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In Brief
Label-free quantitative mass
spectrometry techniques were
applied to discover proteome
and ubiquitinome changes in
brain tissue of Huntington’s dis-
ease mouse model Q175FDN
and wild-type mice. Triton X-100
soluble and insoluble fractions
were analyzed, revealing differ-
ential ubiquitination of wild-type
and mutant Huntingtin in both.
Cellular processes affected by
the disease include vesicular
transport, gene expression,
translation, catabolic processes
and oxidative phosphorylation.
DiGly site fold changes with re-
spect to protein fold changes
were different between soluble
and insoluble fractions.
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• Quantitative changes in global proteome and ubiquitinome in Huntington’s disease.

• Differential ubiquitination of wild-type and mutant Htt in mice brain.

• Enriched pathways include vesicle transport and mRNA processing.

• Correlation between protein and diGly site fold changes.
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Global Proteome and Ubiquitinome Changes in
the Soluble and Insoluble Fractions of Q175
Huntington Mice Brains*□S

Karen A. Sap‡, Arzu Tugce Guler‡, Karel Bezstarosti§, Aleksandra E. Bury‡,
Katrin Juenemann¶**, Jeroen A. A. Demmers§, and Eric A. Reits‡�

Huntington’s disease is caused by a polyglutamine repeat
expansion in the huntingtin protein which affects the func-
tion and folding of the protein, and results in intracellular
protein aggregates. Here, we examined whether this mu-
tation leads to altered ubiquitination of huntingtin and
other proteins in both soluble and insoluble fractions of
brain lysates of the Q175 knock-in Huntington’s disease
mouse model and the Q20 wild-type mouse model. Ubiq-
uitination sites are detected by identification of Gly-Gly
(diGly) remnant motifs that remain on modified lysine res-
idues after digestion. We identified K6, K9, K132, K804,
and K837 as endogenous ubiquitination sites of soluble
huntingtin, with wild-type huntingtin being mainly ubiquiti-
nated at K132, K804, and K837. Mutant huntingtin protein
levels were strongly reduced in the soluble fraction
whereas K6 and K9 were mainly ubiquitinated. In the in-
soluble fraction increased levels of huntingtin K6 and K9
diGly sites were observed for mutant huntingtin as com-
pared with wild type. Besides huntingtin, proteins with
various roles, including membrane organization, trans-
port, mRNA processing, gene transcription, translation,
catabolic processes and oxidative phosphorylation, were
differently expressed or ubiquitinated in wild-type and
mutant huntingtin brain tissues. Correlating protein and
diGly site fold changes in the soluble fraction revealed
that diGly site abundances of most of the proteins were
not related to protein fold changes, indicating that these
proteins were differentially ubiquitinated in the Q175 mice.
In contrast, both the fold change of the protein level and
diGly site level were increased for several proteins in the
insoluble fraction, including ubiquitin, ubiquilin-2, seques-
tosome-1/p62 and myo5a. Our data sheds light on puta-
tive novel proteins involved in different cellular processes
as well as their ubiquitination status in Huntington’s dis-
ease, which forms the basis for further mechanistic stud-
ies to understand the role of differential ubiquitination of
huntingtin and ubiquitin-regulated processes in Hunting-
ton’s disease. Molecular & Cellular Proteomics 18:
1705–1720, 2019. DOI: 10.1074/mcp.RA119.001486.

Huntington’s disease (HD)1 is an autosomal dominant in-
herited neurodegenerative disorder characterized by exces-
sive motor movements, cognitive and psychiatric deficits (1).
The disease is hallmarked by intracellular aggregates and
neuronal loss in various brain regions, with the striatum being
mostly affected by neurodegeneration (2, 3). Patients usually
live for 15–20 years after the onset of the disease (4). HD is
caused by an expansion of the CAG repeat present in the
exon1 domain of the huntingtin (Htt) gene. Healthy individuals
exhibit between 6 to 35 CAG repeats in their Htt N termini,
whereas individuals affected by HD display �39 repeats. CAG
repeats are translated into polyglutamine (polyQ) repeats
and mutant Htt (mHtt) proteins are thus characterized by an
N-terminal polyQ-repeat expansion, as compared with the
wild-type Htt (wtHtt) protein. Experimental data and the
dominant inheritance pattern of HD indicate that mHtt is
toxic and triggers neurodegeneration (5). Htt can be cleaved
by proteases, including caspases, into shorter fragments (6,
7). Especially N-terminal fragments of the mHtt protein are
aggregation-prone, resulting in proteotoxicity and protein
aggregation (8).

Various studies have suggested that post-translational
modifications (PTMs) of polyQ-expanded Htt modulate ag-
gregation and toxicity (9, 10). Htt can be phosphorylated,
SUMOylated, myristoylated (11) and acetylated on various
residues, with phosphorylation being mostly studied. Inter-
estingly, it has been shown that intracellular localization,
cleavage, and degradation of mHtt are affected by phos-
phorylation of threonine 3 (12), serine 13, and serine 16,
which are positioned in the N-terminal domain of Htt con-
sisting of the first 17 amino acids (N17). Phosphorylation of
these residues has also been shown to influence other
post-translational modifications (13, 14). Identification of
new PTMs may lead to effective therapeutic strategies, as
involved enzymes may be modulated to improve the clear-
ance of mHtt before cell toxicity.
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Although differences in phosphorylation between wtHtt and
mHtt have been shown by various research groups, much less
is known about differences in ubiquitination between wtHtt
and mHtt. Several studies have reported the effects of ubiq-
uitin ligases and deubiquitinating enzymes (DUBs) on aggre-
gate formation by mHtt (15–19), indicating that altering the
ubiquitination of mHtt improves the turnover of the mutant
protein and decreases aggregate formation (20–22). How-
ever, it is unknown whether mHtt is differentially ubiquitinated
because of the polyQ expansion. Again, the N17 domain is of
interest, as it contains three lysine residues that may become
ubiquitinated and thereby affect clearance but also regulate
modifications of other PTMs (23, 24).

To examine whether full-length (fl) mHtt is differentially
ubiquitinated compared with wtHtt, we applied a mass spec-
trometry-based workflow in which we used K-�-GG antibod-
ies to purify diGly-modified peptides from both wild-type and
mutant Htt mice brain samples. We used the Q175 knock-in
mouse model (also called Q175F neo delete/Q175FDN) that
contains a human mHtt exon1 with the expanded CAG repeat
within the native mouse huntingtin gene. Both homo- and
heterozygous Q175 mice show first signs of motor symptoms
at the age of 3–4 months, and behavioral deficits are ob-
served at the age of 8 months (25). The mice used for this
study were 40 weeks (10 months) old representing an ad-
vanced stage of HD. Further, the Q175 mice used were ho-
mozygous, lacking wtHtt, as no discrimination between wtHtt
and mHtt peptides can be made upon digestion for mass
spectrometry (MS) analysis. To separate soluble Htt from
aggregated Htt we used a mild lysis buffer containing Triton
X-100 which does not dissolve aggregated Htt (26). Thus,
insoluble fractions contain putative mHtt aggregates, among
other proteins present in the lysate pellet.

