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Introduction

Huntington disease (HD) is a neurodegenerative disorder 
caused by an expansion of a CAG repeat coding for polygluta-
mine (polyQ) within the HD gene product huntingtin (Htt).1 
Expansion of the polyQ in Htt beyond a threshold of 36 repeats 
causes HD, and there is an inverse correlation between the length 
of the polyQ and the age of onset.2-4 Htt is a large (347 kDa) pro-
tein containing multiple HEAT repeats.5 HEAT repeat proteins 
can act as scaffolds for protein-protein interactions, and Htt has 
emerged as a major protein interaction hub.6

Huntington disease (HD) is a neurodegenerative disorder caused by an expansion of a polyglutamine repeat within the 
HD gene product, huntingtin. Huntingtin, a large (347 kDa) protein containing multiple HeAt repeats, acts as a scaffold 
for protein-protein interactions. Huntingtin-induced toxicity is believed to be mediated by a conformational change in 
expanded huntingtin, leading to protein misfolding and aggregation, aberrant protein interactions and neuronal cell 
death. While many non-systematic studies of huntingtin interactions have been reported, they were not designed to 
identify and quantify the changes in the huntingtin interactome induced by polyglutamine expansion. We used tandem 
affinity purification and quantitative proteomics to compare and quantify interactions of normal or expanded huntingtin 
isolated from a striatal cell line. We found that proteins preferentially interacting with expanded huntingtin are enriched 
for intrinsically disordered proteins, consistent with previously suggested roles of such proteins in neurodegenerative 
disorders. our functional analysis indicates that proteins related to energy production, protein trafficking, RNA post-
transcriptional modifications and cell death were significantly enriched among preferential interactors of expanded 
huntingtin. expanded huntingtin interacted with many mitochondrial proteins, including AIFM1, consistent with a role 
for mitochondrial dysfunction in HD. Furthermore, expanded huntingtin interacted with the stress granule-associated 
proteins Caprin-1 and G3Bp and redistributed to RNA stress granules under eR-stress conditions. these data demonstrate 
that a number of key cellular functions and networks may be disrupted by abnormal interactions of expanded huntingtin 
and highlight proteins and pathways that may be involved in HD cellular pathogenesis and that may serve as therapeutic 
targets.
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The mechanisms of Htt-induced toxicity are still uncertain, 
but a critical initial event is believed to be a conformational 
change in mutant Htt protein, or its N-terminal proteolytic frag-
ments, leading to protein misfolding and aggregation and aber-
rant protein interactions.7-9 In addition, interactions important 
for normal Htt function may be lost as a result of the polyQ 
expansion. Comparable to HD, in the case of ataxin 1 (ATXN1, 
another CAG expanded protein, associated with spinocer-
ebellar ataxia 1, SCA1), polyQ expansion favors the particular 
interactions, including the formation of a complex containing 
RBM17 (RNA-binding motif protein 17), contributing to the 
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addition, expanded Htt interacted with the stress granule (SG)-
associated proteins Caprin-1 and G3BP and redistributed to SGs 
under ER-stress conditions. These data highlight proteins and 
pathways that may be involved in HD cellular pathogenesis and 
that may serve as therapeutic targets.

Results

Purification of Htt protein complexes and iTRAQ proce-
dure. For isolation of Htt complexes, we have implemented a 
TAP procedure based on the InterPlay mammalian TAP system 
(Stratagene). This method allows purification of protein com-
plexes under mild native conditions to preserve protein inter-
actions. The TAP procedure includes two consecutive steps of 
affinity purification using streptavidin (SBP) and calmodulin 
(CBP) tags (Fig. 1A). As bait we chose the Htt fragment of 586 
amino acids, corresponding to the putative caspase 6 generated 
fragment, described by Hayden’s group, and potentially a patho-
logic fragment in vivo.28 Previous studies have suggested that 
most of the relevant protein interaction domains of Htt lie within 
the N-terminal region, where the polyQ repeat is located. For the 
expanded polyQ construct, we chose a repeat length of 50 gluta-
mines (50Q), which is well within the expanded range, and usu-
ally yields juvenile or young adult onset of HD and does not cause 
aggregation as rapidly in cell transfection experiments as longer 
polyQ expansions. The N-terminal tag was chosen, because the 
N586 fragment of Htt is likely to undergo further N-terminal 
proteolysis.29,30 Short N-terminal fragments of mutant Htt are 
believed to mediate its toxicity, possibly through aberrant protein 
interactions. By using a C-terminal tag, such interactions may 
be overlooked. The resulting TAP-N586-20Q and TAP-N586-
50Q expression constructs were generated as described in the 
Materials and Methods.

To test the new purification protocol, we conducted a pilot 
experiment in HEK293 cells, transfected with normal (TAP-
N586-20Q) and expanded (TAP-N586-50Q) Htt fragments, 
followed by isolation of Htt complexes and associated proteins 
under native conditions by TAP. As seen from Figure 1B, the 
control lanes (C) contained virtually no proteins that non-specif-
ically bound to the affinity matrix. The elution step presented a 
technical challenge: the standard elution method with calmodu-
lin peptide is not compatible with the downstream MS analy-
sis. Elution with 2% SDS has released more protein complexes 
from the beads than elution with NaCl (Fig. 1B), so this method 
was used, followed by precipitation of protein complexes with 
trichloro-acetic acid (TCA, Fig. 1F).

We sought to assess changes in expanded Htt interactions in 
a striatal cell line, since the striatum is most relevant for HD. 
We employed the iTRAQ method, which allows a direct com-
parison of the relative amount of individual proteins in multiple 
complex protein mixtures.31 Neuronal progenitor cells STHdh 
Q7/Q7 generated in the MacDonald lab from E14 striatal pri-
mordia wild-type mouse embryos,32 were transiently transfected 
with normal (TAP-N586-20Q) or polyQ expanded (TAP-N586-
50Q) Htt fragments, which produced an adequately high yield of 
Htt complexes required for downstream purification and iTRAQ 

gain-of-function mechanism of SCA1 pathology. By contrast, 
glutamine expansion in ATXN1 attenuates its interaction with 
other complexes, resulting in a partial loss of function.10,11 Thus 
changes in protein interactions are likely to be critical for polyQ 
pathogenesis in several situations.

Many non-systematic studies of Htt interactors have been 
reported, beginning with the first report of a protein interacting 
with Htt, termed Htt-associated protein-1 (HAP-1), identified 
by our group using the yeast two-hybrid system.12-16 In several 
cases, the strength of Htt protein interactions has been shown 
to be affected by the length of polyQ tract, including the inter-
action with CREB binding protein,7,9 HAP-1,17 nuclear receptor 
co-repressor N-CoR,18 Sp119 and others.20,21 Rhes, a striatal-spe-
cific guanine nucleotide-binding protein, interacts preferentially 
with polyQ-expanded Htt and induces its sumoylation, lead-
ing to cytotoxicity.22 Interactors of Htt include several proteins 
related to RNA processing;23,24 however, their relation to the 
polyQ expansion has not been elucidated. Two systematic stud-
ies of the Htt interactome have been reported to date: Wanker 
and coworkers used yeast two-hybrid screens to describe a pro-
tein interactions network for HD.6 This network includes 165 
potential interactions, 32 of which were confirmed by indepen-
dent binding experiments. Hughes et al.25 used high-throughput 
yeast two-hybrid screen and affinity pull-downs followed by mass 
spectrometry (MS). They identified 234 Htt-associated protein 
candidates, 104 of which were found by two-hybrid screen, and 
130 by pull-downs. Although presenting compelling evidence 
that both normal and expanded Htt are involved in multiple pro-
tein interactions, the above studies did not use current methods 
of quantitative proteomics to identify and quantify the changes 
in Htt interactome induced by polyQ expansion.

