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Abstract.
Background: Huntington’s disease is a neurodegenerative disorder caused by a CAG expansion in the huntingtin gene,
resulting in a polyglutamine expansion in the ubiquitously expressed mutant huntingtin protein.
Objective: Here we set out to identify proteins interacting with the full-length wild-type and mutant huntingtin protein in
the mice cortex brain region to understand affected biological processes in Huntington’s disease pathology.
Methods: Full-length huntingtin with 20 and 140 polyQ repeats were formaldehyde-crosslinked and isolated via their Nterminal Flag-tag from 2-month-old mice brain cortex. Interacting proteins were identified and quantified by label-free liquid
chromatography-mass spectrometry (LC-MS/MS).
Results: We identified 30 interactors specific for wild-type huntingtin, 14 interactors specific for mutant huntingtin and 14
shared interactors that interacted with both wild-type and mutant huntingtin, including known interactors such as F8a1/Hap40.
Syt1, Ykt6, and Snap47, involved in vesicle transport and exocytosis, were among the proteins that interacted specifically with
wild-type huntingtin. Various other proteins involved in energy metabolism and mitochondria were also found to associate
predominantly with wild-type huntingtin, whereas mutant huntingtin interacted with proteins involved in translation including
Mapk3, Eif3h and Eef1a2.
Conclusion: Here we identified both shared and specific interactors of wild-type and mutant huntingtin, which are involved in
different biological processes including exocytosis, vesicle transport, translation and metabolism. These findings contribute
to the understanding of the roles that wild-type and mutant huntingtin play in a variety of cellular processes both in healthy
conditions and Huntington’s disease pathology.
Keywords: Huntington’s disease, huntingtin protein, cerebral cortex, protein interaction mapping, cross-linking reagents,
immunoprecipitation, proteomics
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Huntington’s disease (HD) is caused by a CAGrepeat expansion in exon1 of the huntingtin (Htt)
gene, the inheritance is autosomal dominant and the
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course of the disease is progressive. HD occurs in
individuals whose Htt gene contains 40 or more
CAG repeats [1], with longer repeat lengths generally resulting in an earlier age of onset [2]. The
resulting polyglutamine (polyQ) expansion is thought
to cause conformational changes in the mutant Htt
protein, leading to altered post-translational modifications and protein-protein interactions, and finally
neuronal cell death. HD associated symptoms include
motor impairment including chorea along with psychiatric and cognitive dysfunctions that progress to
death over 15–25 years [3]. General brain atrophy,
inclusion body formation in central nervous system
neurons, a drastic loss of medium spiny neurons in
the striatum, and loss of neurons in the deeper layer
of the cortex are neuropathological features of the
disorder [4].
Htt is a 348 kDa protein that is essential for embryogenesis. The Htt protein contains repetitive structural components with scaffolding properties called
HEAT-repeats [5]. Huntingtin can interact with numerous organelles, such as the endoplasmatic reticulum, Golgi complex, and mitochondria [6, 7].
Additionally, Htt was found to be associated with
vesicular structures such as clathrin-coated vesicles,
endosomal compartments or caveolae, and microtubules in neurites and synapses [8]. Several proteinprotein interaction studies have suggested roles
for Htt in cellular processes including endocytosis,
vesicle transport, post-synaptic signaling, calcium
homeostasis and gene regulation [9]. The goal of our
study was to identify Htt interacting proteins in order
to better understand the functions of wild-type huntingtin (wtHtt) and mutant huntingtin (mHtt) by using
formaldehyde crosslinking in order to stabilize potential transient protein complexes. Formaldehyde forms
covalent bonds between proteins which are in close
proximity (2.3 – 2.7 Å). Importantly, formaldehyde
crosslinks are reversible and compatible with mass
spectrometry [10]. Here, we immunoprecipitated (IP)
Flag-tagged wtHtt and mHtt from mice brain cortex
from established knock-in HD mice models, expressing N-terminal 3xFlag epitope tagged full-length
(fl) Htt with Q20 or Q140 polyglutamine stretches
[11]. As a negative control we used non-Flag-tagged
wtHtt mice. In order to identify proteins interacting
with soluble Htt we used young mice (2-month-old)
since mutant Htt mice start developing aggregates
around 6 months of age [11]. Htt interacting proteins were de-crosslinked and subsequently identified
by mass spectrometry-based label-free quantification
(LFQ).