Here, we show that wild-type Htt was mainly ubiquitinated
at K132, K804, K837 in the soluble fraction. In contrast, the
mutant Htt protein level was strongly reduced in the soluble
fraction and it was ubiquitinated at K6 and K9. In the insoluble
fraction both wtHtt and mHtt were ubiquitinated at K6 and K9,
but label-free quantification (LFQ) revealed that mHtt ubiquiti-
nation at these sites was increased compared with wtHtt.
Further, we found increased levels of ubiquitin and K48 polyu-
biquitin linkages in the insoluble fraction. Also, several pro-
teins with roles in membrane organization, transport, mRNA
processing, gene transcription, translation, catabolic pro-
cesses and oxidative phosphorylation were differentially ex-
pressed or ubiquitinated in wild-type and mutant huntingtin
brain tissues. Finally, most proteins in the soluble fraction

showed stable expression levels in wtHtt and mHtt samples
and thus did not affect diGly site fold changes in general. This
suggests that diGly site fold changes were the result of in-
creased ubiquitination. In the insoluble fraction several pro-
teins showed increased protein and diGly site levels, suggest-
ing that protein fold changes contributed to diGly site fold
changes for these proteins. This was for instance the case for
ubiquitin, ubiquilin-2, sequestosome-1/p62 and myosin VA
(myo5a). Our data gives more insight in the ubiquitination of
huntingtin and other proteins in soluble and insoluble fractions
of late stage HD mice brain lysates. The findings presented
here could be the basis for further mechanistic studies to
understand the role of ubiquitin signaling in HD.

EXPERIMENTAL PROCEDURES

Experimental Design and Statistical Rationale—Global proteome
and ubiquitinome of soluble and insoluble fractions derived from
wild-type Htt mice brain (wtHtt, expressing full-length Htt with 20
polyQ repeats, control) and mutant Htt mice brain (mHtt, expressing
full-length Htt with 175 polyQ repeats) were analyzed using label-free
mass spectrometry. Four biological replicates of mutants and wild
types were analyzed in each experiment to validate the biological
reliability of measurements. For the soluble fraction, three fractions
were measured for each sample. Both for global and diGly analyses,
proteins and diGly sites that were identified in at least 3 out of 4
replicates both in wild-type and mutant groups were used for com-
parison. Student’s t test was performed for comparisons between
wtHtt and mHtt with 1% FDR cutoff for all datasets.

Sample Preparation for Mass Spectrometry—Snap frozen whole
brains excluding cerebellum derived from 40 weeks old mice of strain
HttQ20 (wild type) and strain Q175F neo delete/Q175FDN (mutant,
homozygous) (25), were provided by the Jackson Lab (www.jax.org).
Frozen brains were grinded in small pieces using a metal bar in a
liquid nitrogen bath, and dissolved in a mild lysis buffer (50 mM

Tris/HCl pH7; 150 mM NaCl; 1% Triton X-100; Roche protease inhib-
itor tablet (Roche Diagnostics GmbH, Mannheim, Germany); 200 �M

PR-619; 1 mM EDTA; 100 mM Chloroacetamide (CAA)) using a glass
douncer on ice. Lysates were centrifuged through a 70 micron filter
(EASYstrainer, Greiner Bio-One B.V., Alphen a/d Rijn, The Nether-
lands) and DNA was sheared by sonication (Bioruptor Pico, Diag-
enode, Seraing, Belgium). Lysates were centrifuged for 20 min with
14,000 rpm by 4 °C to separate soluble (monomeric and oligomeric
Htt) and insoluble (fibrils, aggregates and inclusion bodies) huntingtin
fractions (26). Proteins of the soluble fraction were denatured by
addition of 10 volumes of 8 M urea lysis buffer (8 M urea; 50 mM

Tris/HCl pH8; 50 mM NaCl). The pellet or insoluble fraction was
washed several times in the mild lysis buffer. Next, the Htt aggregates
in the pellets were solubilized as described before (23) with some
small adjustments. Briefly, aggregates were solubilized by resuspen-
sion in one pellet volume of formic acid and incubated at 37 °C for 40
min with 1000 rpm shaking and dried by speedvac O/N. Pellets were
dissolved in 8 M urea-based lysis buffer. Protein quantification was
performed for soluble and insoluble fractions using the Bradford
assay (Serva Electrophoresis GmbH, Heidelberg, Germany). Four bi-
ological replicates of 20 mg total protein for soluble fractions and 3
mg protein for insoluble fractions were made for both wild-type and
mutant samples.

Arg-C/chymotrypsin and Lys-C/trypsin Digestion of Soluble Frac-
tions—Ten milligrams total protein of each sample was used for
Arg-C/chymotrypsin digestion. Samples were diluted with 50 mM

Tris-HCl pH8 to a final concentration of 2 M urea. Proteins were
reduced using 5 mM 1,4-dithiothreitol (DTT) for 45 min at RT. CaAc

1 The abbreviations used are: HD, Huntington’s disease; CV, col-
umn volume; FDR, false discovery rate; fl, full-length; Htt, huntingtin;
LFQ, label-free quantification; mHtt, mutant huntingtin; N17, N-termi-
nal domain of Htt protein consisting of the first 17 amino acids; polyQ,
polyglutamine; PTM, post-translational modification; Q175, 175 poly-
glutamine repeats; UBA, ubiquitin-associated domain; UBL, ubiqui-
tin-like domain; wtHtt, wild-type huntingtin.
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was added to a final concentration of 1 mM. Proteins were digested
for 1 h with Arg-C (Protea Biosciences, Morgantown, West Virginia;
1:200 enzyme/substrate ratio) at 37 °C and then overnight at room
temperature (RT). Peptides were reduced using 5 mM DTT for 45 min
at RT and subsequently alkylated using 5.5 mM chloroacetamide
(CAA) for 30 min in the dark. CaCl2 was added to a final concentration
of 1 mM. Samples were digested for 1 h with chymotrypsin (Pierce
Chymotrypsin Protease, MS Grade, Thermo Scientific, Rockford, Illi-
nois; 1:200 enzyme/substrate ratio) at 37 °C and then 3 h at RT.
Trifluoroacetic acid (TFA) was added to 1% to stop the digestion.
Digests were centrifuged at 4500 rpm for 15 min. Ten milligrams total
protein of each sample was used for Lys-C/trypsin digestion. Sam-
ples were diluted with 50 mM Tris-HCl pH8 to a final concentration of
4 M urea. Proteins were reduced using 5 mM DTT for 45 min at RT and
subsequently alkylated using 5.5 mM CAA for 30min in the dark.
Proteins were digested for 2 h with Lys-C (Wako Pure Chemical
Industries Ltd., Osaka, Japan; 1:100 enzyme/substrate ratio). Sam-
ples were diluted with 25 mM Tris-HCL pH8 to a final concentration of
1.6 M urea. CaCl2 was added to a final concentration of 1 mM.
Samples were digested for 1h with trypsin (Pierce Trypsin Protease,
MS-Grade, Thermo Scientific, Rockford, Illinois; 1:50 enzyme/sub-
strate ratio) at 37 °C and then o/n at RT. TFA was added to 1% to stop
the digestion. Digests were centrifuged at 4500 rpm for 15 min.