To establish whether amyloid-like aggregates sequester pro-
teins with specific sequence features, Olzscha and coworkers 
designed artificial β-sheet proteins forming amyloid-like fibrils. 
In this study using quantitative proteomics, it was found that 
such amyloid-like aggregates sequester proteins enriched in 
intrinsically disordered (unstructured) regions, a feature linked 
to multifunctionality.26

We have now used quantitative proteomics to assess the 
changes in Htt interactions caused by polyQ expansion that 
occurs in a striatal neuronal precursor cell line. We used tandem 
affinity purification (TAP) and isobaric tags for relative and abso-
lute quantification (iTRAQ) approaches to compare and quantify 
the composition of normal or expanded Htt-associated proteins 
isolated from a striatal precursor cell line. We found that proteins 
preferentially interacting with expanded Htt were enriched for 
intrinsically disordered proteins, consistent with previously sug-
gested roles of such proteins in neurodegenerative disorders.26,27 
Our functional analysis indicated that a number of key cellular 
functions and networks may be altered by abnormal interactions 
of polyQ-expanded Htt. In particular, proteins related to energy 
production, protein trafficking, RNA post-transcriptional modi-
fications and cell death were significantly enriched among prefer-
ential interactors of expanded Htt. Expanded Htt interacted with 
many mitochondrial proteins, including AIFM1, consistent with 
a role for mitochondrial dysfunction in HD pathogenesis. In 
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114 and 115 for Htt-20Q, 116 and 117 for Htt-50Q. All samples 
were combined, fractionated and analyzed by liquid chroma-
tography coupled to tandem mass spectrometry (LC-MS/ MS) 
(Fig. 1F). Two independent transfections and TAPs (biological 
replicates) were prepared for each normal and expanded Htt 
sample.

Quantitative analysis of normal and expanded Htt interac-
tome. The MS/MS spectra were extracted and searched against 
the RefSeq 40 database using “Mascot” software. Peptide iden-
tifications from “Mascot” searches were processed within the 
“Proteome Discoverer” to identify peptides with a confidence 
threshold 5% false discovery rate (FDR), based on a concate-
nated decoy database search. A protein’s ratio is the median ratio 

analysis. The endogenous expression of Htt in 
these cells was much lower than of transfected 
Htt as demonstrated by western blotting 
(Fig. 1C): highly expressed tagged normal or 
mutant Htt N586 fragments (migrating at 80 
or 100 kDa, respectively) were detected with 
both MAB2166 antibody to Htt (left) and a 
specific N586 neo-epitope antibody, which 
reacts only with N586 fragment (right); the 
low levels of endogenous full-length Htt 
(migrating at 300 kDa) were also detected 
with MAB2166. Based on the immunofluorescent staining (with 
Htt specific antibody) of striatal cells transfected with tagged Htt 
constructs, we estimated the transfection efficiency to be around 
40–50% (Fig. 1D). Transfection efficiency and levels of expres-
sion were equivalent for normal and mutant Htt.

Htt complexes isolated from striatal cells using TAP procedure 
were eluted with 2% SDS, and small aliquots of IP material were 
resolved by SDS-PAGE and silver-stained to monitor the quality 
of the samples (Fig. 1E). The main portion of the eluted Htt 
complexes after TCA-precipitation was subjected to the iTRAQ 
analysis, as described in the Materials and Methods: after tryp-
sin digestion, the N termini of peptides from each sample were 
labeled with a unique isobaric tag with the following reporters: 

Figure 1. Htt expression and purification of 
Htt complexes and itRAQ procedure. (A) Htt 
constructs, used in the study, comprising the 
first 586 amino acids of Htt with either 20 or 50 
polyQ and two N-terminal tags (streptavidin, SBp 
and calmodulin, CBp) for affinity purification. (B) 
HeK293 cells were transfected with the tAp-Htt 
constructs, and Htt complexes were purified 
using the Interplay mammalian tAp system (as 
described in the Materials and Methods); protein 
complexes were eluted from the calmodulin 
agarose in two steps: first with 2 M NaCl, and 
then with 2% SDS, and aliquots of the samples 
(~10%) were separated on SDS-pAGe and stained 
with Silver Stain; C-non-transfected cells. (C and 
D) StHdh Q7/Q7 cells were transiently trans-
fected with normal (tAp-N586-20Q) or expanded 
(tAp-N586-50Q) Htt fragments: highly expressed 
tagged normal or mutant Htt N586 fragments 
(migrating at 80 or 100 kDa respectively) were de-
tected with both MAB2166 antibody to Htt (left 
part) and a specific N586 neo-epitope antibody 
(right part), the low levels of endogenous full-
length Htt (migrating at 300 kDa) were also de-
tected with MAB2166 (C). Immunostaining with 
Htt specific MAB2166 (green) and DApI (blue) (D). 
(e) purification of Htt protein complexes from 
StHdh cells. SDS-pAGe analysis of the aliquots 
of the samples prepared for MS. Normal (20Q) 
and expanded (50Q) Htt complexes from StHdh 
cells were expressed, purified and analyzed [as 
described in (B)]. the inputs (before purification) 
are shown. (F) the itRAQ workflow. each sample 
was labeled with a unique tag, consisting of a re-
porter and a balance region, and then all samples 
were combined, fractionated and analyzed by 
LC-MS/MS.
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be enriched for intrinsically disordered (naturally unfolded) 
proteins, since intrinsically disordered proteins are involved in 
several kinds of diseases, especially neurodegenerative diseases, 
including HD.26,27,33 We found that 76% of 50 randomly selected 
preferential interactors of Htt-50Q contain regions of disorder of 
≥ 30 residues, as predicted by at least three out of four PONDR 
predictors used, compared with 47% in the total pool of eukary-
otic proteins in SwissProt database.27

To identify proteins most significantly changed in abundance 
between normal and expanded Htt complexes, we used statis-
tical analysis of variance (ANOVA) approach, which considers 
both biologic and experimental sources of variability. Relative 
peptide and protein abundances were estimated based on col-
lected reporter ion peak areas from all observed tandem mass 
spectra using linear mixed effects models34-36 (and Herbrich et 
al. in preparation). This allows to correct for different amount of 
material loaded in the channels (as a random effect) and enables 
a comparison between the relative protein abundances (as ran-
dom effects), comparing proteins present within expanded and 
normal Htt complexes. Multiple comparisons were addressed by 
controlling the family-wise error rate via Bonferroni correction. 
Figure 2D shows a Volcano plot demonstrating the distribution 
of proteins differentially interacting with normal (20Q) and 
expanded (50Q) Htt based on iTRAQ ratios and p-values. The 
vertical lines indicate the threshold iTRAQ ratios required for a 
protein to be considered a differential interactor (> 1.2 or < 0.8). 
Among 33 most significant differential interactors (with ANOVA 
p-value less than 0.05, Table S2) we found seven proteins with 
mitochondrial localization or function (ACACA, MCCC2, 
ATPC1, IRGM, Bit-1/PTRH2, TIMM50 and AIFM1) and 
five RNA-binding regulators of RNA processing and transport 
(MCM3AP/GANP, RBM18, RPS7, SART1 and Caprin-1). 
These findings further emphasize a potential involvement of 
mitochondrial dysfunction and RNA processing pathways in 
expanded Htt cell toxicity.

Abnormal interactions of expanded Htt may cause mito-
chondrial dysfunction. Pathways implicated in intrinsic cell 
death are often associated with mitochondrial processes (e.g., sig-
naling, energy production, mitochondrial movement). Among 
cell death-related proteins more abundant within Htt-50Q 
complexes, several proteins were assigned by IPA mitochondrial 
location and function (e.g., IMMT, HSPE1, HSPD1, ATP5A1, 
VDAC1, NDUFS2, RHOT1); furthermore, several proteins 
related to mitochondria-mediated cell death—IRGM, Bit-1/
PTRH2, TIMM50 and AIFM1—were among the most signifi-
cant differential interactors (Table S2).