MATERIAL AND METHODS
Brain tissue sample preparation for
formaldehyde crosslinking immunoprecipitations
Snap frozen left and right cortices from three
different groups of 2-month-old mice were used.
The wild-type group, denoted as Q20, were wtHtt
mice expressing 3xFlag-tagged fl Htt with 20 polyQ
repeats. The mutant group, denoted as Q140, were
mHtt knock-in mice expressing 3xFlag-tagged fl Htt
with 140 polyQ repeats. Both Q20 and Q140 samples
were provided by Scott Zeitlin [11, 12] and contain
a chimeric mouse/human exon1. Finally, the negative control group were wtHtt mice expressing Htt
without the Flag-tag. Biological quadruplicates, each
containing three cortices, were analyzed. Percentage
of formaldehyde was optimized for our samples by
resolving crosslinked (boiled in SDS-PAGE buffer
for 5 min at 65◦ C) and de-crosslinked (boiled in SDSPAGE sample buffer for 20 min at 99◦ C) wild-type
mice brain lysates on SDS-PAGE and by checking
for high molecular weight complex formation of both
tubulin and Htt with different formaldehyde concentrations (Supplementary Figure 1). Best crosslinking
results were obtained with 0.5% formaldehyde.
Frozen cortices were grinded and crosslinked by
shaking 10 min in 0.5% formaldehyde at room
temperature. Subsequently the formaldehyde was
removed and the reaction was quenched with 250 mM
Tris pH 8.0 for 1 min at room temperature. Tris
was removed and lysis buffer (50 mM Tris/HCl pH
7.4; 150 mM NaCl; 1 mM EDTA; 1% Triton X-100;
Roche protease inhibitor tablets (Roche Diagnostics
GmbH, Mannheim, Germany)) was added in 1:5 ratio
of the volume of grinded brain material. Samples
were sonicated in 4 rounds of 5 cycles of 40 s on,
20 s off at amplitude 40 (Q800R3, QSonica) and centrifuged for 30 min at 14 krpm at 4◦ C, after which
the supernatant was transferred to a new tube. Pellet
fraction was washed with 50 l lysis buffer, centrifuged for 5 min at 14 krpm and this was added to the
supernatant. Protein concentration was determined
by Bradford assay.
Immunoprecipitation (IP)
Antibody coupling
Antibodies were coupled to the beads as described
earlier [13]. Briefly, 2 mg ␣-Flag M2 antibodies
(#SLBV9325, Sigma-Aldrich) were coupled to 1 ml
ProtG beads (#17061801, GE Healthcare) by using
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dimethyl pimelimidate. Coupling was verified by
SDS-PAGE and Coomassie staining.
IP and formaldehyde de-crosslinking
Ten milligrams of protein were used per IP. Lysates
were precleared by rotating 30 min with 100 l empty
ProtG beads at 4◦ C. Precleared lysates were incubated O/N with 100 l ␣-FLAG-coupled beads in
a rotator at 4◦ C. Beads were washed 3x with wash
buffer I (50 mM Tris pH 7.4; 300 mM NaCl; 1 mM
EDTA; 0.1% NP40) and washed 1x with wash buffer
II (50 mM Tris pH 7.4; 150 mM NaCl; 1 mM EDTA;
0.01% NP40). Samples were eluted by boiling in sample loading buffer. Samples were boiled for 20 min
at 99◦ C to break formaldehyde crosslinks. Proteins
were resolved by 4–15% precast SDS-PAGE gradient gels (#456–1084, BioRad) and visualized by
Coomassie staining.
Sample preparation for mass spectrometry
SDS-PAGE gel lanes were cut in 1 mm slices
and combined into a total of 7 fractions per lane.
In-gel protein reduction, alkylation and tryptic digestion were performed as described previously [14].
Peptides were extracted with 30% acetonitrile/0.5%
formic acid and analyzed on an EASY-nLC 1000
LC system (ThermoFisher Scientific) coupled to
an Orbitrap Fusion™ Tribrid™ Mass Spectrometer
(ThermoFisher Scientific). Peptide mixtures were
trapped on an Acclaim™ PepMap™ 100 C18 reversed
phase column (100 m x 2 cm, 5 m beads, pore
size 100 Å, ThermoFisher Scientific) at a flow rate
of 1 l/min. Peptide separation was performed on a
100 m x 20 cm reversed phase column packed inhouse with 2.5 m BEH C18 particles (Waters) and
using a 60-min gradient from 0% B ( = 100% A) to
50% B (A = 0.1% formic acid; B = 80% (v/v) acetonitrile, 0.1% formic acid) at a constant flow rate
of 500 nl/min. The column eluent was directly electrosprayed into the mass spectrometer. MS1 spectra
were acquired in continuum mode; fragmentation of
the peptides was performed in data-dependent acquisition mode by HCD at 30% collision energy using 3 s
cycle time and a 30 s dynamic exclusion filter and 1.6
m/z isolation window. Additional settings: MS1 orbitrap resolution 60K; MS1 AGC target 5E5; MS2 AGC
target 7E3; MS1 and MS2 maximum injection time
50 ms; MS1 scan range 375–1500 m/z; MS1 intensity
threshold 1E4; MS2 detection scan rate in the ion trap
was set at rapid.