Lys-C/trypsin Digestion of Insoluble Fractions—2.75 mg of each
sample was used for Lys-C/trypsin digestion. Digestion was per-
formed as described above.

Peptide Fractionation of Soluble Fractions—Arg-C/chymotrypsin
and Lys-C/trypsin digests of soluble fractions were combined. Pep-
tide fractionation, diGly peptide enrichment and NanoLC-MS/MS
analysis were performed as initially described (27), with only minor
adjustments. Briefly, for peptide fractionation high pH reverse-phase
(RP) chromatography was performed using polymeric PLRP-S (300Å,
50 �m, Agilent Technologies, part #PL1412–2K01). Samples were
loaded onto the column and washed with 6 column volumes (CVs) of
0.1% TFA followed by 6 CVs of milliQ H2O. Peptides were then eluted
in three fractions with 6 CVs of 10 mM ammonium formate solution
(pH10) and 9%, 15 and 40% acetonitrile (AcN), respectively. 1/30 part
of the fractions were dried to completeness by vacuum centrifugation
and used for global proteome analysis. Remaining of the fractions
were dried to completeness by lyophilization and used for diGly
peptide enrichment.

Peptide Clean-up of Insoluble Fractions—peptide clean-up was
performed with Sep-Pak C18 columns (Waters, Dublin, Ireland) ac-
cording to PTMscan protocol (PTMscan, Cell Signaling Technologies,
Leiden, The Netherlands).

Immunoprecipitation of diGly Peptides—Ubiquitin remnant motif
(K-�-GG) antibodies coupled to beads (PTMscan, Cell Signaling
Technologies) were used according to manufacturer’s advice. For the
soluble fraction, each standard batch of beads was divided over the
three fractions of each sample. For the insoluble fraction, 20 �l beads
were used per diGly IP.

NanoLC-MS—Mass spectra were acquired on an Orbitrap Tribrid
Lumos mass spectrometer (Thermo Fisher Scientific GmbH, Bremen,
Germany) coupled to an EASY-nLC 1200 system (Thermo). Peptides
were separated on an in-house packed 75 �m inner diameter column
containing 50 cm Waters CSH130 resin (2.5 �m, 130Å, Waters,
Etten-Leur, The Netherlands) with a gradient consisting of 2–30%
(AcN, 0.1%FA) over 120 min at 300 nL/min. The column was kept at
50 °C in a NanoLC oven - MPI design (Sonation GmbH, Biberach,
Germany). For all experiments, the instrument was operated in the
data-dependent acquisition (DDA) mode using the top speed method
with a cycle time of 3 s. MS1 spectra were collected at a resolution of
120,000 with an automated gain control (AGC) target of 4E5 and a
max injection time of 50 ms. Precursors were filtered according to

charge state (2–6z), and monoisotopic peak assignment. Previously
interrogated precursors were dynamically excluded for 60 s. Peptide
precursors were isolated with a quadrupole mass filter set to a width
of 1.6 Th. Ion trap MS2 spectra were collected at an AGC of 7E3, a
max injection time of 50 ms and HCD collision energy of 30%.
Duration of all individual mass spec runs was 120 min.

Data Processing and Statistical Analysis—RAW files were analyzed
using MaxQuant software suite (v1.6.5.0) (28). The data were
searched against reviewed (Swiss-Prot) Mus musculus proteome
from Uniprot (September 2018, contains 16981 entries) (29), along
with revert decoys and standard contaminants database from Max-
Quant. Methionine oxidation and N-terminal acetylation were set as
variable modifications, whereas carbamidomethylation of cysteine
was set as a fixed modification. In addition to these, diGly modifica-
tion of Lysine was set as a variable modification for searching diGly
data. Maximum number of modifications per peptide were set to 5.
Default search settings for Orbitrap were used, such as a precursor
tolerance of 20 ppm and 4.5 ppm for the first and main search
respectively and a tolerance of 20 ppm for the fragment ions. Trypsin
was selected as the search enzyme for the insoluble data; whereas
Arg-C/chymotrypsin/trypsin was set as the cleavage enzyme for the
soluble. Maximum number of miscleavages were set to 3. The mini-
mal peptide length was set to 7, “second peptides” and “match
between runs” were checked. The label-free quantification algorithm
(LFQ) in MaxQuant was used for quantification with LFQ minimum
ratio count set to 1; unique and razor peptides were selected to be
used for quantification. The false discovery rate for peptide, protein,
and site identifications were set to 1%. The minimum score for diGly
peptides was kept at 40 (default). Statistical analyses were performed
on MaxQuant outputs using the Perseus package (v1.6.2.3) (30). For
global proteome data the proteinGroups files were used for statistical
analyses. Proteins that were identified by less than 2 unique peptides
were excluded. LFQ intensities were log2 transformed. Proteins that
were identified in at least 3 (out of 4) replicates in both wtHtt and mHtt
samples were selected for comparison of protein abundance. Missing
values of selected proteins were then imputed from a normal distri-
bution with width 0.3, down shift 1.8 from the general distribution. For
ubiquitinome data the GlyGly (K) Sites tables were used for statistical
analyses. diGly site modifications localized on C-term with a proba-
bility more than 0.75 and on any other position with a probability less
than 0.75 were discarded. diGly sites that were identified in at least 3
(out of 4) experiments in both wtHtt and mHtt samples were selected
for diGly site quantification. Normalization of diGly log2 transformed
intensities was done manually based on average median intensities in
the global evidence file. Calculated scaling factors were then applied
to intensities in the GlyGly (K) sites table. In addition to these com-
parisons, proteins and diGly sites that were identified in all of the mHtt
replicates but in none or only one of the wtHtt, and vice versa, were
extracted from the tables before imputation and filtering for further
exploration.

Pathway Analysis—Protein-protein association network for up and
down regulated proteins was visualized using the StringApp (v1.4.1)
(31) in Cytoscape (v3.7.0) (32). Cytoscape plugin BiNGO (v3.0.3) (33)
was used for identification of enriched GO terms from lists of gene
names of up and down regulated proteins or diGly sites (target list)
versus whole annotation as a reference set. Hypergeometric statisti-
cal test was used with Benjamini & Hochberg false discovery rate
correction with a significance level of 0.05. Web-based Venn diagram
tool (34) from VIB/UGhent was used to plot the overlap of up- and
downregulated proteins in both the soluble and insoluble fractions.
Cytoscape plugin Molecular Complex Detection (MCODE) (v1.5.1)
(35) was used to identify highly interconnected clusters. The following
settings were used for cluster identification: Network scoring: Degree
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cutoff of 2. Cluster finding: haircut. Node Score cutoff: 0.2. K-core: 2.
Max. Depth: 100.