Analysis of abnormal Htt-50Q interactions within protein 
networks (as defined by IPA) also revealed potential alteration of 
processes related to energy production and oxidative phosphory-
lation, including electron transport chain and ATP synthesis 
(Fig. S1). In fact, oxidative phosphorylation and mitochondrial 
dysfunction pathways were the top two canonical pathways (as 
defined by IPA) most significantly enriched within Htt-50Q com-
plexes but not enriched within Htt-20Q complexes (Fig. 2C). Five 
different subunits of ATP synthases (ATP5A1, ATP5B, ATP5C1, 
ATP5F1 and ATP5L), components of mitochondrial complex I 

of all unique peptides identifying the protein at a 5% FDR. The 
iTRAQ ratios were normalized by total protein (i.e., the aver-
age of all the ratios). Only proteins identified with median ratios 
> 1.2 or < 0.8 between 50Q and 20Q were considered as potential 
differential interactors, based on technical variation of less than 
20%, as empirically determined from an eight-sample technical 
replicate 8-plex iTRAQ experiment. To identify proteins that 
were reproducibly more abundant either within normal (20Q) or 
expanded (50Q) Htt complexes, we quantified coefficient of vari-
ation (CV) calculated from iTRAQ ratios between two parallel 
biological replicates. 349 proteins, identified as differential (pref-
erential) interactors (200 proteins—more abundant within Htt-
50Q complexes, and 149-within Htt-20Q complexes), based on 
the above criteria and with CV values below 0.35 were included 
in further functional analysis (Table S1).

The effectiveness of the quantitative proteomics approach 
used in this study is validated by identification of 22 previously 
reported Htt interacting proteins, such as such as GAPDH, 
p53, RAC1,TCP1, caspase 2, caveolin 1, ATP synthase, cyto-
chrome C, MAP/ERK kinase kinase 1, β catenin, CBP, BASP1, 
HSP70, elongation factor 1α, clathrin, dynein, actin and 
tubulin.

To identify main cellular functions, pathways and pro-
tein networks that may be disrupted by abnormal interactions 
of expanded Htt, we used Ingenuity Pathway Analysis (IPA) 
tools. First, we sought to determine whether Htt-20Q and Htt-
50Q complexes were significantly enriched for proteins related 
to specific cellular functions and pathways (Fig. 2). We found 
that differential interactors are enriched in proteins involved 
in a variety of essential cellular functions, designated by IPA as 
gene expression, nucleic acid metabolism, protein synthesis, fold-
ing and posttranslational modifications, molecular transport, 
cell cycle and cell death. Interestingly, proteins that were more 
abundant within expanded Htt complexes are more enriched in 
molecules related to DNA replication, recombination and repair, 
energy production, protein trafficking, RNA post-transcriptional 
modifications and cell death (Fig. 2A). A more stringent analysis 
(using only proteins with CV < 0.25) revealed even more striking 
differences between functions enriched within normal (20Q) or 
expanded (50Q) Htt complexes (Fig. 2B). Thus, proteins related 
to cell death were overrepresented within 50Q complexes and 
comprised 27% of all preferential Htt-50Q interactors (vs. only 
4% of preferential Htt-20Q interactors). On the contrary, pro-
teins related to normal cellular functioning—cellular function 
and maintenance, cellular assembly and organization and ner-
vous system development and function—were overrepresented 
within 20Q complexes, compared with 50Q complexes. Thus, 
IPA-based analysis of functions and pathways suggests that aber-
rant protein interactions of expanded Htt may interfere with 
established normal functions of Htt, such as protein translation, 
and cellular transport, while its toxic gain of function may be also 
induced by abnormal interactions within energy production and 
mitochondria-mediated intrinsic apoptotic pathways.

We also investigated whether any potential specific struc-
tural features exist that distinguish proteins preferentially inter-
acting with expanded Htt. One hypothesis is that these might 
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with mitochondrial protein Mn-SOD in both STHdh Q7/Q7 
and Q111/Q111 cells (Fig. 4B). These two sets of experiments 
suggest that AIFM1 and Htt may interact within mitochondria, 
and that full-lenth Htt but not Htt fragments may be the primary 
species involved.

The AIFM1-mediated pathway is not critical for all cell death 
mechanisms.37 AIFM1 plays an important role in cell death only 
in certain cell types, such as neurons and some tumor cells. We 
used RNAi silencing to determine whether AIFM1-mediated 
cell death pathway is activated in HD models and can mediate 
mutant Htt toxicity. Figure 3E demonstrates that AIFM1 knock-
down in striatal cells attenuates toxicity of expanded Htt-N585-
82Q fragment in striatal cells.

Expanded Htt complexes are enriched in proteins related to 
RNA processing and regulation of translation. Figure S2 shows 
a more extended network (merged two top networks defined by 
IPA) that includes differential interactors of Htt. This network 
combines proteins related to gene expression, RNA post-tran-
scriptional modifications and protein synthesis. Among proteins 
that were more abundant within Htt-50Q complexes (shown in 
red), we found a number of chromatin-associated proteins/tran-
scriptional regulators—SMARCC1, SMARCA4, SIN3A and 
SUZ12. Interestingly, mSin3A immunoreactivity was previously 
observed in Htt-positive intranuclear inclusions.18

As shown in Figure 2A, Htt-50Q preferential interactors were 
more enriched in proteins related to RNA post-transcriptional 
modifications. Twenty-eight proteins related to RNA processing 
and regulation of translation were identified as preferential inter-
actors of Htt-50Q (Table S1). The network analysis (Fig. S2) also 
showed that several regulators of RNA transcription and splic-
ing regulatory proteins (CTNNB1, SF3B4, SF3B14, SRPK2, 
SMNDC1, PRPF4) bound to Htt-50Q at the greater degree as 
well as a number of RNA-binding translational regulators—
EIF4G1, NOL6, Caprin-1 and G3BP.

Caprin-1 (RNG 105, RNA granule protein 105) is expressed 
in brain in postsynaptic stress granules (SG) in dendrites in the 
hippocampus and neocortex, where it acts as a translational 
repressor by directly binding mRNAs and via induction of phos-
phorylation of eIF-2.38,39 Caprin-1 was shown to heteromerize 
and co-localize with G3BP1, a SG marker and an effector of SG 
assembly, in cytoplasmic RNA granules associated with microtu-
bules. Furthermore, Caprin-1/G3BP1 complex is implicated in 
the regulation of the transport and translation of mRNAs of pro-
teins involved in the regulation of synaptic plasticity in neurons.39 

(four NADH dehydrogenase subunits-NDUFA8, NDUFAF4, 
NDUFS2, NDUFS7), complex III (two ubiquinone-cytochrome 
C reductase-related proteins-UQCR10, UQCRB) and com-
plex IV (Cytochrome C-1-CYC1, cytochrome C oxidase subunit-
COX4I1) were all more abundant within Htt-50Q purifications, 
compared with Htt-20Q purifications.

Apoptosis-inducing factor 1 (AIFM1, AIF1) was among the 
proteins most significantly enriched within Htt-50Q complexes 
(Fig. 2D). AIFM1 has a dual function in cell: it is involved in 
both energy production and apoptosis,37 both processes enriched 
within preferential expanded Htt interactors. Hence, we further 
conducted functional studies to elucidate potential involve-
ment of AIFM1 in HD pathology. First, we confirmed AIFM1/
Htt interactions identified by MS. Figure 3A demonstrates that 
transfected Htt-586-20Q and Htt-586-82Q co-immunopre-
cipitated endogenous AIFM1 in striatal STHdh Q7/Q7 cells. 
(The reverse experiment-IP with AIFM1 antibody and blotting 
with 2166 antibody to Htt is shown on Fig. 3C). In addition, 
using AIFM1 antibody for immunoprecipitations, we found that 
endogenous expanded Htt (detected with polyQ-specific MW1 
antibody) co-precipitated with endogenous AIFM1 in STHdh 
Q111/Q111 knock-in cells (Fig. 3B). Notably, the Htt/AIFM1 
interaction was preserved when mitochondrial cell death was 
suppressed by Bcl2 overexpression (Fig. 3C).