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Mass spectrometry data analysis
The raw files were analyzed using MaxQuant
[15] software package (v1.6.5.0). The Swiss-Prot
Mus musculus proteome downloaded from UniProt
(June 2019, 17,010 entries) together with the revert
decoys and standards contaminants database from
MaxQuant were used in the search. Trypsin was
selected as an enzyme with maximum number of
missed cleavages allowed up to 3. Methionine oxidation and N-terminal acetylation were selected
as variable modifications, carbamidomethylation of
cysteine was selected as a fixed modification. Maximum modifications allowed per peptide was set to
5. The default MaxQuant settings were used for precursor tolerance (20 ppm for the first search, 4.5 ppm
for the main search) and fragment ion tolerance. The
false discovery rates for peptide spectrum matches
and protein identifications were set to 1%.
The MaxQuant output had 1,838 identifications in
total for control, Q20 and Q140. Statistical analysis was done using an in-house R-script. For each
identification, the first protein listed in the proteinGroups was selected as the identified protein. Then
the proteins that were identified by only one peptide,
only identified by post-translational modification site,
marked as a reverse sequence or as a potential contaminant were filtered out leaving a total number
of 1,133 identifications. Intensity values were transformed to log2 values. The missing values were
imputed by taking a random value from the 1st quartile of the whole distribution of log2 values, excluding
the NA measurements. Supplementary Table 1 contains the data before and after imputation. Proteins
identified in at least 3 out of the 4 replicates in Q20 or
Q140 datasets were compared with the control. Q20
vs. control table had 1,074 proteins and the Q140
vs. control table had 991 proteins for comparison.
Two-sided, unpaired t-test was done to compare the
proteins in each table. A p-value cut-off of < 0.05 and
a log2 fold change cut-off of > 1 was used to select for
significantly upregulated proteins in the Q-lengths. In
the end, 44 and 28 significantly abundant proteins
were discovered in Q20 vs. control and Q140 vs.
control, respectively (Supplementary Table 2).
GO term enrichment
GOrilla web-based tool [16] was used to perform
GO enrichment analysis on proteins upregulated in
Q20 and Q140. Upregulated proteins were used as
the target set and remaining proteins identified in at
least 3 out of 4 replicates were used as the background
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set. p-value threshold was 0.001. Results are given
in Supplementary Table 3. Significantly enriched
biological processes were summarized and visualized using REVIGO [17] with SimRel score as the
semantic similarity score and allowed similarity set
to medium (Fig. 2E).
Pathway analysis
Protein-protein association networks for proteins
that co-precipitated significantly with Htt Q20 or
Htt Q140 were visualized using the StringApp [18]
(v1.6.0) in Cytoscape [19] (v.3.8.2). Cytoscape plugin Molecular Complex Detection (MCODE) [20]
(v2.0.0) with default settings (degree cutoff: 2; cluster finding: haircut; Node Score Cutoff: 0.2; K-Core:
2; Max Depth: 100) was used to identify highly interconnected clusters.
SDS-PAGE and western blot analysis
Antibodies used for SDS-PAGE western blot (WB)
analysis: ␣-Htt (ab109115, Abcam); ␣-Htt D7F7
(#5656 CST); ␣-Flag M2 (#SLBV9325, SigmaAldrich); ␣-Vinculin (#V9131, Sigma-Aldrich); ␣F8A1/Hap40 (#PA5-61382, Invitrogen), ␣-AHSA1
(#12841, CST). SDS-PAGE WB was performed
according to standard procedures, except for Htt
(∼350kDa). For Htt a 6% separating tris-glycine
SDS-PAGE 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
In this study, we set out to identify novel interactors of fl wtHtt and mHtt in mice brain cortex
material. In order to identify additional proteins as
compared to other protein-protein interaction studies performed in HD models, we used formaldehyde
crosslinking, which stabilizes transient protein complexes. This treatment is reversible and is compatible
with mass spectrometry. To focus on protein interactions with soluble fl Htt, we used Htt Q20 and
Q140 knock-in mice that were two months old,
since at this age the used HD model does not contain aggregates (Supplementary Figure 2) [11].
The mice expressed heterozygous N-terminal Flagtagged fl Htt with either 20 polyglutamine repeats
(wtHtt), or 140 polyglutamine repeats (mHtt). The
control mice expressed endogenous fl wtHtt without
the Flag-tag. All samples were prepared in biological