SDS-PAGE and Western Blot Analysis—Antibodies used for SDS-
PAGE WB analysis: �-Htt (ab109115 Abcam); �-Htt D7F7 (#5656
CST), �-Actin (SC-1616 Santa Cruz), �-Vimentin (AB1620 Sigma).
SDS-PAGE and Western blotting were performed according to stand-
ard procedures, except for Htt (350 kDa). For Htt a 6% Tris/Glycine
gel was used and proteins were run out of the gel until �80 kDa. Wet
Blotting was done o/n at 45V at 4 °C. Proteins were visualized using
LiCOR secondary antibodies and the Odyssey system.

RESULTS

Proteomics Workflow—The N-terminal sequence of Htt is
subjected to a variety of post-translational modifications
(PTMs), such as ubiquitination (23, 24), SUMOylation (24, 36)
and phosphorylation (12, 14). We aimed to identify endoge-
nous fl Htt ubiquitination sites in mice brain lysates. We were
especially interested in the putative ubiquitination sites lo-
cated at the N terminus; K6, K9, and K15, as the N17 domain
(consisting of the first 17 amino acids preceding the polyQ
repeat) plays a crucial role in mHtt localization, aggregation
and clearance. In addition to Lys-C and trypsin digestion,
Arg-C and chymotrypsin digestion was used to potentially
increase the number of unique N-terminal Htt diGly peptides
(Fig. 1A, supplemental Fig. S1). Four biological replicates of
both wild-type mice brain lysates and Q175FDN mutant Htt
mice brain lysates were processed for mass spectrometric
analysis. Fig. 1B shows a simplified overview of the experi-
mental workflow for one sample. Frozen brain tissues were
grinded in liquid nitrogen. To prevent resolving mHtt fibrils,
aggregates and inclusion bodies, samples were lysed in a
1%Triton X-100-based mild lysis buffer (26). After sonication,
a Triton X-100 soluble and insoluble fraction were obtained
through centrifugation. In our workflow the soluble Htt fraction
contains wtHtt- or mHtt monomers but could also contain
some oligomeric states of mHtt (26). Insoluble pellet fractions
were treated with formic acid to solubilize Htt aggregates.
Proteins of both the soluble and insoluble fractions were
denatured in an 8 M urea-based buffer. Twenty milligrams and
3 mg of total protein were digested for the soluble and insol-
uble fractions, respectively. Recently, we have optimized the
protocol for diGly peptide detection for samples with relatively
high protein amounts (27). Briefly, in this workflow digests are
subjected to offline high pH reverse phase (RP) fractionation.
Three fractions were collected of each sample, and of each
fraction 1/30 (v/v) part was subjected to global proteome
analysis, whereas the remaining part was subjected to diGly
peptide enrichment. All fractions were measured individually
by nanoLC-MS/MS (Fig. 1B).

Quantitative Analysis of Global Proteome and Ubiquitinome
Data Sets—Raw files obtained for the global proteome and
ubiquitinome of the soluble and insoluble fractions were an-
alyzed using the MaxQuant and Perseus platforms. We iden-
tified 5229 protein groups in the global proteome data of the
soluble fraction (supplemental Table S1), and 2590 protein

groups in the global proteome data of the insoluble fraction
(supplemental Table S2) (excluding contaminants and de-
coys). The proteins were ordered by the number of identified
peptides in descending order in the protein IDs column of the
proteinGroups table. The first protein, thus the protein with
the highest number of identified peptides, was used from
each protein group. For the diGly data we identified 5508
diGly peptides in the soluble fraction and 1146 diGly peptides
in the insoluble fraction (excluding contaminants and decoys).
DiGly sites were used for further analyses (supplemental Ta-
ble S3 and supplemental Table S4). Hierarchical clustering
(Euclidean distance) analysis was performed for all datasets
and as expected we observed more variation in the ubiquit-
inome datasets as compared with the proteome datasets. The
ubiquitinome of the insoluble fraction showed the most vari-
ation (Fig. 2A). Two-sample Student’s t-tests were performed
for all proteins and diGly sites that were identified in at least 3
out of 4 samples in both wild-type and mutant conditions (Fig.
2B). The relative abundances of most of the proteins and
diGly sites were unaffected. Proteins and diGly sites with
significant higher relative abundances in the mutant samples
are shown in orange, whereas proteins and diGly sites present
with significant higher relative abundances in the wild-type
samples are shown in blue. For informative purposes several
differentially expressed proteins and diGly sites are depicted
with their gene names in the plots. Differential expression of
several proteins had been associated with HD before, such as
downregulation of Pde10a (37–40), synaptopodin (39), Itpka
(40), and Serpina3k (40), and upregulation of Mri1 (40) in HD
mice models. Also, several proteins that we found to be
enriched in the insoluble fraction of the mutant Htt samples
have been identified in Htt aggregates in other studies, for
instance Ina, Vim, Tra2a (39), and ubqln2 (41). Further, we
observed a remarkable downregulation of the Htt protein in
the soluble fraction of mHtt brain lysates (Fig. 2B upper plot).
Changes in protein abundances observed by mass spectrom-
etry were confirmed by SDS-PAGE in combination with West-
ern blotting. For instance, we observed relatively lower levels
of full-length mHtt in the soluble fraction and relatively higher
levels of Vimentin in the insoluble fraction by SDS-PAGE WB
(Fig. 2C). Additionally, we observed the presence of both
full-length mHtt as well as oligomeric species and/or frag-
ments of the full-length protein in the insoluble fraction
(Fig. 2C).

Although the selection of proteins identified in 3 out of 4
samples in both groups was a good basis for comparison
between two groups, several putatively interesting candidates
could have been omitted by using this method. In our study
we focused on a late stage of HD, in which extreme differ-
ences might appear both at the protein level as well as at the
level of protein ubiquitination. We therefore also investigated
these extreme differences by including proteins or diGly sites
identified in 4 out of 4 replicates in one group while identified
exclusively in one or none of the replicates in the other group.
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Table I gives the amount of proteins and diGly sites in these
categories, whereas supplemental Table S5 gives information
about these proteins and diGly sites. The distribution of their
intensities together with those that were significantly changed
are shown in supplemental Fig. S2.