Our cell fractionation experiments indicate that in healthy 
cells, both normal (Q7) and polyQ-expanded (Q111) Htt were 
present mostly in cytoplasm, with considerable nuclear and mito-
chondrial localization as well (Fig. 3D, top part). Additional 
fractionation of mitochondrial fraction using digitonin (see 
Materials and Methods) demonstrated that normal (Q7) and 
polyQ-expanded (Q111) Htt were present in both outer mito-
chondrial membrane fraction (OMM) and within remaining 
mitochondrial pellet (M), which included intermembrane space 
(IMS), inner membrane (IMM) and matrix. Notably, using 
MW1 antibody specific for polyQ, we were able to detect the 
N-terminal fragments of expanded Htt present in cytoplasm, 
nucleus and OMM but not within the mitochondria, where only 
full-length Htt was detected (Fig. 3D, middle part). AIFM1 was 
almost exclusively found in mitochondrial fraction M, but not in 
OMM (Fig. 3D, bottom part). We further examined the subcel-
lular co-localization of AIFM1 and Htt using immunofluores-
cent confocal microscopy (Fig. 4). Co-staining of AIFM1 and 
endogenous Htt in STHdh cells demonstrated their partial co-
localization (Fig. 4A). Both proteins also partially co-localized 

Figure 2 (See opposite page). Quantitative analysis of normal and expanded Htt interactome. (A) top cellular functions (as defined by IpA) most 
significantly enriched within Htt-50Q (dark blue) and Htt-20Q (light blue) preferential interactors, based on the protein data set shown in Table S1 
(CV <0.35 between duplicate samples). the graph shows the enrichment of particular functional categories based on the observed number of proteins 
for each group, relative to the number expected by chance. Log10 p-values are calculated by IpA. (B) the pie diagram, showing selected functional 
categories most significantly enriched within Htt-20Q and Htt-50Q preferential interactors, based on the IpA analysis of differential interactors with 
CV <0.25 between duplicate samples. the numbers represent the percentage of differential interactors involved in a specific function, relative to the 
number of all differential interactors combined identified for all functional categories shown. (C) top: canonical pathways (as defined by IpA) most sig-
nificantly enriched within Htt-50Q (dark blue) and Htt-20Q (light blue) preferential interactors using the protein data set shown in Table S1. the graph 
shows the enrichment of particular canonical pathways based on the observed number of proteins for each pathway, relative to the number expected 
by chance. Log10 p-values are calculated by IpA. (D) Volcano plot showing the distribution of proteins differentially interacting with normal (20Q) and 
expanded (50Q) Htt based on itRAQ ratios and p-values. the x-axis shows the log2 of the median normalized itRAQ ratios between 50Q and 20Q. the 
vertical lines indicate the threshold itRAQ ratios required for a protein to be considered a differential interactor (>1.2 or <0.8). the x-axis shows the 
-log10 of p-values, obtained using ANoVA approach, described in the Results. the horizontal line represents p-value of 0.05.
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Figure 3. AIFM1 interacts with Htt and mediates Htt toxicity. (A) StHdh Q7/Q7 cells were transiently transfected with normal (Htt-N586-20Q) or 
expanded (Htt-N586-82Q) Htt fragments, lysed 48 h after transfection, and Htt complexes were immunoprecipitated using a specific antibody to Htt 
(909). AIFM1 was detected in the Ips from transfected cells, but not in non-transfected cells or in control samples without the primary antibody (bot-
tom part). Ips were also analyzed for the presence of Htt using 1–82 antibody (middle part). the inputs are shown on the top parts. (B) StHdh Q7/Q7 
and Q111/Q111 cells were grown with and without FBS for 48 h, and AIFM1 complexes were immunoprecipitated using a specific antibody to AIFM1. 
expanded Htt proteins were detected in the Ips from StHdh Q111/Q111 cells using MW1 antibody recognizing expanded polyQ, but not in control 
samples without the primary antibody (bottom part). the inputs are shown on the top parts: expanded Htt is detected using MW1 antibody, both 
normal and expanded Htt are detected with 2166 Ab; NS-non-specific bands. (C) StHdh Q7/Q7 cells were transiently co-transfected with normal (Htt-
N586-20Q) or expanded (Htt-N586-82Q) Htt fragments, AIFM1 and Bcl-2, as indicated. Cells were lysed 48 h after transfection, and AIFM1 complexes 
were immunoprecipitated using a specific antibody to AIFM1. Htt was detected in the Ips from transfected cells, but not in mock transfections or in 
control samples without the primary antibody (middle part). Ips were also analyzed for the presence of AIFM1 (top part). the inputs are shown on the 
bottom parts. (D) Subcellular fractionation of StHdh Q7/Q7 and Q111/Q111 cells was performed as described in the Materials and Methods to obtain 
cytoplasmic (C), nuclear (N), outer mitochondrial membrane (oMM) and mitochondrial (M) fractions. Htt proteins were detected with 2166 MAB to Htt 
(top part), or with MW1 antibody (middle part); AIFM1 protein was detected exclusively in the mitochondrial fractions. Cytoplasmic (β tubulin, tUB), 
nuclear (pARp) and mitochondrial (CoXIV) markers are shown. (e) AIFM1 knockdown in striatal cells attenuates toxicity of expanded Htt-N585-82Q 
fragment. StHdh Q7/Q7 cells were co-transfected with indicated plasmids and siRNAs, fixed 48 h later, co-stained with an antibody to Htt (1–82) and 
with Hoechst 33,258, and the nuclei staining intensity was analyzed as described in Materials and Methods. the data are presented as percentage of 
surviving cells among transfected cells. About 250–600 transfected cells were counted for each condition, and the experiment was repeated 3 times 
(*n = 3, p = 0.01; **n = 3, p = 0.03). (F) Blots demonstrating AIFM1 knockdown upon transfection with AIFM1 siRNA, but not with control siRNA.
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(detected with polyQ-specific MW1 anti-
body) co-precipitated with endogenous 
Caprin-1 in STHdh Q111/Q111 knock-
in cells (Fig. 5B). Next we examined the 
subcellular co-localization of Caprin-1, 
G3BP1 and Htt using immunofluorescent 
confocal microscopy (Fig. 6). Co-staining 
of Caprin-1 and G3BP1 with endogenous 
Htt in STHdh cells under normal con-
ditions showed very little or no co-local-
ization (Fig. 6A and data not shown). 
The formation of SGs in cells is induced 
by stresses such as heat, arsenite and the 
ER stress response. We used thapsigar-
gin (10 μM) to induce ER stress and the 
formation of SGs in STHdh Q7/Q7 and 
Q111/Q111 cells. As expected, under the 
ER stress conditions, both Caprin-1 and 
G3BP1 redistributed to the SGs in both 
STHdh Q7/Q7 and Q111/Q111 cells 
(Fig. 7A). We further found that in cells 
treated with thapsigargin, both normal 
and expanded Htt also redistriduted to 
the SGs, where it co-localized with both 
Caprin-1 and G3BP1 (Fig. 6B and C). 
Interestingly, cells expressing expanded 
Htt formed SGs more robustly than nor-
mal cells: we observed more cells contain-
ing Caprin-1- and G3BP1-positive SGs 
(Fig. 7B), and SGs in these cells were 
generally larger (Fig. 7A). Thus, our find-
ings suggest that Htt is involved in the 
regulation of RNA processing and trans-
lation under the stress conditions, and 
that expanded Htt may alter this process 
via its abnormal interaction with RNA-
binding SG-associated proteins Caprin-1 
and G3BP.