quadruplicates (Fig. 1). To stabilize transient interactions, protein complexes were crosslinked by
incubation with 0.5% formaldehyde for 10 min.
IP of the crosslinked material was performed via
protG-coupled anti-Flag antibodies, after which the
precipitated proteins were de-crosslinked by boiling
for 20 min in sample loading buffer. Next, the proteins
were resolved by SDS-PAGE, digested in-gel using
trypsin, and analyzed by liquid chromatographymass spectrometry (LC-MS/MS). Relative protein
abundances of the negative control were compared
with the samples containing Flag-tagged Htt using
Label-Free Quantification (Fig. 1).
Performance of the IPs was validated by SDSPAGE WB and shows significant precipitation of
Flag-tagged wtHtt and mHtt, while the non-Flagtagged negative control showed no Htt precipitation
(indicated as IP, Fig. 2A). The label-free quantification algorithm of MaxQuant, MaxLFQ, was
used for quantification of the proteins identified in
LC-MS/MS. The relative fold changes of proteins
identified in the Flag-tagged Htt samples compared
to the non-Flag-tagged negative controls are shown in
the volcano plots (Fig. 2B). We identified 44 putative
wtHtt interactors and 28 putative mHtt interactors,
shown on the upper-right quadrant (green, in color)
of the volcano plots. F8a1/Hap40 was relatively the
most abundant interactor of both wtHtt and mHtt.
We identified 14 putative interactors that were shared
between both forms of Htt (Fig. 2C). Table 1 gives an
overview of shared and unique wtHtt and mHtt interactors. Almost 1/3 of the proteins that we identified as
an interactor of wtHtt and/or mHtt were identified as
Htt interactors in previous studies as well (Table 1).
We validated the expression and precipitation of Htt
by SDS-PAGE WB. The D7F7 antibody recognizes
the residues surrounding Pro1220 of the human huntingtin protein. As expected, this antibody detected
Htt in all input samples including endogenous Htt
in the negative control, while it only detected Htt
in the IP samples of the Flag-tagged brain samples
(Fig. 2D). The ␣-Flag antibody did not detect Htt in
the negative control, as expected. Mass spectrometry analysis revealed that Hap40 interacted with both
wtHtt and mHtt, while Ahsa1 was a specific interactor of mHtt (Table 1), and we could confirm these
results in formaldehyde crosslinked mice brain cortex
samples by SDS-PAGE WB (Fig. 2D). In addition,
an IP directed against the Flag-tag was performed
in non-crosslinked mice cortex lysates. Hap40 was
precipitated in both wtHtt and mHtt lysates while
Ahsa1 was not, suggesting that Hap40 is a stable
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Fig. 1. Workflow for identification of Htt interactors via crosslinking immunoprecipitation and mass spectrometry. The cortex brain regions
of 2-month-old mice expressing fl wild-type Htt (wtHtt), Flag-tagged wtHtt and Flag-tagged mutant Htt (mHtt) were used in this study. Four
biological replicates were analyzed for each sample. Protein complexes were crosslinked in grinded brain material using 0.5% formaldehyde
and were subsequently enriched from lysates using ␣-Flag coupled beads. After several washing steps the protein complexes were decrosslinked by boiling for 20 min at 99◦ C in sample loading buffer. Next, proteins were resolved by SDS-PAGE and analyzed using mass
spectrometry-based label-free quantification.