In addition to mHtt, other proteins can also become insol-
uble because of sequestration in mHtt aggregates. We looked
whether this was the case in our analysis by plotting the
overlap between significantly up and downregulated proteins
in the soluble and insoluble fractions (Fig. 2D). Significant
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FIG. 1. Workflow of mass spectrometry sample preparation. A, Schematic representation of the used protein digestion method. A
sequential digestion of Arg-C/chymotrypsin and Lys-C/trypsin was performed with the aim to obtain peptides containing all putative N-terminal
Htt ubiquitination sites. The cleavage sites of trypsin and Lys-C are shown in white, whereas cleavage sites of chymotrypsin are shown in bold
black. B, Simplified schematic representation of the workflow from lysate to data analysis for both the global ubiquitinome and global proteome
analysis. Wild-type and mutant samples were made in quadruplicates, here the workflow is shown for just one sample. Triton X-100 soluble
and insoluble fractions were obtained. Putative Htt aggregates in the insoluble fraction (pellets) were solubilized by formic acid treatment.
Soluble fractions were digested as described in Fig. 1A. To reduce complexity, the soluble fractions were further fractionated by high pH RP
fractionation. Insoluble fractions were digested only with Lys-C and trypsin. Further fractionation was not required based on the amount of
protein in these samples. Global proteome and ubiquitin-modified proteome analyses were performed for each fraction or sample using the
MaxQuant and Perseus platforms.
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downregulation of proteins in the soluble fraction did not
result in significant upregulation of those proteins in the insol-
uble fraction, suggesting that changes in protein relative
abundances in the soluble fraction observed in our study were
rather the result of changes in protein synthesis and/or
degradation than in sequestration in the insoluble fraction
(Fig. 2D).

We identified multiple diGly peptides for Htt. Fig. 2E shows
all identified diGly peptides from Htt in the quadruplicate
samples in both the soluble (upper panel) and insoluble frac-
tions (lower panel). Intensities were log2 transformed sum of
raw intensities from the MaxQuant evidence files. We identi-
fied diGly peptides with Htt K6, K9, K132, K804, and K837 in
the soluble fractions while in the insoluble fraction only diGly
peptides with Htt K6 and K9 were found. In the insoluble
fraction, singly modified diGly peptides with Htt K6 and with
Htt K9 were identified in almost all replicates and log2 inten-
sities were clearly higher in mutant samples, suggesting that
K6 and K9 were more ubiquitinated in mutant Htt insoluble
fractions (Fig. 2E). Also, the Student’s t test revealed that Htt
K6 and K9 diGly sites were significantly upregulated in mutant
Htt insoluble fractions (Fig. 2B). In contrast, in the soluble
fraction diGly peptides harboring the same GlyGly sites were
primarily identified in the mutant samples, whereas the Htt
protein level was strongly reduced in these samples (Fig. 2B),
suggesting that ubiquitination of Htt at K6 and K9 is predom-
inantly occurring with the mutant protein in the soluble frac-
tion of our samples (Fig. 2E). Htt could also be ubiquitinated at

K6 and K9 simultaneously, as we identified two different
peptides harboring both modifications (Fig. 2E). Moreover,
diGly peptides for Htt K132 and K804 were primarily identified
in the wild-type samples, suggesting that ubiquitination at
these sites specifically occurred with the wtHtt samples under
the used conditions. Finally, the Htt diGly peptide harboring
K837 was only identified in 1 out of the 8 samples, indicating
that ubiquitination at this site occurs almost never or only
rarely in our model under the used conditions. Concluding, we
observed changes in both the global proteome and ubiquitin-
modified proteome of the Q175 HD mice model as compared
with the wild type. Typically, the Htt protein level was remark-
ably decreased in the soluble fraction of the HD mice model
and the mHtt protein was more ubiquitinated at K6 and K9 in
both the soluble and insoluble fractions whereas K132 and
K804 were more ubiquitinated in the wtHtt protein in the
soluble fraction. Htt diGly peptides harboring K837 were only
found in one wild-type sample.

Proteins with Roles in Membrane Organization, Translation,
and Catabolic Processes Are Differentially Ubiquitinated in the
Soluble Fraction of Wild-type and HD Mice Brains—Next we
performed functional analyses on differentially expressed pro-
teins and diGly sites. Visualization of the protein-protein as-
sociation network for up- and downregulated proteins and
diGly sites using the stringApp (42) in Cytoscape (32) revealed
that the association network for diGly sites is particularly
dense as compared with the association network for proteins
(Fig. 3A and 3B). Gene Ontology (GO) term analysis revealed
that Biological Processes related with transport, localization
and metabolic processes were enriched in the group of dif-
ferentially expressed proteins and diGly sites in the soluble
fraction (Fig. 3C and 3D).

Highly interconnected clusters were found in the protein-
protein association network of up and downregulated diGly
sites with the use of Cytoscape plugin MCODE (Fig. 3E).
Proteins in the highest scoring clusters played roles in mem-
brane organization and transport (cluster 1), translation (clus-
ter 2) and catabolic processes (cluster 3 and 4).

Functional Analysis of Global Proteome and Ubiquitinome
Changes in the Insoluble Fraction of Wild-type and HD Mice
Brains—We also performed a functional network analysis of
up- and downregulated proteins and diGly sites in the insol-

FIG. 2. Visualization of quantitative data. A, Heatmaps (Euclidian Distance) of log2 transformed LFQ intensities of identified and quantified
proteins and diGly sites for all data sets. Lowest intensities are shown in blue and highest intensities are shown in orange. B, Volcano plots
showing protein or diGly site relative abundances for all data sets. Orange: proteins/diGly sites up in mutant Htt mice brain; blue: proteins/diGly
sites up in wtHtt mice brain. C, SDS-PAGE and Western blot analysis of the quadruplicate wtHtt and mHtt brain lysates with antibodies against
both Htt Proline 1220 region and N terminus and actin (loading control) confirm decreased Htt protein levels in mHtt mice brain in the soluble
global proteome. SDS-PAGE and Western blot analysis of the quadruplicate wtHtt and mHtt brain lysates with an antibody against Vimentin
confirms increased Vimentin protein levels in mHtt mice brain in the insoluble global proteome. Full-length (and probably fragments of) Htt was
detected with the antibody raised against Htt N terminus only in mHtt insoluble fractions. D, Venn diagram showing number of proteins that
were significantly up and down in soluble and insoluble fractions. Only the proteins that pass the fold change and p value threshold in the t
test (those marked in color in the volcano plots) are shown. E, The bar plots showing the log2 intensities of the diGly peptides of the Huntingtin
protein in soluble and insoluble fractions. The intensities are the raw intensities from the MaxQuant evidence file. Modified sequences that have
a C-term diGly are excluded.

TABLE I
Number of proteins and diGly sites exclusively identified in wild-type
or mutant samples. Numbers of protein and diGly sites identified
exclusively (in 4 out of 4 replicates) in one group and in none or one of

the replicates of the other group. Wt � wild type; Mut � mutant

Fraction
Proteome

level
Identified

exclusively in
# unique proteins

or diGly sites

Soluble global Wt 55
Mut 44

diGly Wt 108
Mut 233

Insoluble global Wt 39
Mut 51

diGly Wt 9
Mut 34
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uble fractions. For the insoluble fractions we obtained a dense
protein-protein association network for the proteins contrib-
uting to global proteome changes (Fig. 4A) whereas the net-
work for up and downregulated diGly sites was relatively
simple (Fig. 4B). Gene Ontology (GO) term analysis revealed
that many enriched Biological Processes for the global pro-
teome dataset of the insoluble fraction were shared with the
datasets derived from the soluble fractions (transport, local-
ization and metabolic processes). In addition, GO terms re-
lated with RNA splicing and mRNA processing were enriched
in the global proteome of the insoluble fraction (Fig. 4C). GO
terms enriched in the diGly data set were related to cellular
organization and microtubule-based processes (Fig. 4D).

