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Abstract
Huntington disease (HD) is a neurodegenerative disorder caused by expansion of a CAG repeat
within the Huntingtin (HTT) gene, though the clinical presentation of disease and age-of-onset are
strongly influenced by ill-defined environmental factors. We recently reported a gene-environment
interaction wherein expression of mutant HTT is associated with neuroprotection against
manganese (Mn) toxicity. Here, we are testing the hypothesis that this interaction may be
manifested by altered protein expression patterns in striatum, a primary target of both
neurodegeneration in HD and neurotoxicity of Mn. To this end we compared striatal proteomes of
wild-type and HD (YAC128Q) mice exposed to vehicle or Mn. Principal component analysis of
proteomic data revealed that Mn exposure disrupted a segregation of WT versus mutant proteomes
by the major principal component in vehicle-exposed mice. Identification of altered proteins
revealed novel markers of Mn toxicity, particularly proteins involved in glycolysis, excitotoxicity
and cytoskeletal dynamics. In addition, YAC128Q dependent changes suggest that axonal
pathology may be an early feature in HD pathogenesis. Finally, for several proteins, genotype-
specific responses to Mn were observed. These differences include increased sensitivity to
exposure in YAC128Q mice (UBQLN1) and amelioration of some mutant HTT-induced
alterations (SAE1, ENO1). We conclude that the interaction of Mn and mutant HTT may suppress
proteomic phenotypes of YAC128Q mice, which could reveal potential targets in novel treatment
strategies for HD.
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Introduction
Huntington disease (HD) is an inherited, progressive, neurodegenerative disorder that
impairs motor, cognitive, and psychiatric functions. It is manifested by choreiform
movements that yield to rigidity and bradykinesia in late stages, as well as by memory
deficits, disorientation, anxiety, apathy and depression.1 The principal neuropathological
feature of HD is a progressive loss of medium spiny neurons in striatum.2 In later disease
stages, continuous striatal degeneration is accompanied by neurodegeneration in other
regions, like cortex,3 hypothalamus4 and cerebellum.5

HD is caused by expansion of glutamine-coding CAG triplet repeats within exon 1 of the
Huntingtin (HTT) gene.6 The mutation is dominant and the disease symptoms may be
observed when the number of CAG repeats exceeds 35, but full penetrance is associated
with alleles containing more than 40 repeats.7 It is well established that HD age-of-onset is
generally, in an inversely proportional manner, determined by the CAG triplet repeat length.
Nevertheless, significant variability is often observed between patients with the same length,
what suggests the existence of additional factors that may modify the disease phenotype.8
Analysis of the Venezuelan HD kindreds, the largest HD population in the world, revealed
that about 40% of the remaining variability in age-of-onset is attributed to the genetic factors
other than mutant HTT, and about 60% to unidentified environmental factors.9 Recently, in
order to identify potential environmental factors that may modulate HD pathophysiology,
we screened a set of neurotoxic metals for their interaction with mutant HTT in a striatal cell
model of HD. We discovered interesting and unexpected gene-environment interaction
wherein expression of mutant HTT partially protects the cells against manganese (Mn)
neurotoxicity, and decreases intracellular accumulation of this metal. Importantly, we
observed a striatal-specific deficit of Mn accumulation in the YAC128Q mouse model of
HD following in vivo Mn exposure (three 50 mg/kg MnCl2 × 4 H2O subcutaneous injections
over one week).10,11

Manganese, besides being an essential trace element, is neurotoxic when absorbed in
excess.12 Prolonged exposure to occupational or environmental Mn leads to manganism, a
neurological disorder characterized by symptoms similar to those observed in Parkinson's
Disease (PD), including tremor, rigidity, bradykinesia, posture instability and psychosis.13

Experimental data indicate that this motor and behavioral dysfunction is related to disruption
of dopaminergic14 and GABAergic15 neurotransmission by Mn. Neuropathological changes
in Mn-exposed humans and in animal models of Mn toxicity is found mainly in basal
ganglia structures, especially in globus pallidus and striatum, where preferential
accumulation of excessive Mn is observed.16 The prominent role of striatum in pathogenesis
of both HD and Mn neurotoxicity underlines the importance of striatal-specific interaction
between mutant HTT and Mn.

In HD, similar to other neurodegenerative diseases, inappropriate protein folding is a key
hallmark of pathogenesis. The expansion of the polyglutamine (polyQ) tract causes
misfolding of HTT protein and results in gain of toxic function.17 HTT has numerous
interacting partners, and disturbed interactions of these proteins with misfolded HTT may
lead to changes in their expression, conformation and function.18 Moreover, accumulation of
insoluble mutant HTT with disease progression may inhibit cellular protein quality control
mechanisms like autophagy and proteasomes resulting in accumulation of other abnormally
folded proteins.19,20 Finally, HTT is involved in gene expression, and transcriptional
dysregulation mediated by aberrant interactions of mutant HTT with gene promoters21 and
with different transcription factors has been shown to play important role in HD
pathogenesis.22,23 All of these events may together lead to changes in the pattern of protein
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expression, post-translational modifications or conformation that may be investigated using
a proteomic approach.

Here, using two-dimensional difference gel electrophoresis (2D DIGE), we compared
striatal proteomic profiles between mice expressing mutant HTT and their wild-type (WT)
littermates, and analyzed alterations in the patterns of these proteomes caused by a
subchronic (1 week) exposure to Mn in order to test the hypothesis that influence of Mn
exposure on protein expression may be different between WT and HD animals. We used
YAC128Q mice, the transgenic rodent model that replicates many features of HD, like
motor impairment, specific striatal and cortical neuropathology, HTT aggregation, and
progression of the disease symptoms.24, 25 We decided to perform our analysis using 3
month old animals, because at this age the first subtle HD symptoms are observed,24 as well
at this age the striatal Mn uptake deficit is also present.10,11 We anticipate that proteomic
alterations found at this age may provide crucial information for understanding the initiation
of disease pathogenesis.

