis that Bcl11b may be an important transcription factor
associated with striatal gene dysregulation in HD. Accordingly, we demonstrate significant
decreases in expression of Bcl11b in HD striatal cells, striata from HD R6/1 transgenic mice
and caudate samples from human subjects with HD. Importantly, we find that Bcl11b
expression levels are decreased in R6/1 mice as early as 1 month of age, far prior to the onset
of disease symptoms, suggesting that deficits in Bcl11b function may be pathogenic. We also
find that Bcl11b expression deficits worsen with disease progression in mice and are
dramatically reduced in the brains of human subjects with end-stage illness. It is possible some
of the observed decrease in Bcl11b expression in human caudate could be due to neuronal loss,
however this is not likely to explain the total decrease, as no changes in the mRNA or protein
levels of beta-actin, which is commonly used to normalize neuronal levels of expression (Shim
and Lubec 2002; Smart et al., 2003; Rinaldi et al., 2007), were observed.

From our in silico analyses, we predict that Bcl11b can potentially control the expression of

up to 40 striatal-expressing genes; our luciferase and real-time PCR studies have confirmed
this for a subset of striatal-expressing genes. In particular, we find that Bcl11b can activate its
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own promoter, which contains 5 consensus Bcl11b binding sites. Bcl11b also activated the
Ngef promoter region, which contains two Bcl11b response elements. Previous studies have
shown that Bcl11b, and a related isoform Bcl11a, repressed transcription of a reporter gene
harboring multiple Bcl11b response elements in the context of the thymidine kinase promoter
(Avram et al. 2002), hence we predict that at least two consensus binding sites are required for
a full Bell1b-induced effect. However, we did observe that Bcl11b caused a slight activation
of the Tacl proximal promoter region, although it did not contain a full Bcl11b response
element in this region. A similar sequence, GGCCAAGG, is contained in the immediate
upstream region of the translation start site, perhaps suggesting promiscuity in response
element recognition by Bcl11b. Although Bcell1lb was initially characterized as a
transcriptional repressor (Avram et al. 2000; Avram et al. 2002), previous studies have shown
activation of transcription of a target gene in the context of T-cell activation (Cismasiu et al.,
2006), similar to our results.

Consistent with the promoter activation findings, we demonstrate that overexpression of
Bcl11b in striatal STHAhQM1L cells resulted in increased mRNA expression levels of Ngef and
Bclllb, in addition to Foxpl, Ppargcla and Baiap2, the latter two which contain Bcll1lb
binding sites in their proximal promoter regions. These expression increases were accompanied
by Bcl11b-elicited attenuation of the metabolic deficits exhibited by these cells, indicating that
Bclllb can play a physiological role in htt-induced pathology in these cells.

In the context of transcriptional dysregulation in HD, it has been proposed that sequestration
of transcription factors into htt nuclear aggregates plays an important role in pathogenesis
(Cha 2000;0kazawa 2003;Sugars et al. 2003). In our studies, we demonstrate an interaction
of Bcl11b with both truncated and full-length forms of htt protein, although the exact binding
domain responsible for this interaction is not yet known. Such an interaction would likely result
in loss-of-function of Bclllb, which would lead to the observed deficits in striatal gene
transcription. Because Bcl11b has the ability to regulate its own transcription, sequestration
by htt protein would also result in decreased expression of Bcl11b, however decreases in
Bcll1lb expression could also be attributed to dysfunction of other transcription factors (see
below). The downstream effects of either phenomenon are the same: altered expression of
Bclllb target genes. Belllb/htt interactions are not likely limited to insoluble aggregates, in
light of the observed effects of Bcl11b on STHdhQML cells, which do not form of nuclear
aggregates (Trettel et al. 2000). Hence we speculate that Bcl11b can also interact with soluble
forms of htt, similar to findings suggesting that altered gene expression may result from the
interactions of soluble mutant huntingtin with nuclear transcription factors, rather than from
the depletion of transcription factors by nuclear inclusions (Yu et al., 2002).