Highly interconnected clusters were found in the protein-
protein association network of up- and downregulated pro-
teins in the insoluble fraction (Fig. 4E). Proteins in the highest
scoring cluster (cluster 1) were all upregulated in mutant Htt
samples and played roles in mRNA processing and gene
expression. In contrast, cluster 3 contains only proteins that
were downregulated in mutant Htt samples, and these pro-
teins play a role in the electron transport chain in mitochon-
dria. The second cluster contains proteins upregulated in both
wild-type and mutant Htt samples and play a role in cell
adhesion, organelle fission and mitosis. A few clusters were
found in the association network for the proteins of which
diGly sites were found in the insoluble fraction (Fig. 4F). Al-
though their scoring was relatively low and no GO terms were
found to be enriched in this selection of proteins, several of
these proteins are known to be present at Htt aggregates, so
their differential ubiquitination might be interesting novel in-
formation for the field.

Correlation Between Protein and diGly Site Fold Changes in
HD—Next, we focused on the correlation between global
proteome changes and changes in the ubiquitin-modified pro-
teome in both the soluble and insoluble fractions. Fig. 5A
shows this correlation, plotted using the ggplot2 package (43)
in R (44), for all proteins and diGly sites that were identified in
3 out of 4 samples in both wild-type and mutant samples of
the soluble fraction. Fold changes were much larger for many
diGly sites as compared with protein fold changes. Relatively
increased diGly site fold changes were observed both in
wild-type and mutant samples and followed a normal distri-

bution which was only slightly skewed toward the mutant Htt
samples (density plot Fig. 5A). In the soluble fraction an in-
crease in diGly site abundance in general did not correlate
with an increase in protein abundance. The relative abun-
dance of most of the proteins was not altered in the soluble
fraction. Thus, in general, changes observed in diGly site
abundance were not affected by changes at the protein level
for most of the proteins in the soluble fraction. Fig. 5B shows
the correlation for all proteins and diGly sites that were iden-
tified in 3 out of 4 replicates in both wild-type and mutant
samples of the insoluble fraction. DiGly site fold changes
follow a normal distribution, which is however clearly skewed
toward the mutant samples. Some diGly sites were upregu-
lated as well as their proteins, such as the K48 diGly site of
ubiquitin (Ubc K48) and both K422 and K437 diGly sites of
sequestosome1 (Sqstm1/p62). There were also several diGly
sites upregulated even though their proteins were not differ-
entially up- or downregulated, such as Hsp90aa1 K112 and
Calm3 K31 (Fig. 5B).

The correlation of diGly sites, that were only identified in
one group (either wild type or mutant), to their global proteins
in both the soluble and insoluble fraction are plotted in sup-
plemental Fig. S3A and S3B, respectively. In general, the
protein fold change was not altered for the majority of the
diGly sites that were identified in the soluble fraction (supple-
mental Fig. S3A). For a few proteins the fold change was
increased in wild-type samples whereas diGly sites for these
proteins were only found in mutant samples. For instance, the
fold change of Htt was strongly decreased in the mutant
soluble fraction whereas its K9 diGly site was only found in
mutant samples. In the insoluble fraction relatively more pro-
teins showed upregulation at both the protein level and diGly
site level (supplemental Fig. S3B), which is in agreement with
the data in Fig. 5B. For instance, ubiquilin-2 protein levels
were increased in the insoluble fraction of mHtt samples
whereas the protein was also more ubiquitinated at K58 and
K66 (supplemental Fig. S3B). Also, the protein level and diGly
site level (K979) of Myo5a, a Htt interaction partner (45) with a
role in vesicular trafficking, were both upregulated in the mHtt
insoluble fraction.

Together these data show that in general protein fold
changes did not affect the diGly site fold changes drastically.

FIG. 3. Functional analysis of Huntington’s disease dependent changes in the global proteome and ubiquitinome of the soluble
fractions of Q175FDN mouse brain lysates. A, STRING network analysis was performed on differentially expressed proteins in the soluble
fraction. Orange is used for proteins identified exclusively in the mutant Htt samples (identified in 4 mutant samples and in 0 or 1 wild-type
sample), whereas blue is used for proteins identified exclusively in wild-type samples (identified in 4 wild-type samples and in 0 or 1 mutant
sample). A color gradient representing the protein fold change of orange (for upregulation in mutant) and blue (for upregulation in wild type)
is used for significantly differentially expressed proteins (identified in at least 3 out of 4 mutant and wild-type samples, significant proteins in
volcano plots Fig. 2B). B, Same as in Fig. 3A, but for diGly sites. Proteins of diGly sites upregulated in both wild-type and mutant samples are
shown in yellow. C, Gene Ontology (GO) analysis of differentially expressed proteins in the global proteome of the soluble fraction. Top ten of
enriched Biological Processes is shown, enrichment probability is represented by -log10 Benjamini Hochberg adjusted p value. D, Gene
Ontology (GO) analysis of differentially expressed diGly sites in the soluble fraction. Top ten of enriched Biological Processes is shown,
enrichment probability is represented by -log10 Benjamini Hochberg score. E, Cytoscape plugin MCODE revealed highly interconnected
clusters in the STRING network of the differentially expressed diGly sites in the soluble fraction. Clusters with highest scores are shown here.
See A and B for description of node color coding.
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In the insoluble fraction more increased fold changes at the
protein level were observed as compared with the soluble frac-
tion, which is most likely the result of the relatively large differ-
ences in components of these proteomes (aggregates versus
no aggregates). Increased protein fold changes were also re-
flected in increased diGly site fold changes in several cases.

DISCUSSION

Overlap with Other Huntington’s Disease Studies—Several
differentially expressed proteins in our datasets have been
associated with HD before. For instance, Pde10a, a protein

highly expressed in striatal medium spiny neurons (37), was
found to be downregulated in affected brain regions of R6/2
mice by using a quantitative mass spectrometry approach
(40). Further, Giampa et al. showed that inhibition of Pde10a
alleviated neurological deficits and brain pathology in the HD
mice model R6/2 (38). Pde10 expression profiling has also
been suggested as a biomarker to follow early stages of HD
progression (46). The actin-binding cytoskeletal protein Syn-
aptopodin that is required for the formation of the spine
apparatus was also found to be differentially expressed in
R6/2 HD mice brain (39). Further, we found that Serpina3K