Materials and Methods
Animals and experimental design

All experiments were approved by the Vanderbilt University Medical Center Institutional
Animal Care and Use Committee, and were designed to minimize animal pain. The FVB-Tg
(YAC128)53Hay/J mouse line (YAC128Q)24 was purchased from Jackson Laboratory
(#004938, Bar Harbor, ME). These transgenic animals were crossed with WT FVB mice to
maintain the line in its original genetic background in order to minimize variations induced
by genetic factors other than transgene expression. The mice were genotyped by PCR
according to a previously published protocol (#004938; Jackson Laboratory),24 and
distributed into experimental groups across multiple litters. For the proteomic study only
males were used, but for other experiments the genders in experimental groups were
balanced. The exposure paradigm followed a previously published protocol.10,11 Briefly, 12-
week-old animals were subcutaneously injected at the hind leg with MnCl2 × 4 H2O (50 mg/
kg of body weight) or with vehicle (water, Veh) on the experimental days 0, 3, and 6. The
body weight was measured prior to each injection and Mn dose was adjusted accordingly,
however, overall no significant differences in the weights were observed over the time of
experiment. Twenty-four hours after last injection (day 7, 13-week-old mice) or 3 weeks
after last injection (day 28, 16-week-old mice), animals were sacrificed by cervical
dislocation, striata and cerebral cortices were immediately dissected, snap frozen in liquid
nitrogen and stored in −80°C.

Sample preparation
The samples were prepared by homogenization of tissues in Potter-Elvehjem glass tissue
grinders with PTFE pestles (Kontes) in the buffers appropriate to the type of assay. RIPA
buffer (50 mM Tris, 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 1% IGEPAL
CA-630, 12 mM deoxycholic acid, pH 8.0) was used to prepare the samples for proteomic
analysis and western blotting. Buffer used for the samples for global SUMOylation pattern
analysis contained N-ethylmaleimide (NEM) that inhibits deSUMOylation of proteins (50
mM Tris, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton-X100, 20 mM NEM; pH 7.4).
Samples for enolase activity assay were prepared in PBS containing 0.8% Triton-X100. The
buffers were supplemented with 1% protein inhibitor cocktail (Sigma) and 1% phosphatase
inhibitor cocktails II and III (Sigma) directly before use. Frozen tissue was transferred to the
grinder containing ice-cold buffer, and was immediately homogenized on ice. Homogenate
was incubated on ice for 5 minutes, and centrifuged at 14 000 × g, for 10 min., at 4°C.
Supernatant was transferred to fresh tube, snap-frozen with liquid nitrogen, and stored in

Wegrzynowicz et al. Page 3

J Proteome Res. Author manuscript; available in PMC 2013 February 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



−80°C. Prior to snap-freezing, an aliquot of 5 μl was taken and used for protein content
measurement with DC protein assay kit (Bio-Rad)

2D DIGE
RIPA buffer homogenates of striata from 13-week-old males (six animals per each of four
experimental groups) were used. The detailed techniques employed in this study were as
described previously.26 Briefly, the proteins were minimally labeled with N-
hydroxysuccinimide esters dyes (CyDyes). Cy3 and Cy5 were used for labeling of the
individual samples, and Cy2 for labeling of internal standard (200 pmol of dye / 100 μg of
protein). In order to minimize the effect of fluorophore-dependent variations on the results,
three samples in each group were labeled with Cy3 and the other three with Cy5. Mixed
internal standard was prepared by combining 50 μg of protein from each sample used in the
experiment. Proteins were precipitated27 and the labeling reaction was carried out in
labeling buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris, 5 mM magnesium
acetate) on ice in the dark for 30 min, and was stopped by 10 min incubation with 10 mM
lysine followed by addition of rehydratation buffer (7 M urea, 2 M thiourea, 4% CHAPS, 4
mg/ml DTT). Pairs of Cy3- and Cy5-labeled samples (100 μg each) were combined with an
aliquot of the Cy2-labeled internal standard (100 μg), and volume was adjusted to 450 μl
with rehydratation buffer and 0.5% IPG buffer pH 4–7 (GE Healthcare). Using this scheme
the 24 individual samples were resolved using 12 DIGE gels that were all coordinated by the
same Cy2-labeled mixed-sample internal standard.

First dimension separation was performed using Ettan IPGphor isoelectric focusing system
(GE Healthcare). The protein samples were applied to the 24-cm IPG strips (ph 4–7) and
were subjected to isoelectric focusing according to manufacturer's recommendations. Prior
to second dimension separation, the IPG strips were incubated at room temperature (RT) for
20 min in equilibration buffer (30% glycerol, 2% SDS, 6 M urea, 50 mM Tris; pH 8.8)
containing 1% DTT and for another 20 min in equilibration buffer supplemented with 2.5%
iodoacetamide. Second dimension separation was performed using SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). The strips were placed on the top of 12% polyacrylamide gels
and electrophoresis was run using Ettan DALT 12 system (GE Healthcare) at <1 W/gel
overnight and then at 15 W/gel until the bromophenol blue tracking dye had run off the gel.

Image analysis
The proteins in the gel were visualized at individual CyDye-specific excitation and emission
wavelengths, the images were acquired at 100 μm resolution as 16-bit data files using
Typhoon 9400 Variable-Mode Gel Imager (GE Healthcare), and the gels were stained with
SYPRO Ruby stain (Invitrogen) according to manufacturer's instructions to reveal total
protein content. Image analysis was performed using DeCyder 6.5 (GE Healthcare). Cy3 and
Cy5 signal intensities were quantified relative to the intensity of Cy2 signal from the pooled
standard for each resolved protein feature. The Cy2 values were then used to normalize the
Cy3/Cy2 and Cy5/Cy2 ratios across all samples in all gels. 26

Protein identification
The spot features selected for protein identification were robotically picked using Ettan Spot
Handling Workstation and in-gel digested with Trypsin Gold (Promega). Resulting peptides
were subjected to C18 reverse-phase liquid chromatography coupled in-line with tandem
mass spectrometry (LC-MS/MS) using an LTQ linear ion trap tandem mass spectrometer
equipped with a MicroAS autosampler and Surveyor HPLC pump, nanospray source, and
Xcalibur 2.0 instrument control (ThermoScientific, San Jose, CA). To determine the
candidate proteins that formed individual spots of interest in the 2D gels, the tandem MS/
MS data were searched against the UniProtKB database (www.uniprot.org) with the
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taxonomy tag “Mus musculus (Mouse) [10090]” acquired on October 20, 2006, which was
concatenated with the database sequences in reverse to enable false-discovery rate
calculations, and also contained common laboratory contaminants. Searches were performed
using both the Sequest and X! Tandem algorithms, allowing for cysteine
carbamidomethylation and partial methionine oxidation.