Discussion

The mechanism of polyQ-expanded Htt 
induced toxicity is believed to involve a 
conformational change in mutant Htt 
protein or its N-terminal proteolytic frag-

ments, which leads to abnormal protein interactions, resulting 
in cellular dysfunction and death. Previous studies of the Htt 
interactome, based on yeast two-hybrid screens and affinity pull-
downs followed by MS, were not designed to compare normal and 
expanded Htt protein interactions. Here, we used, for the first 
time, quantitative proteomics to assess and quantify the changes 
in Htt interactome induced by polyQ expansion in striatal neu-
ronal precursor cell line, the most relevant for HD cell type. Our 
findings support the hypothesis that polyQ expansion induces 
abnormal interactions of Htt, which may disrupt key cellular 
functions and networks. We showed that among the most altered 

Since both Caprin-1 and G3BP1 came up in our screen as pref-
erential interactors of Htt-50Q, we further investigated whether 
expanded Htt may associate with and affect the assembly of SGs 
in striatal cells.

Htt redistributes to stress granules under the ER-stress con-
ditions, where it co-localizes with Caprin-1 and a SG marker 
G3BP1. First, we confirmed Caprin-1/Htt interactions, identified 
by MS (Fig. 5). We demonstrated that transfected Htt-586-20Q 
and Htt-586-82Q co-immunoprecipitated endogenous Caprin-1 
in striatal STHdh Q7/Q7 cells (Fig. 5A). In addition, using 
Caprin-1 antibody, we found that endogenous expanded Htt 

Figure 4. Htt and AIFM1 partially co-localize in association with mitochondria. (A) StHdh Q7/Q7 
(top) and Q111/Q111 (bottom) cells were fixed 48 h after plating. Confocal immunofluorescent 
detection of Htt with 2166 monoclonal antibody is shown in green (Alexa Fluor 488); detection 
of AIFM1 with polyclonal specific antibody is shown in red (Alexa Fluor 555); Yellow staining in 
merged images demonstrates partial co-localization. (B) Confocal immunofluorescent images 
of StHdh Q7/Q7 (top) and Q111/Q111 (bottom) cells. Detection of AIFM1 with polyclonal specific 
antibody and of Htt with rabbit polyclonal antibody to Htt epitope 1–17 are shown in red (Alexa 
Fluor 555); detection of Mn-SoD with mouse monoclonal antibody is shown in green (Alexa Fluor 
488); the nuclear staining (DApI) is shown in blue; Yellow staining in merged images demonstrates 
partial co-localization of Htt and AIFM1 with mitochondrial marker Mn-SoD.
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Figure 5. Confirmation of Caprin-1/Htt interaction by Ip-western blot-
ting. (A) StHdh Q7/Q7 cells were transiently transfected with normal 
(Htt-N586-20Q) or expanded (Htt-N586-82Q) Htt fragments, lysed 48 h 
after transfection, and Htt complexes were immunoprecipitated using 
a specific antibody to Htt (909). endogenous Caprin-1 was detected 
in the Ips from transfected cells, but not in non-transfected cells or in 
control samples without the primary antibody (bottom part). Ips were 
also analyzed for the presence of Htt using 1–82 antibody (middle part). 
the inputs are shown on the top parts. (B) StHdh Q7/Q7 and Q111/
Q111 cells were grown for 48 h with or without incubation with 10 μM 
thapsigargin for 50 min, and Caprin-1 complexes were immunoprecipi-
tated using a specific antibody to Caprin-1. expanded Htt proteins were 
detected in the Ips from StHdh Q111/Q111 cells using MW1 antibody 
recognizing expanded polyQ, but not in control samples without the 
primary antibody (bottom part). NS-non-specific bands. the inputs 
are shown on the top parts: Normal and expanded Htt proteins were 
detected using 2166 antibody.

are Htt interactions with several mitochondrial proteins, includ-
ing AIFM1, consistent with a role for mitochondrial dysfunction 
in HD pathogenesis. Furthermore, our data suggest a novel role 
of mutant Htt in RNA processing and regulation of translation 
via its interaction and co-localization with SG-associated RNA-
binding proteins Caprin-1 and G3BP1 in striatal cells under the 
ER-stress conditions.

The N-terminal segment of Htt possesses a mix of hydrophobic 
and hydrophilic amino acids and is predicted to have both signifi-
cant α helix potential and a tendency toward a compact structure 
in the presence of a binding partner.40,41 CD spectra and molecu-
lar dynamics simulations42 suggest that the N-terminal sequence 
by itself has a tendency to take on some α-helical secondary 
structure, while expanded polyQ was shown to aquire a β-sheet 
conformation.43 Formation of amyloid-like fibrils with β-sheet 
structure is observed with many protein sequences and is linked 
to many neurodegenerative conditions, including Parkinson, 
Huntington and Alzheimer diseases. If the underlying mecha-
nism is mediated by aberrant interactions of aggregates with other 
cellular proteins, resulting in their sequestration and functional 
impairment, are there specific sequence structural features which 
make cellular proteins especially prone to such sequestration? 
In a recent report, the authors used quantitative proteomics to 
study interactions of artificial β-sheet proteins forming amyloid-
like fibrils.26 They found that these interactors are particularly 
enriched in intrinsically disordered (unstructured) regions, a fea-
ture linked to multifunctionality. Consistent with these data, we 
found that preferential interactors of expanded Htt-N586 were 
also enriched in such metastable disordered regions, which fur-
ther supports previously suggested role of intrinsically disordered 
proteins in neurodegenerative disorders.26,27

The hypothesis that a structural conformational change in 
expanded Htt leads to abnormal protein interactions was recently 
challenged in a study designed to assess the influence of Htt 
aggregation on its interactions.44 The authors found that in the 
absence of aggregation, normal and expanded Htt interacts with 
endophillin-3 with similar affinity, as measured by surface plas-
mon resonance, suggesting that expanded polyQ per se does not 
alter interactions. The authors demonstrate that Htt aggregates 
strongly affect the outcome of the pull-down experiments and 
propose that aggregates are forming molecular platforms that 
influence the Htt-interacting network. Although we did not 
specifically control for the absence of aggregates in our experi-
mental system, we observed neither visible aggregate formation 
in striatal cells transfected with expanded Htt, nor accumulation 
of SDS-insoluble material on the top of the gel. However, we 
have observed high molecular weight Htt species formed in cells 
transfected with Htt constructs (Figs. 3A and 5A, middle parts). 
Although these species were more evident after immunoprecipi-
tation, we often observed trace amonts of similar material also in 
the analysis of inputs. We think that these may represent soluble 
oligomeric species of expanded Htt formed in cells, thus present-
ing efficient molecular platforms that perturb Htt interactions,44 
and, consequently, our results may partially reflect binding to 
these oligomers. Whether abnormal interactions of expanded Htt 
are mediated by expanded polyQ, per se, or by certain aggregated 

or soluble oligomeric forms of expanded Htt, the understanding 
of such changes in Htt interactome helps to illuminate the path-
ways and molecular targets affected, with a potential to develop 
new HD therapies.
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analysis revealed potential disruption of processes related to 
energy production and oxidative phosphorylation. The biochem-
ical interaction of N-terminal Htt fragments with mitochondria 
was previously demonstrated in HD knock-in mouse brain46 and 
mutant Htt oligomers co-localize with mitochondrial proteins 

Mitochondrial dysfunction has been previously implicated in 
HD pathogenesis (reviewed in ref. 45), although the mechanism 
of Htt involvement is still elusive. We found that expanded Htt 
complexes were particularly enriched in proteins assigned (by IPA) 
mitochondrial function and localization, while protein network 

Figure 6. Htt redistributes to cytoplasmic stress granules (SG) under the eR-stress conditions, where it co-localizes with Caprin-1 and a SG marker 
G3Bp1. (A) StHdh Q7/Q7 (left) and Q111/Q111 (right) cells were fixed 48 h after plating. Confocal immunofluorescent detection of Htt with 2166 mono-
clonal antibody is shown in green (Alexa Fluor 488); detection of Caprin-1 with polyclonal specific antibody is shown in red (Alexa Fluor 555); the 
nuclear staining (DApI) is shown in blue; Merged images demonstrates little or no co-localization. (B) StHdh Q7/Q7 and Q111/Q111 cells were treated 
with 10 μM thapsigargin for 50 min before fixing, to induce eR stress. Htt and Caprin-1 were detected as described above. Yellow dots in merged im-
ages demonstrate Htt and Caprin-1 co-localization in stress granules. (C) StHdh Q7/Q7 and Q111/Q111 cells were treated with 10 μM thapsigargin for 
50 min before fixing, to induce eR stress. Confocal immunofluorescent detection of Htt with rabbit polyclonal antibody to epitope 1–17 is shown in 
red (Alexa Fluor 555); detection of G3Bp1 with mouse monoclonal antibody is shown in green (Alexa Fluor 488); the nuclear staining (DApI) is shown in 
blue; Yellow dots in merged images demonstrates Htt and G3Bp1 co-localization in stress granules.
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fractionation confirmed the exclusive mitochondrial localization 
of AIFM1 in our experimental conditions. Subcellular co-local-
ization of Htt and AIFM1 was also associated with mitochon-
dria, with both proteins co-localizing with mitochondrial marker 
MnSOD (Fig. 4B), further supporting the notion that mitochon-
dria may be the predominant site of Htt/AIFM1 interaction. We 
found only the full-length Htt, but not its cleavage fragments, 
in the mitochondria, indicating specificity and suggesting that 
full-length Htt may be selectively transported into mitochondria, 
which may warrant further study.