FIG. 4. Huntington’s disease dependent changes in the global proteome and ubiquitinome of the insoluble fractions of Q175FDN
mouse brain lysates. A, STRING network analysis was performed on differentially expressed proteins in the insoluble fraction. Orange is used
for proteins identified exclusively in the mutant Htt samples (identified in 4 mutant samples and in 0 or 1 wild-type sample), whereas blue is
used for proteins identified exclusively in wild-type samples (identified in 4 wild-type samples and in 0 or 1 mutant sample). A color gradient
representing the protein fold change of orange (for upregulation in mutant) and blue (for upregulation in wild type) is used for significantly
differentially expressed proteins (identified in at least 3 out of 4 mutant and wild-type samples, significant proteins in volcano plots Fig. 2B).
B, Same as Fig. 4A, but for diGly sites. C, Gene Ontology (GO) analysis of differentially expressed proteins in the global proteome of the
insoluble fraction. Top ten of enriched Biological Processes is shown, enrichment probability is represented by -log10 Benjamini Hochberg
adjusted p value. D, Gene Ontology (GO) analysis of differentially expressed diGly sites in the insoluble fraction. Top ten of enriched Biological
Processes is shown, enrichment probability is represented by -log10 Benjamini Hochberg adjusted p value. E, With the use of Cytoscape plugin
MCODE highly interconnected clusters were found in the STRING network of the differentially expressed proteins in the insoluble fraction.
Clusters with highest scores are shown here. See A for description of node color coding. F, same as E, but for diGly sites.
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FIG. 5. Correlation between global
proteome and ubiquitinome datasets
in the soluble and insoluble fraction.
Log2 fold change in global protein levels
versus diGly sites are shown in these
figures along with the density distribu-
tions of fold changes for both soluble (A)
and insoluble (B) fractions. Each diGly
site identified in at least 3 out of 4 repli-
cates both in mutant and wild type is
shown as a single data point with the
corresponding diGly site fold change
and the fold change of the protein that
the diGly peptide is coming from. p
values from the diGly t test are repre-
sented using a color gradient. The
dashed y � x line and the dashed
square are for ease of interpretation,
latter representing the area with fold
changes between �1 and 1.
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and Inositol-trisphosphate 3-kinase A (Itpka) were downregu-
lated in mHtt mice brain, whereas Methylthioribose-1-phos-
phate isomerase (Mri1) was upregulated, which is in correla-
tion with a study of Skotte and colleagues (40). Several
proteins that were enriched in the mutant Htt insoluble frac-
tions were also identified in Htt aggregates in other studies,
for instance Alpha-internexin (Ina), Vimentin (Vim), Transform-
er-2 protein homolog alpha (Tra2a) (39) and Ubiquilin-2
(Ubqln2) (41). Taken together, several proteins that were dif-
ferentially expressed in fl Q175 mHtt brains in our study were
also found to be differentially expressed in other HD models.

Comparison with transcriptome data in the striatum and
cortex of the same mouse model with the same age (47) did
not show any overlap with our global proteome data (Table
S6), probably reflecting the difference between gene expres-
sion and protein expression.

Htt Ubiquitination Pattern in Soluble and Insoluble Frac-
tions—In this work we identified diGly peptides for Htt K6, K9,
K132, K804, and K837 in the soluble fractions, indicating that
soluble Htt is ubiquitinated in mice brain samples. We ob-
served differential ubiquitination of wild-type and mutant sol-
uble Htt i.e. diGly peptides derived from wild-type Htt har-
bored primarily diGly motifs at K132 and K804, and rarely the
motif was found at K837, whereas diGly peptides of soluble
mHtt harbored the K6 and/or K9 diGly motifs. As proteins
were digested into peptides our data does not reveal whether
the full-length mHtt protein or only smaller fragments were
ubiquitinated.

In the insoluble fraction we observed that mHtt was more
ubiquitinated at K6 and K9 as compared with wild type. It has
been established that aggregates of Htt are decorated with
ubiquitin. Our lab showed previously through mutation of the
three putative ubiquitination sites in mHtt exon1 that aggre-
gated mHtt was polyubiquitinated in its N-terminal region in
neuronal inclusion bodies (23). Recently, we found by a gel-
based mass spectrometry approach and by SDS-PAGE WB
that aggregated mHtt-exon1 was K48 polyubiquitinated at K6
in N2a cells (manuscript in preparation). Our present data
shows that mHtt in the insoluble fraction is ubiquitinated at K6
and/or K9. Finding more Htt diGly sites than in the previous
study might be explained by the application of a diGly peptide
enrichment method which increases the depth of the analysis
for diGly peptides. However, the difference might also be due
to a different biological background (cell culture versus mice
brain tissue, Htt exon1 versus full-length Htt). In our present
study, we observed an upregulation of the K48 diGly site
derived from ubiquitin in the insoluble fraction of mutant Htt
samples, suggesting that mHtt aggregates are K48 polyubiq-
uitinated, which agrees with our manuscript in preparation as
well as with the study of Yau et al. They found, with the use of
ubiquitin K11/K48 bispecific antibodies, that aggregated mHtt
was K11 and K48 polyubiquitinated in different cell types,
differentiated neurons and mice brain tissue (48).

Further, Yau et al. found that upon mHtt expression Ubiqui-
lin-2 was K11- and K48-polyubiquitinated (48). We observed
increased protein levels of Ubiquilin-2 in the insoluble fraction.
Both in wild-type and mutant Htt soluble fractions Ubiquilin-2
was ubiquitinated at K58 to a similar extent. Additionally,
soluble Ubiquilin-2 was ubiquitinated at K43 only in the mu-
tant Htt samples. In the insoluble fraction Ubiquilin-2 was only
ubiquitinated in the mutant samples; at K58 and K66. All these
sites are in the UBL domain. Ubiquilin-2 has been shown to
associate with mHtt aggregates (41) and to mediate the clear-
ance of aggregates via the proteasome (49). The cause and
role of increased ubiquitination of the UBL domain of Ubiqui-
lin-2 in the insoluble fraction requires further investigation.

Recently two ubiquitin ligases with specificity for mHtt were
reported, UBR4 and UBR5 (48). Unfortunately, our data gave
no information about UBR5 because we did not identify pep-
tides for this protein. We only identified UBR4 in the global
proteome dataset of the insoluble fraction; however, no sta-
tistically significant differences were observed between wild-
type and mutant samples.

Htt Protein Level Was Decreased in the Soluble Fraction of
mHtt Mice as Compared with Wild Types—When examined at
the age of 40 weeks, we observed a strong decrease of
soluble Htt protein levels in mutant Htt mice when compared
with wtHtt mice. This is in accordance with earlier work show-
ing that Q175FDN mice display an age-dependent decline of
mHtt protein levels in the cortex and striatum (25, 50). The
reduction of mHtt could have been caused by reduced effi-
ciency in transcription and/or translation of the mHtt gene
and/or mRNA, respectively (25). Soluble Htt protein levels
could have been additionally reduced because of sequestra-
tion in inclusion bodies. We observed significantly increased
Htt K6 and K9 ubiquitination in the mHtt insoluble samples by
diGly peptide enrichment. This suggests that at least a part of
the Htt pool is present in the insoluble fraction. Finally, soluble
Htt protein levels could have been reduced by degradation.
Therefore, we tested whether soluble fl mHtt is a target for
degradation in striatal cells (StHdh Q111/111). We observed a
small increase in the level of soluble full-length mHtt after
proteasome inhibition and after autophagy inhibition, sug-
gesting that a part of the soluble full-length mHtt protein is
targeted for degradation (supplemental Fig. S4A and S4B). It
remains to be investigated whether the pool of mHtt that is
targeted for degradation is the same pool as that was found to
be ubiquitinated in the soluble fraction. The pool of soluble
ubiquitinated Htt is however rather small (manuscript in prep-
aration), which makes it difficult to study this in detail.