Results were validated and assembled into protein identifications using Scaffold (version
Scaffold_3.1.2, Proteome Software Inc., Portland, OR). Peptide identifications were
accepted if they could be established at greater than 95.0% probability as specified by the
Peptide Prophet algorithm.28 Protein identifications were accepted if they could be
established at greater than 99.0% probability and contained at least 2 identified peptides.
Protein probabilities were assigned by the Protein Prophet algorithm.29 Proteins that
contained similar peptides and could not be differentiated based on MS/MS analysis alone
were grouped to satisfy the principles of parsimony.

Western blotting
RIPA homogenates of striata from 13- and 16-week-old mice, and of cortices from 13-week-
old mice were used for western blot experiments. Prior to gel loading, the samples were
diluted with appropriate buffer to equal protein concentrations, mixed (2:1) with 3 × sample
buffer (60 mM Tris, 6% SDS, 30% glycerol, 15% β-mercaptoethanol, 0.015% bromophenol
blue, pH 6.8) and incubated at 100°C for 5 min. Large (15 × 22 cm), 8%, 10%, 12% or 15%
polyacrylamide gels were used for SDS-PAGE, depending on predicted molecular mass of
analyzed protein. The electrophoresis was run overnight at 1250 V × h using CBS Scientific
Vertical Electrophoresis System in running buffer (0.1% SDS, 20 mM Tris-HCl, 192 mM
glycine). After SDS-PAGE the proteins were electrophoretically transferred from the gel to
0.2 μm pore size Protran nitrocellulose membrane (Whatman) in transfer buffer (20 mM
Tris-HCl, 192 mM Glycine, 10% methanol), at 500 mA, at 4°C for at least 3 h, using CBS
Scientific Electrophoretic Blotting System. Next, the membrane was stained with Ponceau S
(Sigma) to visualize the protein bands before proceeding to the next steps. Ponceau was
washed off with TBST buffer (150 mM NaCl, 56 mM Tris-HCl, 44 mM Trizma base, 0.05%
Tween-20), and the membrane was blocked with 5% milk in TBST for 3 h at RT. The
blocked membranes were incubated with primary antibodies diluted in 5% milk in TBST
overnight in RT or for 72 h in 4°C. The following antibodies (source, dilution) were used:
rabbit (Rb) × CA2 (Abcam, 1:100,000), Rb × PMM1 (Proteintech, 1:800), Rb × PMM2
(Proteintech, 1:1,000), mouse (Mo) × NFL (Millipore, 1:20,000), Mo × NFM (Millipore,
1:15,000), Rb × NFH (Millipore, 1:10,000), Rb × UBQLN1 (Abcam, 1:2,000), Rb × ENO1
(Abcam, 1:25,000), Rb × ARP3 (Millipore, 1:1,000), Rb × SAE1 (Abcam, 1:500), Mo ×
actin (Millipore, 1:100,000), Rb × SUMO1 (Cell Signalling, 1:500) and Rb × SUMO2/3
(Cell Signalling, 1:250). Prior to incubations with secondary antibodies the membranes were
washed 6 × 5 min. with TBST. Anti-Mo (Jackson Immunoresearch Laboratories or KPL)
and anti-Rb secondary antibodies (Jackson Immunoresearch Laboratories or Thermo Fisher
Scientific) were used at 1:15,000 dilutions in 5% milk in TBST. After 1.5 h incubation in
RT, the membranes were washed 6 × 5 min. with TBST and the blots were visualized with
West Dura Extended Duration Chemiluminescent Substrate (Thermo Fisher Scientific). The
analysis of the blots was performed using ImageJ (NIH), with the background correction
calculated using a signal ratio error model.30 Actin was used as a reference protein for
normalization (except SUMOylation assay, where normalization to Ponceau was
performed).

Enolase activity assay
PBS/Triton homogenates of striata from 13-week-old mice (6 animals per experimental
group) were used for enolase activity analysis. Bioluminescent assay was employed with
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slight modification to a published protocol,31 where phosphoenolpyruvate (PEP) produced
by enolase is used by exogenously added pyruvate kinase for ATP synthesis, that is coupled
with luciferin / luciferase system to generate light. Concentrations of the reagents were
chosen so that PEP production was the only limiting factor in the three-step assay, thus
luminescence was directly proportional to enolase activity. 10 μl of sample was mixed with
10 μl of luciferase reagent (Roche) and 50 μl of reactive mixture (19.68 u/ml pyruvate
kinase (Sigma), 2.4 mg/ml bovine serum albumine, 24 mM MgCl2, 2.4 mM AMP, 1.2 mM
ADP, 0.48 μM diadenosine pentaphosphate in 100 mM imidazole/acetate buffer, pH 6.8) in
black 96-well plate with clear bottom, and luminescence resulting from endogenous PEP
and/or ATP was monitored until reaching plateau, using MTX 880 Multimode Detector
(Beckman Coulter). 50 μl of 60 mM 2-phosphoglycerate (2-PG) (Sigma) in imidazole buffer
was then added and luminescence was measured for 30 min in 75 s intervals with integration
time of 400 ms. Enolase activity, expressed as nmol of produced PEP/min/μg of protein, was
calculated using standard curve generated with PEP (Sigma) added at known concentrations
to the reaction mixture in the absence of sample and 2-PG.