AIFM1 plays a critical role in mitochondria-mediated cell 
death in certain cell types, including neurons.37 Induction of 

COX1 and cytochrome C in brain sections of HD patients.47 
However, it is not clear whether Htt or its fragments can enter 
mitochondria. Our cell fractionation experiments demonstrated 
that normal (Q7) and polyQ-expanded (Q111) Htt were pres-
ent in OMM and within mitochondrial fraction, which included 
intermembrane space, inner membrane and matrix; however, the 
N-terminal fragments of expanded Htt were only detected in 
OMM (Fig. 3D). We further demonstrated that expanded Htt 
interacted and co-localized with mitochondrial protein AIFM1. 
AIFM1 is attached to the inner mitochondrial membrane, where 
it exerts NADH oxidase activity,48 while mutations in this gene 
cause oxidative phosphorylation deficiency.49-51 Our biochemical 

Figure 7. StHdh Q111/Q111 cells expressing expanded Htt form stress granules more robustly than normal Q7/Q7 cells. (A) StHdh Q7/Q7 (top) and 
Q111/Q111 (bottom) cells were treated with 10 μM thapsigargin for 50 min before fixing, to induce eR stress. Caprin-1 and G3Bp1 were detected as de-
scribed previously. (B) Graph shows percentage of Q7/Q7 and Q111/Q111 cells containing stress granules (Caprin-1 and G3Bp1-positive) upon treatment 
with 10 μM thapsigargin for 50 min before fixing, as determined by the presence of yellow dots in the merged images as shown in (A). total 150 cells 
were counted for each cell line (*n = 3, p = 0.02).
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apoptosis results in the translocation of AIFM1 to the nucleus, 
where it binds DNA and affects chromosome condensation 
and fragmentation, although the precise mechanism of AIFM1 
nuclear function is unknown.48,52-55 We showed that AIFM1 
knockdown in striatal cells attenuated toxicity of expanded Htt-
N585-82Q fragment (Fig. 3D). However, we found no evidence 
of substantial nuclear co-localization of normal or expanded Htt 
with AIFM1 in our experimental conditions. To further clarify 
the possible role of Htt/AIFM1 interaction in mitochondria-
mediated cell death, we examined whether this interaction is 
altered when mitochondrial death is suppressed. Bcl-2 is a mul-
tifunctional inhibitor of apoptosis that has been suggested to 
guard mitochondrial integrity and to control the release of mito-
chondrial proteins into the cytoplasm.56 Mitochondrial release of 
AIFM1 was also shown to be blocked by Bcl-2 at the cleavage step 
in the IMS.49 Our results indicate that Htt/AIFM1 interaction is 
preserved when mitochondrial death (and possibly the release of 
AIFM1 to the cytoplasm) is suppressed by Bcl2 overexpression. 
This is consistent with the predominant Htt/AIFM1 interaction 
within mitochondria. Taken together, these results suggest that 
AIFM1-mediated cell death pathway is activated in HD mod-
els, and that Htt and AIFM1 interaction within or in association 
with mitochondria, in part mediates mutant Htt toxicity. 

Multiple transcript variants of AIFM1 arise from alternative 
splicing. Existence of a brain-specific isoform, AIF2, utilizing an 
alternative exon 2b, was demonstrated recently in reference 55. 
AIF2 has a different IMM sorting signal that results in a stronger 
membrane attachment, thus AIF2 is less likely (than AIFM1) to 
translocate to the nucleus and mediate cell death. Since AIF2 
dimerizes with AIFM1, potentially also preventing a release of 
AIFM1 from mitochondria, AIF2 may have a neuroprotective 
function. Thus it is possible that the loss of the brain-specific 
isoform, AIF2 (but not AIFM1), mediates CNS defects in AIF-
difficient models. This hypothesis may also explain why only neu-
rons are affected in Harlequin (Hq) mice,49 expressing less than 
20% of normal levels of both AIFM1 and AIF2.55 These mice 
develop blindness, ataxia and neurodegeneration.49 Expression of 
AIF2 increases dramatically as neuronal precursor cells differen-
tiate. Furthermore, AIF2 expression is restricted to developing 
and adult brain, with AIF2/AIFM1 ratio particularly increased 
in caudate nucleus and nucleus accumbens.55 These findings are 
of particular interest, since striatum is the most affected brain 
region in HD, and this may signify a possible interplay between 
brain-specific isoforms of AIF and mutant Htt.

In our iTRAQ experiments we identified two unique peptides 
(corresponding to AIFM), both downstream of exon 2, which is 
alternatively utilized in AIFM1/AIF2 isoforms. AIFM1 siRNA 
used in this study did not specifically target either splice vari-
ant. Thus both interaction/co-localization with Htt and attenu-
ation of mutant Htt toxicity may be attributed to either or both 
AIFM1 and AIF2 isoforms. Future studies utilizing AIF2-specific 
reagents (antibodies and exon 2b-specific siRNAs) will elucidate 
possible roles of AIF isoforms in mutant Htt pathogenesis.

We found that Htt interacted and co-localized with 
SG-associated RNA-binding proteins Caprin-1 and G3BP1 in 
striatal cells under the ER-stress conditions. Both proteins were 

enriched within expanded Htt complexes, as shown by quanti-
tative proteomics analysis. Caprin-1/G3BP1 physical and func-
tional interaction has been shown to be involved in synaptic 
plasticity and neuronal network formation.57

In the brain, Caprin-1 (RNG 105) is expressed in postsynap-
tic granules (stress granules, SGs) in dendrites in the hippocam-
pus and neocortex.38 It is found in messenger ribonucleoprotein 
particles (mRNPs) that also contain RNA-binding proteins like 
hnRNPK, PABP-1 Staufen, β tubulin and the motor protein 
dynein.58 SG formation occurs in cells exposed to environmental 
stress and is usually induced by stalled preinitiation complexes 
accumulating due to phosphorylation of eukatyotic translation 
initiation factor 2α (eIF2α), which blocks translation initiation. 
SGs contain mRNAs associated with small ribosomal subunit 
and certain translation factors, and SG assembly is promoted by 
any one of the RNA-binding proteins, many of which are able 
to oligomerize. Such proteins include TIA-1, FXR1, G3BP1 and 
others.59 Caprin-1 was shown to bind directly to mRNAs and 
repress translation via induction of phosphorylation of eIF2α;38,39 
Caprin-1 associates and colocalizes with G3BP-1 in cytoplas-
mic RNA granules associated with microtubules.39 RasGAP-
associated phosphorylation-dependent endoribonuclease G3BP 
(RasGAP SH3 domain binding protein-1) is a marker for SG 
and an effector of SG assembly.60,61 Caprin-1-localizing granules 
are specifiically associated with CaMKII, CREB, MAP2, BDNF 
and TrkB mRNAs.38 Thus Caprin-1/G3BP-1 complex is likely 
to regulate the transport and translation of mRNAs of proteins 
involved with synaptic plasticity in neurons, including BDNF.