interactor whereas Ahsa1 might be a transient interactor of mHtt (Supplementary Figure 3). Next, Gene
Ontology (GO) enrichment analysis was performed
on the significant interactors of wtHtt and mHtt
(Fig. 2E). Biological processes enriched in wtHtt
interactors include positive regulation of JUN kinase
activity, positive regulation of synaptic vesicle exocytosis and transport, protein autophosphorylation

and positive regulation of neuron differentiation.
Biological processes enriched in mHtt interactors
include peptidyl-tyrosine phosphorylation and positive regulation of macroautophagy (Fig. 2E, Supplementary Table 3).
Next, we performed a functional analysis on putative interactors of fl wtHtt and mHtt (Fig. 3). Several
interactors of wtHtt have been linked with each other
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Fig. 2. Immunoprecipitation of wtHtt and mHtt interacting proteins. A) SDS-PAGE western blot (WB) of input, unbound fraction and
immunoprecipitation of quadruplicate control (Htt-Q20), wild-type Htt (Flag-Htt-Q20) and mutant Htt (Flag-Htt-Q140) samples. WB was
performed using antibodies directed against the Htt N-terminus, Flag-tag, and an antibody directed against vinculin was used as a negative
control. B) Volcano plots showing proteins significantly up in Q20 vs. control and Q140 vs. control. The proteins that pass the p-value
and log2 fold change threshold are shown in green. The tables for Q-length groups vs. control are given in the Supplementary Table 2.
C) Venn diagram showing the overlap between the proteins significantly up in Q20 vs. control and Q140 vs. control. D) SDS-PAGE WB
was performed to validate the results obtained by mass spectrometry. Specific validation of Flag-tagged wtHtt and mHtt was done using
D7F7 antibody for Htt and ␣-Flag antibody. Validation of wtHtt and mHtt interactor F8a1/Hap40 and mHtt interactor Ahsa1 are shown.
Vinculin was used as a negative control. E) Biological processes enriched in Q20 and Q140. p-value indicated by color, frequency of GO-term
indicated by node size, degree of similarity indicated by thickness of edges.

through previous studies, as shown by the network
created using the STRING database (Fig. 3A). In
this network, Syt1, Syt2, Snap47 and Ykt6 proteins
formed a cluster, and these proteins are functional in

vesicle fusion and exocytosis (Fig. 3B). Additionally,
several of the putative interactors of mHtt are connected with each other based on the information in the
STRING database (Fig. 3C). A functional analysis
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Table 1
Significantly precipitated proteins in Htt Q20 and Htt Q140 IPs compared to negative control1
Uniprot

Gene

Q5SSL4
Q99L43
Q03137
Q00558
Q8C0C7
Q6NS60
P42859
Q8BKC5
P28740
P28738
Q91XU3
Q9QVP9
P46097
Q9D6F9
Q91V92
Q60875
P56382
Q78IK2
Q9CXW3
Q6PHZ2
Q8BI72
Q9QZS0
Q60737
O88712
Q8K1M6
P10630
Q8VE33
Q68FF6
O70325
P10922
Q9EQ06
Q8BNW9
Q60700
Q1HKZ5
Q9QYF9
Q6PAK3
Q2PFD7
Q8CHG7
Q9Z268
Q9Z2Z6
Q8R570
P46096
Q9R1R2
Q9CQW1
Q8BK64
O54774
Q9CPW0
Q6PGN3
P62631
Q91WK2
Q99LI8
A2CG49
Q63844
Q8R001
Q80TL0
Q8BG02
P62983
Q9D883

Abr
Cds2
Epha4
F8a1 (Hap40)
Farsa
Fbxo41
Htt
Ipo5
Kif2a
Kif5c
Pip4k2c
Ptk2b
Syt2
Tubb4a
Acly
Arhgef2
Atp5f1e
Atp5md
Cacybp
Camk2d
Cdkn2aip
Col4a3
Csnk2a1
Ctbp1
Dnm1l
Eif4a2
Gdap1l1
Git1
Gpx4
H1f0
Hsd17b11
Kbtbd11
Map3k12
Map3k13
Ndrg3
Prmt8
Psd3
Rapgef2
Rasal1
Slc25a20
Snap47
Syt1
Trim3
Ykt6
Ahsa1
Ap3d1
Cntnap2
Dclk2
Eef1a2
Eif3h
Hgs
Kalrn
Mapk3
Mapre2
Ppm1e
Ppp2r2c
Rps27a (Ubiquitin)
U2af1

Log2 fc Q20

p-value Q20

Log2 fc Q140

p-value Q140

1.68
3.38
1.30
9.73
1.18
1.23
7.40
2.81
1.77
1.20
6.78
1.49
4.35
1.11
1.10
1.09
2.81
1.41
1.17
1.53
1.01
2.16
2.55
1.11
1.55
1.37
1.05
2.39
2.69
2.70
2.48
1.29
2.66
4.80
1.27
1.02
1.28
1.53
1.24
1.31
1.61
1.35
1.70
2.08