Statistics
The DeCyder v6.5 suite of analytical software tools was used to analyze the DIGE data with
univariate Student's t-test and ANOVA, and multivariate Principal Component Analysis
(PCA). Detailed parameters used in these analyses are described in the results section.
Univariate ANOVA of western blotting and enolase activity experiment was performed
using SPSS Statistics 19 (IBM). Student's t-test pairwise comparisons between experimental
groups were performed with Excel 2008 (Microsoft).

Results
2D gel electrophoresis

In order to identify proteomic markers of an in vivo interaction between Mn and mutant HTT
we compared striatal proteomes of WT and YAC128Q mice exposed subcutaneously to
MnCl2 × 4 H2O (50 mg / kg body weight) or vehicle (Veh) (Figure 1). Individual samples,
pre-labeled with Cy3 or Cy5, were separated using 2D DIGE. The representative picture of a
SYPRO Ruby-stained gel is shown in Figure 2. Signal intensities of each spot were
normalized to the corresponding spot from Cy2-labeled mixed-sample internal standard
resolved simultaneously in the same gel and were compared across WT-Veh, WT-Mn,
YAC-Veh and YAC-Mn experimental groups. To enable analysis of the large dataset as a
whole, we performed principal component analysis (PCA), which converts sets of
potentially correlated variables into uncorrelated principal components. Because the
biological variation appeared to be low in these samples, we limited PCA to the 41 features
that differed significantly between experimental groups upon genotype, exposure, and the
interaction term of these two factors (univariate two-way ANOVA, p<0.05, at 80%
confidence interval). PC1 and PC2, that comprise the greatest sources of variation,
accounted for 38.3% and 19.8% of the total variance in the data, respectively. The PC1 ×
PC2 score plot showed complete separation of the samples from vehicle-treated WT and
YAC128Q mice, whereas Mn exposure grouped WT and YAC128Q samples together with
strong tendency to form one cluster (only one sample of 6 in YAC-Mn group was found not
to cluster with the WT-Mn samples) (Figure 3). The subsequent principal components
(PC3–PC5) plotted against PC1 – PC5 failed to distinguish any of the other experimental
groups (data not shown).

Protein identification
Twenty-one protein features that displayed the strongest (univariate ANOVA, p<0.05 at
95% confidence interval) alterations upon mutant HTT expression, Mn exposure, or
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exhibited genotype-exposure interaction effects were chosen for protein identification
(Figure 2), 19 of which were identified including 6 with more than one protein. (Table I).

Importantly, t-test comparisons between individual experimental groups confirmed the
alterations of protein expression patterns found by PCA. No differences between YAC-Mn
and WT-Mn animals were found for any of identified features, including even the ones for
which ANOVA revealed a significant main effect of genotype. Moreover, Mn-induced
changes in protein expression compared to basal values in vehicle-exposed animals were
more prominent and occurred at greater frequency in WT than in YAC128Q mouse striata.
Twelve features differed significantly in their intensity between WT-Veh and WT-Mn,
while 5 differed between YAC-Veh and YAC-Mn (t-test, p<0.05).

The main effect of exposure was found for 12 features, comprising 16 identified proteins
(Table I, upper part). The predominant effect of Mn in our experimental paradigm was a
decrease in an optical density of protein features, since as many as 11 were down-regulated
in the striata from Mn-exposed animals comparing to the vehicle-exposed. The only feature
showing significant up-regulation by Mn exposure (no. 5) consisted of 3 different proteins
(coronin-1A, fibrinogen beta-chain, and D-3-phosphoglycerate dehydrogenase).

Five features were found whose intensities were affected by the genotype (Table I, middle
part). For one of these (no. 4), the effect of Mn exposure was found in WT mice, and
ANOVA additionally identified a genotype-exposure interaction. This feature contained
both immunity-related GTPase family Q and isoform 1 of ubiquilin-1 (UBQLN1), both near
the limit of detection (Table I; the presence of NFL in this feature is likely due to the
diffusion of this protein from feature no. 2). Similarly to Mn exposure, expression of mutant
HTT resulted predominantly in decrease in protein expression (4 down-regulated spots
versus 1 up-regulated).

Genotype-exposure interactions were found for 3 features, and as noted above, in one of
these (no. 4) the main effect of genotype was also revealed (Table I). In this and in feature
no. 8 (alpha-enolase; ENO1 and actin-related protein; ARP3), the interaction consisted of
significant decrease in protein expression by Mn exposure in WT mice, and lack of Mn
effect in YAC128Q animals. In feature no. 12 (isoform 1 of SUMO-activating enzyme
subunit 1; SAE1) the pattern of changes was different – the expression of mutant HTT
induced protein level increase, when Mn exposure resulted in strong trend toward down-
regulation of protein expression in YAC128Q mice and a loss of difference between
YAC128Q and WT animals.