Pathway Analysis—First, we observed changes in the
global proteome and ubiquitinome in proteins with a role in
membrane organization and transport, translation and cata-
bolic processes in the soluble fraction. These processes were
also affected in the insoluble fraction at the protein level.
Huntingtin plays different roles in cellular membrane and ves-
icle trafficking through interaction with microtubule-based ki-
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nesin and dynein motor proteins and with the actin-associ-
ated motor myosin VI (51). We observed that several
components of the vesicle trafficking and intracellular trans-
port network, such as huntingtin-interacting protein 1-related
protein (Hip1r), AP-2 complex subunit alpha-2 (Ap2a2), Syn-
aptotagmin-1 (Syt1) and Synaptotagmin-2 (Syt2), were differ-
ently ubiquitinated in mHtt samples (Fig. 3E). Second, we
observed differential ubiquitination of proteins involved in
translation in the soluble fraction and in the insoluble fraction
we observed increased levels of proteins with a role in mRNA
processing and gene expression. It has been shown that the
Htt protein interacts with its own mRNA, RNA binding proteins
and translation factors (52) and that Htt is involved in the
trafficking of mRNAs (53). Third, proteins involved in catabolic
processes were differentially ubiquitinated in the soluble frac-
tion, such as several proteasome subunits and E3 ubiquitin
ligase Itch. For instance, we found that USP14 was more
ubiquitinated at K64 in its Ubiquitin-like (UBL) domain in wild-
type samples in the soluble fraction. It was found that over-
expression of USP14 reduces mHtt aggregates in cells via the
ubiquitin-proteasome system (54). We found that E3 ubiquitin
ligase Itch was more ubiquitinated at K407 in mutant samples
of the soluble fraction. It has been shown that Itch co-local-
izes with polyQ-expanded Htt and Ataxin-3 aggregates and
overexpression of Itch reduced the aggregation (55). Lastly,
we observed significantly reduced levels of several proteins
belonging to either complex I (Ndufa2, Ndufa5, Ndufa6,
Ndufb3, Ndufs8) or complex IV (Cox5b, Cox6b1, Cox6c) of
the oxidative phosphorylation machinery in the insoluble frac-
tion of mutant Htt brain samples (Fig. 4E, cluster 3). These
complexes are in the mitochondrial inner membrane and are
required for the production of ATP. Complexes I, III and IV are
responsible for the relocation of protons from the mitochon-
drial matrix to the intermembrane space, whereas complex V
generates ATP. Deficiency of Complexes II, III and IV have
been associated with HD in postmortem brains of patients
(56, 57). Restoration of the activity of complex IV in HD trans-
genic mice was found to be neuroprotective (58). Our obser-
vations of changes in both protein levels and ubiquitination
status might shed light on how these processes are affected
in late stage HD disease, both at the protein level and at the
level of regulation via the ubiquitin system. Knowledge about
differential ubiquitination of known players and the identifica-
tion of new proteins that might be involved in these processes
in HD might be useful for groups who study these processes
in detail.

Correlation Between Protein and diGly Site Fold Chang-
es—We observed many changes in diGly site abundances in
wild-type and mutant Htt brain samples, both in the soluble
and insoluble fraction. Increased diGly site abundances could
have been derived from increased levels of proteins of which
the same percentage is ubiquitinated, or from increased ubiq-
uitination of a stable amount of protein. In the soluble fraction
we did not observe relative differences at the protein level for

most of the proteins, which suggests that increased diGly site
abundances were the result of increased protein ubiquitina-
tion for most of the cases. Comparisons like these have been
made for cells treated with proteasome inhibitors. In those
studies, the abundance of a small group of proteins was
significantly decreased or increased, but the protein abun-
dances of the majority of the proteins were not affected,
whereas many of these proteins were significantly differen-
tially ubiquitinated (59). In the insoluble fraction we observed
a group of proteins of which both the relative abundance at
the global proteome and the diGly-modified proteome were
increased, suggesting that protein fold change contributed to
the diGly site fold changes. Examples of proteins in this group
are ubiquitin (K48 ubiquitination), Sequestosome/p62 (K422,
K437), Glial fibrillary acidic protein (Gfap) (K92, K394), Neuro-
filament light polypeptide (nefl) (K15, K294) and Neurofilament
medium polypeptide nefm (K296, K434), among others. Se-
questosome-1 was ubiquitinated at K422 which is situated in
the ubiquitin-associating (UBA) domain and at K437 which is
flanking the UBA domain. It was shown that Htt acts as a
scaffold for selective autophagy through interaction with se-
questosome-1, K63-polyubiquitinated cargo proteins and
LC3 (60). Glial fibrillary acidic protein is expressed in activated
astrocytes and the degree of activation correlates with Hun-
tington’s disease progression (61). Neurofilament light poly-
peptide and Neurofilament medium polypeptide are subunits
of neurofilaments and a component of the neuronal cytoskel-
eton. Neurofilament light protein has been proposed as a
biomarker for HD as its increased levels in the cerebrospinal
fluid and blood correlate with disease progression (62).

The fact that we did not observe significant differences in
the relative protein levels for most ub-modified proteins in the
soluble fraction does not mean that ubiquitination did not
affect the protein level. The subpopulation of the ubiquitin-
modified proteins is generally much smaller than the averaged
protein population, as such a decreased half-life of a small
ubiquitin-modified subpopulation might not be detected at
the protein level (63). The use of proteasome inhibitors or
autophagy inhibitors o/n or knockdown of proteasome sub-
units for several days might be used to accumulate the pool of
ub-modified proteins targeted for degradation (59, 63, 64).

Final Remarks—Our data might reveal new players in path-
ways known to be affected in HD and might shed light on their
regulation at the ubiquitin level. Further biochemical experi-
ments might give mechanistic insights into these regulations,
which is beyond the scope of this study. Additionally, per-
forming global proteome and ubiquitinome studies in younger
mice will be interesting as they will reveal differences between
wild-type and mutant Htt mice brain in early stages of HD.
Moreover, as the detection of mHtt diGly peptides in whole
brain was successful, also the difference between HD af-
fected and non-affected brain regions could be studied. Fur-
ther, as in our study we could not discriminate between ubiq-
uitination of full length Htt proteins or fragments thereof,
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follow-up studies could include a cut-off filter to separate
proteins based on size. Understanding the role of differential
ubiquitination of huntingtin as well as ubiquitin-regulated pro-
cesses in Huntington’s disease might lead to the identification
of candidates for drug development with the aim to enhance
the efficiency of degradation of toxic mHtt species via the
Ubiquitin-Proteasome System.
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