BDNF has been linked to HD pathogenesis, since its levels are 
reduced in HD patients (reviewed in ref. 62). The deregulation of 
BDNF gene transcription and defects in the microtubule-depen-
dent transport of vesicles containing BDNF were also reported 
in HD neurons.63,64 A recent study from Tanese’s group demon-
strates co-localization of BDNF mRNA with Htt, Ago2, CPEB 
and dynein in neuronal granules of cultured cortical neurons and 
the rat cortex.65 The authors propose that Htt may play a role 
in post-transcriptional transport/targeting of mRNA for BDNF, 
thus contributing to neuronal survival. Our new discovery that 
Htt associates with Caprin-1/G3BP1 complex in the SGs of stria-
tal cells supports these ideas and suggests a new mechanism of 
regulation of BDNF mRNA processing and translation.

Neurons contain several types of RNA granules, which may 
contain specific and shared components. Mutant Htt associates 
with Ago2 in P bodies and contributes to RNA-mediated gene 
silencing.23,24 P bodies, unlike SG, are not associated with ribo-
some and mostly serve for storage and degradation of repressed 
mRNAs. P bodies contain decapping enzymes and endonucleases 
and may associate with components of RISC complex (argonaute, 
DICER). In our experiments, Htt associated with neuronal gran-
ules mostly resembling SG, since their formation was induced by 
ER stress, and they were positive for Caprin-1 and G3BP1, mark-
ers for SG. We also found other RNA-binding proteins associated 
with SG-PABP1, FXR1, Eif4G, dynein, FUS/TLS and TDP-43 
among Htt-associated proteins (data not shown). In neurons, 
transport of translationally silenced mRNAs to dendritic syn-
apses for translation occurs in the neuronal post-synaptic RNA 
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Htt using Lipofectamine 2000 reagent (Invitrogen) according 
to the manufacturer’s protocol. To induce ER stress, cells were 
treated with 10 μM thapsigargin for 50 min and harvested or 
fixed immediately after that.

Purification of Htt complexes for mass spectrometry. Htt 
complexes expressed in HEK293 and STHdhQ7/Q7 cells 
were purified using the InterPlay mammalian TAP system kit 
(Stratagene) according to the manufacturer’s protocol. Total 
cell extracts were prepared 48 h after transfection using a buf-
fer provided in the kit (Stratagene) and manufacturer’s recom-
mended protocol (three freeze/thaw cycles). The last elution step 
after purification was performed with 2% SDS (10 min, 80°C). 
Eluted proteins were TCA-precipitated prior to iTRAQ analysis 
using 2-D Clean-Up kit (GE Healthcare). Sample preparation 
was monitored by SDS-PAGE, followed by silver staining using 
SilverQuest Silver Staining Kit (Invitrogen) according to manu-
facturer’s protocol.

iTRAQ procedure and LC-MS analysis. The iTRAQ pro-
teomic technology is based on amine-reactive isobaric tagging 
reagents that label peptides in a mixture of proteolysed proteins. 
After proteolysis using trypsin, samples were dried to 40 μl, and 
peptides were labeled with an isobaric tag by adding 100 ul of an 
iTRAQ reagent (dissolved in isopropanol) at room temperature 
for 2 h. After labeling, all samples were mixed and dried to a 
volume of 200 μL and fractionated by strong cation exchange 
(SCX) chromatography on an Agilent 1200 Capillary HPLC 
system using a PolySulfethyl A column. Each SCX fraction was 
redissolved in 0.2% TFA and separated on a C18 column with 
an 8 μm emitter tip using 5–40% B (90% acetonitrile in 0.1% 
formic acid) gradient over 60 min at 300 nl/min. Eluting pep-
tides were sprayed directly into an LTQ Orbitrap Velos mass 
spectrometer (ThermoScientific, www.thermo.com/orbitrap) 
through an 1 μm emitter tip at 1.6 kV. Survey scans (full ms) 
were acquired from 350–1800 m/z with up to 10 peptide masses 
(precursor ions) individually isolated with a 1.2 Da window and 
fragmented (MS/MS) using a collision energy of 45 and 30 sec 
dynamic exclusion. Precursor and the fragment ions were ana-
lyzed at 30,000 and 7,500, respectively.

Data analysis. The MS/MS spectra were extracted and 
searched against the RefSeq 40 database using Mascot (Matrix 
Science) through Proteome Discoverer software (v1.3, Thermo 
Scientific) specifying sample’s species, trypsin as the enzyme 
allowing one missed cleavage to identify peptides with a confi-
dence threshold 5% false discovery rate, based on concatenated 
decoy database search. A protein’s ratio is the median ratio of 
all unique peptides identifying the protein at a 5% FDR. The 
iTRAQ ratios were normalized by total protein, i.e., the aver-
age of all the ratios. Only proteins identified with ratios > 1.2 or 
< 0.8 were considered potential differential interactors (techni-
cal variation is less than 20%, as empirically determined from 
an eight-sample technical replicate 8-plex iTRAQ experiment). 
Functional analysis was performed using Ingenuity Pathways 
Analysis (IPA) software with Ingenuity Knowledge Base refer-
ence set (genes only). Network analysis included direct and 
indirect relationships with set 35 molecules per network and 25 
networks per analysis. Statistical analysis was performed using 

granules, containing both small and large ribosomal subunits 
and translation initiation factors. Future studies will determine if 
normal or mutant Htt is also involved in these processes.

RNA metabolism has been increasingly implicated in a 
variety of motor neuron and neurodegenerative disorders. The 
mechanisms include all steps of RNA processing, such as RNA 
synthesis, splicing, localization, transport and translation.66-70 A 
major contribution to the field was a discovered link between two 
RNA-binding proteins, TDP-43 and FUS/TLS, and the patho-
genesis of amyotrophic lateral sclerosis (ALS) and other neu-
rodegenerative disorders. Postmortem analysis of patients with 
different polyQ diseases, including HD, showed the association 
of TDP-43 and FUS/TLS with intranuclear and cytoplasmic 
inclusions and co-localization with Htt (reviewed in ref. 71). 
RNA processing has been previously implicated in HD based 
on several expression profiling studies in cells, mouse, yeast and 
fly models of HD.72-76 These studies demonstrate enrichment in 
ribosomal and RNA-processing proteins. In line with this, we 
showed that expanded Htt complexes were enriched in proteins 
related to RNA processing and regulation of translation and 
identified several novel Htt interactors within these pathways. It 
should be noted that many interactions of Htt identified in our 
studies may be indirect and are perhaps mediated by other pro-
teins or even RNAs. The exact composition of Htt protein and 
RNA complexes will be determined by further studies.

In summary, our work presents the first systematic assessment 
of cellular processes that may be disrupted by abnormal interac-
tions of expanded Htt. This information will serve as a platform 
for emerging studies that may pinpoint the key pathways and 
molecules involved, with a potential to identify new therapeutic 
targets for HD.

Materials and Methods

Plasmids and mutagenesis. To generate the TAP-N586-20Q 
and the TAP-N586-50Q expression plasmids, we amplified the 
N586-20Q and the N586-50Q fragments of Htt using the Htt 
N586-20Q and the Htt-N586-50Q constructs as templates and 
the primers (forward-GTA AAG ATC CAT GGC GAC CCT 
GGA AAA G; reverse-CGC GGT CGA CTT AGT CTA ACA 
CAA TTT C) incorporating BamHI and SalI restriction sites 
and Start and Stop codons for sub-cloning in the pNTAP-B vec-
tor (Stratagene). The Htt N586-20Q plasmid was a kind gift 
from Michael Hayden and was described previously in refer-
ence 28. The Htt-N586-82Q plasmid was a gift from David 
Borchelt (University of Florida). The Htt-N586-50Q construct 
was produced from N511-82Q by random contractions of polyQ 
repeat in bacterial cells.