Western blot analysis
We performed a western blot study to confirm a subset of our proteomic findings, and to
distinguish which proteins are responsible for the changes observed in features containing
more than one protein. We focused on the proteins identified in the features for which
genotype-exposure interactions or main effects of genotype were found. For strong and
reliable validation of the proteomic data, we used a new set of striatal samples from an
independent cohort of mice subjected to the same exposure paradigm. Additionally to
striata, cerebral cortices from age-matched animals were analyzed to assay protein
expression in subsequent region of neurodegeneration in YAC128Q model of HD.32 Finally,
to assess the persistence of changes after Mn cessation, we performed immunoblot analysis
of selected proteins in striata from 16-week-old animals, 3 weeks after the last injection
(experimental day 28; Figure 1), the time point when excess Mn is completely eliminated
from the striata of Mn-exposed YAC128Q, but not yet entirely from Mn-exposed WT mice
(about 1.5-fold above basal Mn levels; as opposed to the ~6-fold elevation in striatal Mn
levels one day following the last exposure).11
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Western blotting confirmed the changes in striatal CA2 at week 13 (decrease in protein
expression in YAC128Q animals, and lack of Mn exposure effect), however the magnitude
of the changes (decrease by ~20%, p=0.015) was not as great as that found by proteomic
analysis (decrease by ~50%, p=0.0011) (Figure 4A). Although no significant alterations in
PMM1 or NFM protein levels were detected by immunoblotting in striata at week 13
(Figure 4B, C, E), changes in these proteins trended in the same direction as revealed by 2D
DIGE (increased levels of PMM1 in YAC128Q animals, and loss of NFM induced by Mn
exposure or mutant HTT expression). Western blot for NFL partially confirmed changes
revealed by DIGE (no. 2) – with the main effect of genotype (loss of NFL protein by ~25%,
p=0.031), and the statistically significant difference between WT-Veh and YAC-Veh (but
not between WT-Veh and YAC-Mn) (Figure 4D). UBQLN1 (no. 4) was similarly found to
be altered in expression by western analysis for the occurrence of a genotype effect and a
genotype-exposure interaction (Figure 4F), but the expression pattern alterations between
the experimental groups were different. This may be due to the fact that another protein,
immunity-related GTPase family Q was also found in this feature (as was NFL, likely due to
the proximity of this protein in no. 2 nearby). Further experimentation is necessary to
determine the relative influence these proteins have on the observed expression changes.
SAE1, when measured by western blotting was found to follow closely the pattern of SAE1-
positive spot no. 12 in 2D gel (Figure 4I). However, no significant differences were found
by western analysis for PMM1 (or the related PMM2 protein), NFM, ENO1 or ARP3 in
striata at week 13 (Figure 4B, C, E, G, H).

Analysis of CA2 levels in striatum of 16-week-old animals revealed that the effect of
genotype was progressive, since at this time point CA2 protein loss in YAC128Q mice was
more pronounced (decrease by ~25%, p=0.006) (Figure 5A). Similarly to 13-week-old mice,
no changes in total levels of PMM1, PMM2, or NFM were found by western blot in striata
at week 16 (data not shown). In the case of NFL, the effect of genotype in mice at 16 weeks
of age (loss of NFL protein by ~20%, p=0.019) (Figure 5B) was similar to the one at 13
weeks of age. Genotype-exposure interaction effects identified for UBQLN1 by western
blotting in 3-week-old animals were transient or closely tied to the increased Mn levels in
YAC128Q mouse striatum, since it was not present at week 16 (Figure 5C). Similarly, no
changes were detected in 16-week-old mouse striatum in the levels of SAE1 (Figure 5D),
another protein for which Mn × mutant HTT interactions were found at week 13.
Importantly, we also performed western blot analysis for CA2, PMM1, PMM2, NFM, NFL,
UBQLN1, ENO1 and SAE1 in cortex of 13-week-old mice, but we found no differences in
any of these proteins (data not shown). This suggests that the alterations we identified in
striatum may be specific for this region.

Functional consequences of protein alterations related to Mn × HTT interaction
SAE1 is an enzyme necessary for post-translational modification of proteins by the small
ubiquitin-like modifier protein (SUMO),33 we therefore tested if these changes in SAE1
levels may have an effect on protein SUMOylation pattern in striatum of 13-week-old mice.
To this end we analyzed striatal lysates by immunoblotting with antibodies against SUMO1
and SUMO2/3 (these two isoforms are immunochemically indistinguishable because of their
high homology), but we failed to observe any differences between the experimental groups
(Figure 6)

To test functional consequences of potential ENO1 alterations revealed by proteomic study
in striatum of 13-week-old mice, we measured enzymatic activity of enolase. We found that
activity of this enzyme strictly followed the pattern of changes identified in ENO1-positive
feature no. 8: a genotype-exposure interaction was detected, as well as significant loss of
enzymatic activity in WT-Mn mice compared to WT-Veh. Additionally, we identified
decreased activity of enolase in YAC-Veh animals relative to control group (Figure 7).

Wegrzynowicz et al. Page 8

J Proteome Res. Author manuscript; available in PMC 2013 February 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Therefore, our proteomic analysis identified at least one gene-environment interaction affect
between Mn-exposure and HD that resulted in a change in functional activity.

Discussion
Gene-environment interactions play a substantial role in the pathogenesis of many
neurodegenerative diseases.34,35,36 Metals are particularly interesting in this context,
because they promote protein misfolding and aggregation, processes that are fundamental in
neurodegeneration.37,38,39 HD is caused by mutation in a single gene, HTT, but
environmental factors may strongly modulate the age-of-onset and progression of the
disease.9 Herein, to test the hypothesis that the neurotoxic metal, Mn, alters protein
expression patterns in HD, we investigated striatal proteomes of WT and YAC128Q mice
after subchronic exposure to Mn versus vehicle. We also employed western blot analysis to
follow up selected 2D DIGE findings. Immunoblotting confirmed some subset of these
findings, however usually the differences between experimental groups identified by
proteomic approach were stronger than those confirmed by western analysis. This could
suggest that 2D DIGE, where the signal is measured after direct labeling of proteins with
CyDyes may be more sensitive than western blot. It should be noted, however, that western
blot analyses were performed following one dimensional (1D) gel electrophoresis whereas
proteomic study employed 2D gel, with protein separation on the basis of both molecular
weights (as 1D gel does) and pI. As such many of the proteins may have distributed in 2D
gel to multiple spots, if they exist in alternate pI isoforms. Thus a shift in the pI
subpopulations, usually due to post-translational modifications, may be manifested as
protein spot density differences between experimental groups even when total protein levels
are not altered. In such a case, 1D gels followed by western blotting would be unable to
identify these kinds of differences.