2.2E-02
3.1E-05
3.3E-03
1.2E-05
1.4E-02
4.5E-03
4.4E-08
1.0E-02
7.1E-03
9.7E-04
1.1E-03
8.3E-03
1.3E-05
1.8E-02
3.2E-02
6.3E-04
4.8E-02
2.4E-02
3.5E-02
2.3E-02
2.0E-02
2.7E-02
4.6E-02
8.8E-03
4.0E-02
3.7E-02
8.6E-03
3.2E-02
2.0E-02
7.6E-03
4.3E-04
5.4E-04
1.8E-04
2.3E-04
5.2E-03
2.1E-02
5.8E-03
4.5E-02
3.6E-02
4.1E-02
4.8E-02
2.8E-03
4.7E-02
4.9E-02

1.44
2.44
1.33
7.58
1.50
1.20
5.75
2.46
1.85
1.08
4.50
1.19
3.53
1.22

3.7E-02
1.1E-03
1.7E-03
6.3E-05
8.2E-04
4.8E-03
1.5E-06
1.8E-02
1.3E-02
1.1E-03
9.0E-03
3.7E-02
2.0E-03
1.1E-03

Previously
identified

[43]

[43]
[43]
[43]
[43]
[43]
[43]

[43, 44]
[43, 52]

[53]

[43]

[43]

[43]
[43]
1.27
1.17
1.75
1.80
1.51
1.20
1.07
2.71
2.32
3.22
2.02
1.75
2.80
1.03

4.3E-02
1.2E-02
4.9E-02
1.1E-02
2.5E-02
1.5E-02
2.7E-02
4.2E-02
4.9E-02
3.8E-02
5.9E-04
4.3E-03
1.0E-04
4.2E-02

[43, 45]
[45]

[43]
[44]

1 The proteins, denoted by Uniprot IDs and gene names, are significantly more abundant in the Q20 and/or Q140 samples with respect to the
negative control. These proteins have log2 fold changes higher than 1 (at least two times more abundant) and a p-value less than 0.05 from
the t-test.
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using MCODE shows that some of these proteins
function in the regulation of exocytosis, while others play a role at the microtubule network and in the
neuronal cell body (Fig. 3D).
DISCUSSION
WtHtt and mHtt have various common
interaction partners in anterograde vesicle
transport, but different interaction partners in
processes like vesicle docking and exocytosis
In this study, we identified putative interactors of
fl wtHtt and mHtt in two-month-old mice cortex
brain regions. Table 1 lists all proteins that were significantly enriched in IPs for Flag-tagged fl Htt as
compared to the non-Flag-tagged negative control.
Some proteins were significantly enriched in both
IPs for wtHtt and mHtt. This includes obviously the
bait protein Htt, but also microtubule associated proteins, such as kinesins Kif5c and Kif2a. Kinesins are
ATP-driven motor proteins that move along microtubules, thereby supporting several cellular functions
including the transport of cargo, for instance in
axonal transport. Neurons are particularly dependent
on a functional transport system for organelles and
molecules due to the long distance of axons. Most
kinesins move towards the plus end of microtubules,
which, in most cells, results in the transport of cargo
from the center of the cell towards the periphery
(anterograde transport). Cargo of kinesins include
membrane bound organelles such as mitochondria,
synaptic vesicles and synaptic vesicle precursors
[21]. The putative interactor of both wtHtt and mHtt,
kinesin heavy chain isoform 5C (Kif5C) is localized in the cytoplasm but is also abundant in the
distal regions of dendrites and is involved in synaptic transmission. Additionally, the putative interactor
of wtHtt and mHtt, kinesin-like protein Kif2a may
regulate microtubule dynamics during axonal growth
[22]. Tubb4a was also a common interactor of both
wtHtt and mHtt. Tubb4a is the major subunit of
microtubules [23]. It is well-known that Htt plays an
important role in axonal transport [24] and our data
shows that both wtHtt and mHtt interact with components of the anterograde transport system including
kinesins and microtubules. However, we observed
that Trim3, which is an E3 ubiquitin ligase localized at intracellular and Golgi-derived vesicles and
can modulate the motor function of Kif21b [25], was
interacting exclusively with wtHtt, but not with mHtt.
Fast axonal transport is affected in polyglutamine