Cell culture and transfection. Human embryonic kidney 
(HEK) 293FT cells are from Invitrogen. Striatal STHdh neu-
ronal progenitor lines were generated in the MacDonald lab 
from E14 striatal primordia of wild-type (Q7) or HdhQ111 
knock-in mouse embryos.32 Cells were grown in DMEM (with 
4.5 g/L D-Glucose, Invitrogen) supplemented with 10% FBS, 
100 μg/ ml Geneticin, 100 units/ml penicillin and 100 units/ml 
streptomycin. All cells were transfected with constructs encoding 
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then lysed with Dounce homogenizer and centrifuged for 10 min 
at 600 g. The nuclear pellets were washed with buffer A, fol-
lowed by resuspending in buffer C (20 mM HEPES-K+ pH 7.9, 
420 mM NaCl, 0.2 mM EDTA, 1.5 mM MgCl

2
, 0.5 DTT, 25% 

Glycerol) with PIC. Nuclei were incubated on ice for 30 min 
and vortexed periodically. Supernatants containing nuclear pro-
teins (fraction N) were collected by spinning at 20,000 g for 10 
min at 4°C. The supernatants from the low speed centrifugation 
were transferred to a fresh tube and centrifuged for an additional 
15 min at 7,000 g. The subsequent supernatants were centrifuged 
at 12,000 g for 10 min at 4°C, and the supernatants were used 
as cytoplasmic fractions (C). The pellets from the 7,000 g spin, 
containing mitochondrial proteins, were washed with buffer A 
and resuspended in 0.4 mg/ml digitonin (prepared in buffer A), 
followed by incubation with stirring for 15 min at 4°C to solu-
bilize the outer mitochondrial membrane.80 The supernatants 
(outer mitochondrial membrane fraction OMM) were collected 
by centrifugation (12,000 g, 10 min). The pellets were washed 
with buffer A and lysed in Laemmli SDS buffer (BioRad) and 
used as mitochondrial fraction (M).

Cell toxicity assay in transfected STHdh cells. The assay is 
based on nuclear condensation measured by the Hoechst stain-
ing intensity of cell nuclei. STHdh Q7/Q7 cells were grown 
in 24-well plates, transfected with either normal (N586-20Q) 
and expanded (N586-82Q) Htt plasmids and co-stained with 
1–82 antibody to Htt and with Hoechst 33,258 (Invitrogen) 
nuclear stain. Images were acquired using the Axiovision imag-
ing software on an Axiovert 100 microscope (Carl Zeiss) with 
the automated Mozaix function Analysis was performed using 
the Velocity software (Perkin-Elmer). Cells were considered as 
not viable when their DAPI intensity was higher than 200% of 
the control intensity.

Immunofluorescence. STHdh Q7/Q7 and Q111/Q111 cells 
were fixed (48 h after plating) with 4% paraformaldehyde for 15 
min, permealized with 0.5% Triton X-100 (Sigma) for 10 min, 
blocked in 10% normal donkey serum (Sigma) for 30 min, and 
incubated with the following primary antibodies (ON at 4°C): 
for Htt and AIFM1 co-localization studies, with monoclonal 
antibody 2166 to Htt and rabbit polyclonal antibody to AIFM1; 
for Htt and Mn-SOD co-localization, with rabbit polyclonal 
antibody to Htt epitope 1–17 and mouse monoclonal antibody 
to Mn-SOD; for Htt and Caprin-1 co-localization, with mono-
clonal antibody 2166 to Htt and rabbit polyclonal antibody to 
Caprin-1; for Htt and G3BP1 co-localization, with rabbit poly-
clonal antibody to Htt epitope 1–17 and mouse monoclonal 
antibody to G3BP1. Secondary antibodies used: donkey anti-
rabbit Alexa Flour 555 and donkey anti-mouse Alexa Flour 488. 
Nuclei were stained with Hoechst 33,258 (Invitrogen). Confocal 
microscopy was performed using a Zeiss Axiovert 200 inverted 
microscope with 510-Meta confocal module and 63x objective.
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ANOVA approach. Relative peptide and protein abundances 
were estimated based on collected reporter ion peak areas from 
all observed tandem mass spectra using linear mixed effects mod-
els34,35 (and Herbrich et al. manuscript in preparation). Multiple 
comparisons were addressed by controlling the family-wise error 
rate via Bonferroni correction. Analysis for intrinsically dis-
ordered regions in proteins was performed using Predictor of 
Naturally Disordered Regions (PONDR) using VLXT, XL1_
XT, CAN_XT and VL3-BA predictors.

Western blotting and immunoprecipitation. For western 
blotting analysis, cells were lysed 48 h after transfection in 
M-PER buffer (Pierce) with protease inhibitors (PIC, Protease 
Inhibitor Cocktail III, Calbiochem), and protein concentra-
tions were estimated using BCA method (Biorad). Lysates 
were fractionated on NuPAGE 4–12% Bis-Tris polyacrylamide 
gels (Invitrogen), transferred to nitrocellulose membranes and 
probed with antibodies to Htt, AIFM1, Caprin-1 and cytoplas-
mic, nuclear and mitochondrial markers. Immunoblots were 
developed with peroxidase-conjugated secondary antibodies 
(Amersham) and enhanced chemi-luminescence (ECL-Plus 
detection reagent, Amersham). Protein bands were quantitated 
using Molecular Imager Gel Doc XR System and Quantity One 
software (Biorad). For immunoprecipitation, cells were lysed 48 
h after plating or after transfection in a lysis buffer (50 mM Tris, 
pH 7.0, 150 mM NaCl, 5 mM EDTA, 50 mM MgCl

2
, 0.5% 

Triton X100 and PIC), followed by centrifugation at 13,000 g. 
Lysates were pre-cleared by incubating with Protein G-Sepharose 
beads (GE Healthcare) for 1 h at 4°C, followed by the incuba-
tion (ON at 4°C) with primary antibodies to Htt (909 anti-
body), to AIFM1 and to Caprin-1 and then were incubated with 
Protein G-Sepharose for 1 h at 4°C. The immunoprecipitates 
were washed three times with the lysis buffer, and protein com-
plexes were eluted from the beads with 2xSDS Laemmli sample 
buffer (Biorad) and fractionated on SDS-PAGE as described 
above.

Antibodies. Polyclonal antibody to Htt-Htt 1–17 (against res-
idues 1–17) was described previously in reference 77; goat poly-
clonal 909 antibody, prepared against the N-terminal Htt exon-1 
fragment was described previously in reference 78; Htt monoclo-
nal 2166 antibody (against residues 181–810 of Htt) and 1–82 
antibody (against residues 1–82 of Htt) were from Millipore; 
a specific N586 neo-epitope antibody was a gift from Michael 
Hayden; MW1 monoclonal antibody to expanded polyQ was 
a gift from Paul Patterson;79 AIFM1 polyclonal antibody was 
from Cell Signaling Technologies; Caprin-1 polyclonal anti-
body was from Sigma; G3BP1 monoclonal antibody was from 
Santa-Cruz Biotechnology; monoclonal antibody to Mn-SOD 
was from Santa-Cruz Biotechnology; PARP antibody was from 
Cell Signaling Technologies; β-tubulin antibody was from Sant-
Cruz Biotechnology; COXIV polyclonal antibody was from Cell 
Signaling Technologies.

Preparation of subcellular fractions. STHdh Q7/Q7 and 
Q111/Q111 cells were harvested and washed twice with ice-cold 
PBS followed by resuspending the cell pellet in a hypotonic buf-
fer A (300 mM sucrose, 10 mM HEPES-K+ pH 7.5, 10 mM KCl, 
1.5 mM MgCl

2
, 0.5 DTT) in the presence of PIC. Cells were 
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monoclonal antibody, and Marcy MacDonald (Massachusetts 
General Hospital) for STHdh striatal cell lines.

Note

Supplemental materials can be found at:
www.landesbioscience.com/journals/cc/article/20423
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