Subchronic Mn exposure suppresses proteomic phenotype of YAC128Q mice
PCA revealed the separation of the samples on PC1 × PC2 score plot into three clusters – (i)
WT-Veh, (ii) YAC-Veh and (iii) WT-Mn together with YAC-Mn. This finding indicates
that Mn exposure makes WT and YAC128Q mouse striatal proteomes more similar, while
there is a distinct difference between the proteomes of these two genotypes in vehicle
exposed animals. To our knowledge this is the first example where interactions of HD with
an environmental factor have been investigated using a systems biology approach.
Regardless of the general suppression effect of Mn on the YAC128Q proteome, exposure-
induced alterations in the proteome of mutant mice were less pronounced than in WT
animals. Among the differentially-expressed features analyzed by our proteomics approach,
t-tests highlighted 12 that differed between WT-Veh and WT-Mn groups, but only 5
between YAC-Veh and YAC-Mn. This difference may be due to the impaired post-exposure
Mn accumulation in striata of YAC128Q that was recently reported by our group.10,11 It
should also be noted that the changes induced by Mn and by expression of mutant HTT
tended often to the same direction, as was revealed by the PC1 × PC2 score plot. This may
suggest that the changes in striatal proteome manifest the strongest possible response to Mn,
since the altered proteins are reaching the same point, despite starting from different basal
levels in WT comparing to YAC128Q animals. This hypothesis may be supported by the
fact that Mn exposure paradigm as used in current study caused very high, about 6-fold,
increases in striatal Mn levels.11 It should be noted that the dose used in our experiments is
well above typical environmental exposure to Mn in people. However, while usually human
exposures have lower doses, they are often chronic. Such exposures are difficult to
accurately reproduce in animal models.40 Thus subcutaneous or intraperitoneal injections
with doses similar to used in our study are often employed in rodent studies.41,42,43
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Subchronic Mn exposure alters proteins related to energy metabolism, cytoskeletal
dynamics and glutamatergic neurotransmission

ANOVA identified 12 resolved features altered by Mn exposure that contained a total of 16
identified proteins by mass spectrometry. To our knowledge this is the first proteomic
analysis of the effect of Mn exposure on the mammalian neural striatum, and most of the
proteins reported here have not previously been found associated with Mn over-exposure.
While proteins from a variety of cell physiological pathways were identified, proteins
related to either energy metabolism or cellular transport/cytoskeleton stand out in the list.
For example, three enzymes involved in glucose (Glc) metabolism were found in DIGE
features affected by Mn exposure: fructosebisphosphate aldolase C,44 sorbitol
dehydrogenase45 and phosphoglycerate dehydrogenase (PHGDH).46 Likewise, four proteins
involved in the regulation of cytoskeletal dynamics were found in the DIGE features altered
by Mn exposure (i.e. fascin,47 WD repeat-containing protein,48 coronin-1A,49 and isoform 3
of NSFL1 cofactor p4750). Finally, two proteins related to glutamate (Glu)
neurotransmission were identified: cytoplasmic aspartate aminotransferase, known to
regulate Glu metabolism in excitatory axon terminals51 and PHGDH, which is a regulatory
enzyme for synthesis pathway of two potent glutamatergic NMDA receptor co-agonists –
glycine and D-serine.52,53,54 The direction of alterations seen for these two proteins suggest
Glu neurotransmission up-regulation in striatum, this could enhance excitotoxicity in concert
with other pro-glutamatergic events observed following Mn exposure.55,56 Further work is
needed to evaluate the contribution of dysfunction in these pathways to Mn neuotoxicity.

Proteins altered in YAC128Q mice suggest axonal impairment
Several reports have been published in which proteomes of CSF,57 plasma,58 and
postmortem brain of HD patients,59,60,61 as well as brain of the R6/2 mouse model of
HD59,61,62,63,64,65 have been analyzed. Our study is the first proteomic analysis of
YAC128Q mice, a mouse HD model that accurately recapitulates the course of human
disease.24

A main effect of genotype was detected for 5 features. The strongest effect was found for
CA2 (ANOVA, p=0.0011). Importantly, we confirmed these proteomic findings by western
blot analysis, and found that loss of this protein in striatum is progressive, since in 16-week-
old animals the effect was stronger comparing to 13-week-old mice. Western blot analysis
of cortical CA2 revealed no differences between WT and YAC128Q animals, suggesting
that the genotype effect is specific to striatum, the primary region of degeneration in HD.
CA2 is the most abundant brain isoform of carbonic anhydrase, an enzyme responsible for
maintenance of equilibrium between bicarbonate and carbon dioxide.66 CA2 is expressed in
glial cells, mainly in oligodendrocytes,67, and its loss is known to precede demyelination.68

In HD patients, myelin breakdown in striata is observed early before symptom onset.69 CA2
decrease found in our study may be thus a marker of early demyelination. Besides myelin
formation, CA2 has been demonstrated to play important role in several cellular processes:
maintenance of pH, expiration of CO2, and regulation of H2 and ion equilibrium.66,70 Loss
of CA2 may deregulate these crucial physiological processes and contribute to HD
pathogenesis. Importantly, decrease in CA2 transcript,71 and protein64 has been found in
brain of R6/2 mice. Interestingly, alterations in CA2 protein levels, post-translational
modifications and enzymatic activity were found in Alzheimer's Disease (AD) and
Parkinson's Disease patients and mouse models,72,73,74 what indicates that this protein may
be a general marker of neurodegeneration.

PMM1 was found in the feature that was up-regulated in YAC128Q mice (Table I), but
western blot analysis failed to find any differences in total protein levels of either PMM1 or
the structurally related PMM2 enzyme between the experimental groups. It is not
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unexpected that alterations detected by DIGE on resolved protein isoforms may not be
reflected in a western analysis that is directed against many/all forms of a given protein.
PMM1 is an enzyme responsible for hydrolysis of Glc-1,6-bisphosphate,75 a cofactor of
variety of sugar metabolism enzymes,76,77,78 when PMM2 catalyzes production of
mannose-1-phosphate, the intermediate in the pathway of synthesis of GDP-mannose, a
substrate for protein glycosyltransferases.79 Since western blot analysis didn't confirm the
proteomic findings, further studies are required to identify the role of PMM(s) in HD
pathogenesis.