diseases [26], and it has been suggested that polyQ
proteins titrate motor proteins from other cargoes
[24]. Our data shows that both wtHtt and mHtt can
interact with proteins that play a role in membrane
interactions and fusion during vesicle transport, for
instance, Synaptotagmin 2 (Syt2). Synaptotagmins
are transmembrane proteins involved in the regulation of membrane trafficking [27], and Syt2 was
identified previously as Htt interactor in mice brain
tissue [28, 29]. Various interacting proteins involved
in membrane interactions and fusion were, however,
unique for either wtHtt or mHtt. For instance, synaptotagmin 1 (Syt1), which may have a regulatory
role in membrane interactions during synaptic vesicle trafficking in the active synapse zone was found
to interact with wtHtt only. Interestingly, changes in
expression levels of synaptotagmins have been linked
to a variety of neurodegenerative diseases [27]. Additionally, Ykt6, which interacted with wtHtt in our
screen, is part of the SNARE complex and mediates vesicle docking and fusion to a specific acceptor
cellular compartment, for instance the endoplasmic
reticulum or Golgi [30]. Finally, wtHtt interacted with
Snap47, or synaptosomal-associated 47kDa protein,
a protein that regulates brain-derived neurotrophic
factor (BDNF) [31] and may also play a role in intracellular membrane fusion.
Unique interactors of mHtt include Hgs, or
Hepatocyte growth factor-regulated tyrosine kinase
substrate, which is a key component of the ESCRT0 complex and recognizes ubiquitinated cargo and
initiates the recruitment of endosomal sorting complexes. The ESCRT-0 complex allows for a specific
membrane remodeling mode that results in the
bending/budding of the membrane away from the
cytoplasm [32]. Similarly, ubiquitin/Rps27 was a
unique interactor of mHtt in our screen. We and
others previously showed that mHtt is ubiquitinated
more at its N-terminus compared to wtHtt [33, 34].
It is also possible that mHtt interacts with more
ubiquitinated proteins. Concluding, our data suggests
that both wtHtt and mHtt interact with kinesins and
microtubules, which are important components of the
anterograde transport system. In contrast, the proteins that we identified with a role in the delivery of
cargo are interacting differently with wtHtt and mHtt,
which might suggest that this process is regulated differently in HD mice as compared to wild-type mice.
More research is required to confirm and investigate
the role of the identified wtHtt and mHtt interaction
partners in anterograde transport and cargo delivery
processes.
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Fig. 3. Functional analysis of proteins identified as wtHtt and mHtt interactors. A) Network created by the STRING database of proteins
identified as interactors of wtHtt. B) Cluster of functionally related proteins identified by MCODE in the group of proteins that were
identified as interactors of wtHtt. C) Network created by the STRING database from proteins identified as interactors of mHtt. D) Clusters
of functionally related proteins identified by MCODE in the group of proteins that were identified as interactors of mHtt.

WtHtt and mHtt interact with Hap40 which plays
a role in endocytosis
Endocytosis is the process of cellular uptake of
fluid and material from the extracellular space by
enclosing it with a small portion of the plasma membrane and subsequent invagination and pinching off
an endocytic vesicle into the interior of the cell. These

vesicles are called early endosomes and they can
mature to late endosomes which in turn can deliver
their ingested particles to lysosomes or the Golgi
complex. Early endosomes can be transported via
actin for short distances, and via bidirectional transport along microtubules for longer distances [35].
The relatively most abundant interactor of both wtHtt
and mHtt in our screen is F8a1, also known as
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Fig. 4. Overview of cellular processes and components that are associated with wtHtt and/or mHtt interaction. Common interaction partners
of wtHtt and mHtt play roles in anterograde transport, while proteins involved in exocytosis and vesicle docking differed between both forms
of Htt. A group of interactors of wtHtt is involved in energy metabolism and mitochondria, while a group of interactors of mHtt is involved
in protein translation.