Alterations in the functions of several other transcription factors have been reported in HD.
Studies have shown that mutant htt interacts with, or can disrupt the function of, ubiquitous
transcription factors such as CBP, Sp1, TBP and components of the basal transcriptional
machinery, such as TFIID, TFIIF and TAF4 (McCampbell et al. 2000; Shimohata et al.
2000; Dunah et al. 2002; Li et al. 2002; van Roon-Mom et al. 2002; Zhai et al. 2005). While
disruption of transcription via these transcription factors is likely to result in aberrant gene
expression patterns, because these are ubiquitously expressed genes, they are unlikely to confer
region specificity of transcription in the brain. In support of this hypothesis, we found that
consensus binding sites for Sp1, CREB, TBP and TFIID were not enriched in the putative
promoter regions of striatal-expressing genes, as we found for Bcl11b, suggesting that these
transcription factors are not as pertinent to the control of global striatal gene expression, as
Bcl1l1lb. However, Bcll1b does contain several Spl and CREB consensus sites in its proximal
promoter region, therefore, aberrant function of these factors may contribute to the decrease
in expression of Bcl11b observed in HD patients and cells and mouse models, and therefore,
may contribute indirectly to the control of striatal gene expression via regulation of Bcl11b. In
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addition to Bcl11b, we also detected greater than two-fold decreases in expression of other
striatal transcription factors in the CNS of HD R6/1 mice, including Foxp1, kruppel-like factor
16 and the retinoid X receptor gamma (Desplats et al. 2006). Hence, it is possible that these
transcription factors may also contribute to the dysregulation of striatal gene expression
observed in HD.

The results from these studies demonstrate that Bcl11b can control transcriptional regulation
of important genes in the striatum and suggest that its loss-of-function elicited by htt protein
has detrimental consequences on the expression of genes important to striatal physiology.
While it is likely that disruption of transcription due to the presence of an expanded mutant htt
protein occurs via several mechanisms, transcriptional dysregulation involving Bcl11lb may
contribute to the specificity of regional pathology observed in this disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

HD
Huntington's Disease
HTT
human Huntington's disease gene
htt
huntingtin
CREB
CAMP response element-binding protein
Spl
specificity protein 1
CBP
CREB-binding protein
TBP
TATA binding box protein
COUP-TF
chicken ovalbumin upstream promoter transcription factor
TAF4
TATA box binding protein (TBP)-associated factor
Tacl
substance P/tachykinin 1
Adcy5

adenylate cyclase V
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Ngef
neuronal guanine exchange factor
DARPP-32
dopamine and cAMP regulated phosphoprotein
Foxpl
forkhead box P1
Adora2a
adenosine A2a receptor
Cpne5
copine V
Rgs9
regulator of G protein signaling 9
Gng7
guanine nucleotide binding protein (G protein), gamma 7 subunit
Baiap2
brain-specific angiogenesis inhibitor 1-associated protein 2
Ppargcla
peroxisome proliferative activated receptor, gamma, coactivator 1 alpha
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Figure 1.

Localization of Bcl11b protein in adult mouse brain. Immunohistochemistry was performed
using a polyclonal antibody directed against Bcl11b. Scale bar = 0.08 mm for panels A-E and
0.02 mm for panel F. Cortical layers are indicated in panel D. F, inset: co-localization of
hypocretin (Hcrt) mRNA (black dots reflecting silver emulsion grains) and Bcl11b protein
(brown stain) in the lateral hypothalamic area of the hypothalamus. Black arrows indicate
neurons expressing both Hert mRNA and Bcl11b protein. CPu, caudate putamen; cc, corpus
callosum; DG, dentate gyrus; Hyp, hypothalamus; V3, third ventricle.
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Figure 2.

Bcll1lb mRNA and protein levels are decreased in HD. (A): Real-time PCR analysis shows
decrease in mRNA levels at different time points in HD R6/1 transgenic mice and in caudate
samples from human subjects with HD pathology grade 3. Hprt was used as a housekeeping
control for the mouse studies, while Bcl11b levels in human are shown relative to two
housekeeping genes, beta-2-macroglobulin, B2M, and beta-actin (BA). Expression values are
shown as fold-change. Asterisks denote significant differences from wt or control subjects as
determined by student's t test (two-tailed; unpaired): *, p<0.05; **, p<0.01; ***, p<0.001 (B).
Western blot analysis shows greatly reduced protein levels of Bcl11b (beta isoform) in human
HD caudate and in the striatum of HD transgenic R6/1 mice. Caudate samples from three
control human subjects (C1, C2 and C3) and three HD subjects (HD1, HD2 and HD3) are
shown. Striata from three individual wt and three R6/1 transgenic mice are shown. Anti-actin
immunoblotting was used for a loading control. Bar graphs show densitometry quantification
of the Western blot signals, normalized to beta-actin.
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Figure 3.