Finally, we identified axonal cytoskeletal proteins NFM and NFL as down-regulated in
YAC128Q mice. Loss of NFL (but not of NFM) was confirmed by western analysis in
striatum of both 13- and 16-week-old mice. Neurofilaments (NFs) are abundant in neurons,
where they provide mechanical support and regulate diameter of axons.80 Several reports
demonstrate negative effect of mutant HTT on NFs. It was shown that expanded polyQ
domain binds to NF and disassemble its network.81 Other reports show loss of NFL in R6/2
HD mouse brain in rat primary cell cultures transfected with polyQ-expanded N-terminal
fragment of HTT.82 NF network disruption may affect axonal integrity and contribute to the
processes that play prominent role in the disease pathogenesis, like impairment of axonal
transport and neurotransmission.

Summarizing, we have shown loss of oligodendrocyte/myelin protein, CA2 and axonal
proteins, NFs in striata of 13-week-old YAC128Q mice, this suggests that axonal pathology
may be an early step in HD pathogenesis.

Alterations specific to Mn × mutant HTT interaction in mouse striatum may ameliorate
some of HD-related cellular abnormalities

Three features containing six proteins were affected by genotype-exposure interaction in our
experimental paradigm. Further analysis suggested that three of these proteins - UBQLN1,
ENO1 and SAE1, each representing different features, were the most probable candidates
for markers of mutant HTT × Mn exposure interaction.

UBQLN1 belongs to the family of proteins involved in protein degradation. Ubiquilins
recognize ubiqutylated proteins and deliver them to the proteasome for degradation.83.
Moreover, ubiquilin is involved in endoplasmic reticulum-associated protein degradation,84

and in macroautophagy.85 Here, we identified an effect of Mn × HTT interaction on
UBQLN1. Western blot analysis confirmed occurrence of the interaction, but revealed
different pattern of changes comparing to the DIGE results. This difference was likely due to
the fact that this feature also contained immunity-related GTPase family Q protein, and both
of these proteins were found near the limit of detection using mass spectrometry. These
changes in total UBQLN1 are interesting in the context of cellular role of UBQLN1 in
neurodegenerative diseases. It has been shown that polymorphisms in the UBQLN1 gene are
associated with AD,86 and that UBQLN1 protein interacts with protein aggregates in
different neurodegenerative diseases87,88 and finally with HTT aggregates in cellular model
of HD and in R6/2 mice.89 Moreover, it was shown that UBQLN1 overexpression reduces
aggregate formation and cell death in the cells transfected with polyQ HTT, and diminishes
motility defect in C. elegans expressing mutant HTT.90 Increase in UBQLN1 levels
following Mn exposure specifically in YAC128Q mouse striatum may be therefore
interesting neuroprotective mechanism that can facilitate degradation of mutant HTT.

ENO1 and ARP3 did not show differences in total levels between experimental groups by
western analysis. Further analysis, however, revealed that enzymatic activity of enolase
followed the pattern of changes found by DIGE (i.e. decrease in WT-Mn and YAC-Veh but
not in YAC-Mn mice comparing to WT-Veh animals). The enolase activity assay measures
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the sum of activities of both enolase isoforms – non-neuronal ENO1 and neuron-specific
ENO2. ENO1, however is more abundant in brain,91 but less stable in its active, dimeric
form and more sensitive to different inactivating conditions,92 therefore ENO2 activity may
be negligible comparing to ENO1 and/or not affected in our experimental conditions. The
lack of alterations found by western analysis indicate that the identified feature likely
contained only the active form of the enzyme, and that both Mn exposure and mutant HTT
expression affected equilibrium between active and inactive forms of ENO1 rather than total
protein content. ENO1, a glycolytic enzyme catalyzing conversion of 2-phosphoglycerate to
phosphoenolpyruvate, in CNS is expressed predominantly in astrocytes.93 Down-regulation
of ENO1 caused by either Mn exposure or expression of mutant HTT may indicate
decreased glycolytic activity in striatal astrocytes in both conditions. A Mn effect on ENO1
is in agreement with our hypothesis that glycolysis may be prominent factor in Mn toxicity
and it underlies the role of astrocytes in this mechanism.

SAE1 is a component of the E1 heterodimer that is responsible for activation of SUMO
protein - the first step in SUMOylation pathway,33 a post-translational modification that
regulates different cellular processes including transcription, cellular transport, apoptosis,
stress response, neuronal development and synaptic transmission.94 Our proteomic analysis
showed that mutant HTT expression resulted in increased levels of SAE1. While western
analysis did not confirm this finding (though trended in the same direct), a gene-
environment interaction was observed by both proteomic and western analyses. This
interaction was manifested as a loss of SAE1 protein after Mn exposure in YAC128Q mice,
in the absence of an effect in WT animals. It is known that SUMOylation may be controlled
by regulation of SAE1 expression,95 and that global SUMOylation is elevated in different
stress conditions.96 Nevertheless, we failed to find any differences in striatal protein
SUMOylation pattern between the experimental groups. This is in contrast to findings by
others that the SUMO1 pathway is activated in affected brain regions in the patients
suffering from different polyQ diseases (including HD).97 It was also shown that
overexpression of SAE1 partner, SAE2 enhances neurodegenerative phenotype in fly model
of other polyQ disease, spinobulbar muscular atrophy.98 Moreover, experiments by Steffan
et al revealed that mutant HTT may be SUMOylated, which decreases its clearance and
enhances degenerative phenotype.99 All these data suggest that SUMO pathway may
contribute to polyQ-dependent neurodegeneration, therefore down-regulation of SAE1 by
Mn in striatum of YAC128Q may be potentially neuroprotective.