Huntingtin-associated protein 40 (Hap40) (Table 1
and Fig. 2B). Hap40 is a known interactor of Htt
and regulates the recruitment of Htt onto early endosomes. Htt and Hap40 together with Rab5 play an
important role in the switching between actin and
microtubule filaments for early endosome motility. It
has been found that the microtubule-based transport
of early endosomes is affected during HD pathology
[36].
Unique interactions of wtHtt with proteins
involved in energy metabolism and mitochondria
Several proteins that we identified as putative Htt
interactors were unique to wtHtt and play a role in
mitochondria, such as Dnm1l, an important mediator of mitochondrial and peroxisomal fission. Additionally, several wtHtt interactors are functional
in mitochondria-mediated energy metabolism. For
instance, Acly, or ATP citrate lyase, is an enzyme
that plays a role in fatty acid biosynthesis [37].
The wtHtt interactor Slc25a20 is a mitochondrial
carnitine/acylcarnitine translocase. It mediates the
transport of acylcarnitines from the cytosol to the
mitochondrial matrix to be oxidized by the mitochondrial fatty acid-oxidation pathway [38]. ATP5e,
a component of the ATP synthase complex, or
Complex V of the mitochondrial oxidative phosphorylation complex is also a putative interactor of wtHtt.
Another putative wtHtt interactor, Usmg5 is a subunit

of ATP synthase. There are links between ATP synthase and HD as overexpression of the ATP synthase
␣-subunit has been shown to reduce HD aggregation
and toxicity [39].
Unique interactions of mHtt with proteins
involved in translation
Several proteins that we identified as Htt interactors were unique to mHtt, including proteins with
a role in the regulation of protein biosynthesis. For
instance, serine/threonine kinase Mapk3, which is an
essential component of the MAP kinase signal transduction pathway. This pathway can regulate many
cellular processes, including translation [40]. Eif3h,
or eukaryotic translation initiation factor 3 subunit
H, was also identified as a mHtt interactor. Eif3h is
a component of the eukaryotic translation initiation
factor 3 (eIF-3) complex, which is needed during several steps in the initiation of protein synthesis [41].
Another unique putative interactor of mHtt in our
screen is Eef1a2, or eukaryotic elongation factor 1
alpha 2. This protein binds to aminoacyl-tRNA to
transport to it the A-site of ribosomes during protein
synthesis [42]. Taken together, mHtt interacted with
several proteins involved in protein translation while
such interactions were not observed for wtHtt, which
suggests that protein translation is affected by mHtt
expression.
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Several putative Htt interactors have been linked
to HD and other neurodegenerative diseases
Additionally, we identified proteins with a wide
variety of cellular functions as putative interactors
of wtHtt and/or mHtt in our screen and some of
these have already been linked to HD or other
neurodegenerative diseases. Our list of putative Htt
interactors showed overlaps with other IP- and mass
spectrometry-based studies in HD models [43–45]
(Table 1). Several of our interactors are also functionally linked to HD or other neurodegenerative
diseases. For instance, Ptk2b/Pyk2 was identified as
a putative interactor of both wtHtt and mHtt in our
screen. Pyk2 is a non-receptor calcium-dependent
protein-tyrosine kinase that is highly expressed in
the hippocampus and modulates excitatory synapses.
Reduced expression levels of Pyk2 were found in
the hippocampus of HD mouse model R6/2 and in
HD patients, which might contribute to cognitive
impairments observed in HD [46]. Another putative
interactor of both wtHtt and mHtt is a protein involved
in the regulation of autophagy, Pip4k2c. It has been
shown that the inhibition of Pip4k␥ decreases the
pathological effects of the mutant huntingtin [47].
Furthermore, tyrosine kinase ephrin receptor A4
(EphA4) that we identified as an interactor of wtHtt
and mHtt, is known to mediate dendritic spine remodeling and retraction. This protein has been linked
to Alzheimer’s disease (AD), as it functions as a
receptor for amyloid beta oligomers which in turn
leads to dendritic spine elimination [48]. The putative interactor of both wtHtt and mHtt, Fbxo41, is a
neuron-specific F-box protein (a potential E3 ligase)
that stimulates neuronal migration. Fbxo41 knockout in mice displays a phenotype similar to ataxia
with neuronal migration defects and degeneration
of the cerebellum [49]. Another putative interactor
of mHtt was Ahsa1. Ahsa1 is a co-chaperone of
Hsp90aa1 and activates its ATPase activity which
leads to an increase of its chaperone activity. Hsp90
and its co-chaperones are major regulators of protein
folding and are involved in various cellular processes
related to neurodegenerative diseases such as HD,
AD, Parkinson’s disease, and prionopathies [50].

(Fig. 4). Further research could validate these interactions using different methods, identify binding sites
and investigate the role of wtHtt and mHtt in more
detail in the mentioned cellular processes. These findings will contribute to the understanding of the roles
of wtHtt and mHtt in healthy conditions and HD
pathology.
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