Activation of proximal promoter regions of striatal-enriched genes by Bcl11b (A) and reversal
of Ngef activation in the presence of mutant htt (B). Luciferase activity was measured in
HEK?293 cells transfected with proximal promoter regions for adenylate cyclase V (Adcy5),
substance P/tachykinin 1 (Tacl), neuronal guanine nucleotide exchange factor (Ngef) and
Bcl11b along with increasing concentrations of Bcl11b coding sequence (A). Panel B shows
the effect of htt protein carrying 72 glutamines on promoter activity of Ngef in the absence and
presence of Bcl11b. Western blots show representative expression levels for Bel11b and htt
protein (from pHD, Huntington's disease plasmid) in HEK293 cells. Significant increases in
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luciferase activity were determined by one-way ANOVA with Bonferroni's post tests: *,
p<0.05; **, p<0.01; ***p<0.001.
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Figure 4.

Interaction between Bcl11b and huntingtin protein. (A): Co-immunoprecipitation of Bcl11b
and htt in HEK293 cells. HEK293 cells were transfected with Bcl11b, beta form (Bcl11b-beta),
in combination with HD exon 1 constructs containing 25 CAG repeats (Q25) or 103 CAG
repeats (Q103). (B): Co-immunoprecipitation of Bcl11b and htt in striatal homogenates from
wt and R6/1 transgenic mice. The three isoforms of Bcll1b, alpha, beta and gamma, are
indicated for the in vivo blot. (C): Co-immunoprecipitation of Bcl11b and full-length htt protein
in whole brain of YAC72 transgenic mice. Note: the gamma form of Bcl11b is not detected in
whole brain. (D): Reverse co-immunoprecipitation using Bcl11b for the immunoprecipitation
(IP) in whole brain of YAC72 transgenic mice. Western blot of the immunoprecipitated
material shows the Bcl11b-beta form, which is most abundant. For panels A and B, the IP was
performed using EM48, while in C., the C-terminal antibody 4C8 was used. Immunoblotting
was performed using three different anti-htt antibodies, as indicated. The expected band size
for EM48 in the immunoprecipitate corresponds to the heavy chain immunoglobulin (~50
kDa), which is recognized by our secondary antibody, hence Western blot using EM48 on
immunoprecipitates in A and B are not shown. For the HEK293 cells, the input material is
blotted with EM48 to demonstrate overexpression of htt in these cells. Equal loading of the
lanes was verified by Ponceau S stain.
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Figure 5.

Physiological and molecular effects of Bcl11b overexpression in STHdhQLL cells. (A):
Overexpression of Bclllb partially rescues the decrease in mitochondrial metabolic activity
in STHdhQLL cells. MTT activity was assayed by absorbance units measured at 550 nm and
is reported as mean + SEM on a per cell basis. Three independent experiments were performed.
Expression of Bcl11lb was verified by Western blot analysis. Asterisks denote significant
differences: *, p<0.05; **, p<0.01. (B): Overexpression of Bcl11b causes an increase in the
expression of selected genes, as indicated by their UniGene gene symbols. Cells were
transfected with recombinant Bcl11b and the expression of the indicated genes was determined
by real-time PCR analysis as described in the Experimental Procedures. Significant differences
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in gene expression were determined by one-way ANOVA. Asterisks denote significant
differences between untransfected and Bcll1b-transfected STHdhQL1L cells: * p<0.05, ***
p<0.001. Hash marks denote significant differences between wt cells (STHdhQ” cells) and
STHdhQ1LL cells: # p<0.05, ## p<0.01; ### p<0.001.
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P-values reflecting the significance of representation of consensus binding sites for various transcription factors in the
1 kb upstream regions of “striatal-enriched” versus “non-striatal-expressed” genes.

Transcription Factor: # sites: p-value: # sites: p-value:
Bclllb 1 site 0.01** 2 sites 0.03*
COUP-TF 1 site 0.48 2 sites 0.66
Spl 1 site 0.31 2 sites 0.66
CREB 1 site 031 2 sites 0.54
TBP 1 site 1.0 2 sites 0.67
USF 1 site 0.28 2 sites 0.49
AP-1 1 site 0.29 2 sites 0.67
Oct-1 1 site 0.16 2 sites 0.36
TFIID 1site 0.54

MASH-1 1 site 0.81

Rxrg 1site 0.14

Rarb 1 site 0.79

Fisher's exact probability test was used to determine the significance of representation of transcription factor binding sites in striatal-enriched versus non-
striatal-expressed genes (see Table 1 for list of genes screened and presence of binding sites for individual factors). For a majority of genes containing
sites for TFIID, MASH-1, Rxrg and Rarb, only 1 binding site was identified.
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