Conclusions
We employed 2D DIGE followed by mass spectrometry to identify markers of subchronic
Mn exposure, presymptomatic HD and interaction of these two conditions in mouse
striatum. We found that Mn induces protein alterations that may promote inhibition of
glycolysis and energy metabolism, support excitotoxicity and cause dysregulation of
cytoskeletal integrity. The findings in YAC128Q mice suggest that axonal degeneration may
be early pathological event in HD. Interestingly, despite a weaker effect of Mn exposure on
proteome of YAC128Q mice comparing to WT animals, Mn suppress the striatal proteomic
signature of early HD. Protein changes specific for YAC128Q mouse striatum following Mn
exposure may potentially ameliorate different neurodegeneration pathways known to
contribute to HD pathogenesis. Thorough examination of the mechanisms responsible for
this genotype-exposure interaction may reveal new strategies of early intervention in HD.
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Figure 1.
Manganese exposure paradigm. Twelve-week-old mice were subcutaneously injected with
MnCl2 × 4 H2O (50 mg / kg body weight) or vehicle at exposure day 0, 3 and 6 and
sacrificed at day 7 (age of 13 weeks) or day 28 (age of 16 weeks) for further analysis.
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Figure 2.
Representative image of one of the twelve DIGE gels used in this analysis (syproRuby post-
stained), indicating features numbered 1–21 that were excised for protein identification
using LC-MS/MS. First horizontal dimensional separation was by isoelectric focusing (24
cm, pH 4–7), second (vertical) dimensional separation indicates apparent molecular masses
between approximately 10 and 200 kDa.
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Figure 3.
Statistical analysis of striatal proteomic profiles of 13-week-old wild-type and YAC128Q
mice exposed to vehicle or Mn. Forty-one protein spot features which intensities was
significantly different between any of the four experimental groups (univariate two-way
ANOVA, p<0.05 at 80% confidence interval) were subjected to principal component
analysis (PCA). PC1 accounted for 38.3% and PC2 for 19.8% of the data variability. In the
control conditions, wild-type (WT-Veh) and YAC128Q (YAC-Veh) samples were clearly
separated on the PC1 × PC2 score plot, but Mn exposure made their proteomic profiles
inseparable from each other. The grey colored ellipsis surrounding individual experimental
groups do not represent any statistical certainty; they were drawn to facilitate visual analysis
of the figure.
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Figure 4.
Western blot analysis of selected proteins in striatum of 13-week-old mice. A, significant
effect of genotype on carbonic anhydrase 2 levels was revealed (F(1,50)=6.36, p=0.015); a -
statistically significant difference between WT-Mn and YAC-Veh was found (p=0.025); b -
statistically significant difference between WT and YAC was found (p=0.015). B, no
significant differences in phosphomannomutase 1 levels were found. C, no significant
differences in phosphomannomutase 2 levels were found. D, significant effect of genotype
on neurofilament light polypeptide levels was revealed (F(1,33)=5.14, p=0.031); a -
statistically significant difference between WT-Veh and YAC-Veh was found (p=0.016); b –
statistically significant difference between WT and YAC was found (p=0.022). E, no
significant differences in neurofilament medium polypeptide levels were found. F,
significant effect of genotype (F(1,50)=13.36, p=0.001) and genotype-exposure interaction
(F(1,50)=15.32, p<0.001) on ubiquilin 1 levels were revealed; a, b, c - statistically
significant differences between YAC-Mn and WT-Veh (p=0.004), WT-Mn (p<0.001),
YAC-Veh (p=0.002) respectively were found; d - statistically significant difference between
WT and YAC was found (p=0.004). G, no significant differences in alpha-anolase levels
were found. H, no significant differences in actin-related protein 3 levels were found. I,
significant effect of genotype-exposure interaction on SUMO-activating enzyme 1 levels
was revealed (F(1,35)=4.81, p=0.036); a - statistically significant difference between YAC-
Veh and YAC-Mn was found (p=0.016). Data are the means of actin-normalized optical
densities ±SEM graphed as percentage of control (WT-Veh) group. The numbers of
independent samples used in the experiments are indicated above the graphs. Bars are
representing standard error, and the statistically significant differences between the
experimental groups are indicated above the error bars (post hoc test; p<0.05).
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Figure 5.
Western blot analysis of selected proteins in striatum of 16-week-old mice. A, significant
effect of genotype on carbonic anhydrase 2 levels was revealed (F(1,22)=9.75, p=0.006); a -
statistically significant difference between WT-Veh and YAC-Mn was found (p=0.025); b -
statistically significant difference between WT-Mn and YAC-Mn was found (p=0.022), c -
statistically significant difference between WT and YAC was found (p=0.004). B,
significant effect of genotype on neurofilament light polypeptide levels was revealed
(F(1,24)=0.019); a - statistically significant difference between WT-Mn and YAC-Mn was
found (p=0.023); b- statistically significant difference between WT and YAC was found
(p=0.018). C, no significant differences in ubiquilin 1 levels were found. D, no significant
differences in SUMO-activating enzyme 1 levels were found. Data are the means of actin-
normalized optical densities ±SEM graphed as percentage of control (WT-Veh) group. The
numbers of independent samples used in the experiments are indicated above the graphs.
Bars are representing standard error, and the statistically significant differences between the
experimental groups are indicated above the error bars (post hoc test; p<0.05).
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Figure 6.
Global SUMOylation pattern in striatum of 13-week-old mice. No significant differences
between experimental groups in the pattern of protein modification by neither SUMO 1 nor
SUMO 2/3 were found. Data are the means of optical densities normalized to Ponceau S
staining ±SEM graphed as percentage of control (WT-Veh) group. Bars are representing
standard error.

Wegrzynowicz et al. Page 24

J Proteome Res. Author manuscript; available in PMC 2013 February 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Enzymatic activity of enolase in striatum of 13-week-old mice. Significant effect of
genotype-exposure interaction on activity of enolase was revealed (F(1,23)=5.61, p=0.028);
a - statistically significant difference between WT-Veh and WT-Mn was found (p=0.031); b
- statistically significant difference between WT-Veh and YAC-Veh was found (p=0.01).
Data are the means ±SEM of enolase enzymatic activity in six independent samples
expressed as nanomoles of phosphoenolpyruvate produced in minute normalized to total
protein content. Bars are representing standard error, and the statistically significant
differences between the experimental groups are indicated above the error bars (post hoc
test; p<0.05).
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