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Abstract.

Background: Huntington’s disease (HD) is a genetic neurodegenerative disease caused by trinucleotide repeat (CAG)
expansions in the human HTT gene encoding the huntingtin protein (Htt) with an expanded polyglutamine tract.
Objective: HD models from yeast to transgenic mice have investigated proteins interacting with mutant Htt that may initiate
molecular pathways of cell death. There is a paucity of datasets of published Htt protein interactions that include the criteria
of 1) defining fragments or full-length Htt forms, 2) indicating the number of poly-glutamines of the mutant and wild-type Htt
forms, and 3) evaluating native Htt interaction complexes. This research evaluated such interactor data to gain understanding
of Htt dysregulation of cellular pathways.

Methods: Hitt interacting proteins were compiled from the literature that meet our criteria and were subjected to network
analysis via clustering, gene ontology, and KEGG pathways using rigorous statistical methods.

Results: The compiled data of Htt interactors found that both mutant and wild-type Htt interact with more than 2,971
proteins. Application of acommunity detection algorithm to all known Htt interactors identified significant signal transduction,
membrane trafficking, chromatin, and mitochondrial clusters, among others. Binomial analyses of a subset of reported protein
interactor information determined that chromatin organization, signal transduction and endocytosis were diminished, while
mitochondria, translation and membrane trafficking had enriched overall edge effects.
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Conclusion: The data support the hypothesis that mutant Htt disrupts multiple cellular processes causing toxicity. This dataset

is an open resource to aid researchers in formulating hypotheses of HD mechanisms of pathogenesis.

Keywords: Huntingtin, mutant, wild-type, protein interactors, networks, translation, signaling, mitochondria, chromatin,

trafficking, chromatin

INTRODUCTION

Huntington’s disease (HD) is a progressive neu-
rodegenerative disease caused by CAG triplet repeat
expansion mutations in exon 1 of the HTT gene that
is autosomal dominant [1-6]. Neurodegeneration in
the brain, and especially in striatum, causes a charac-
teristic involuntary movement disorder, chorea, but
patients also suffer from deficits in cognitive and
psychiatric functions, as well as weight loss and
other symptoms resulting from neurodegeneration
in brain [1-8]. HD is fatal, and there is a need for
drugs that prevent or delay neurodegeneration [9].
HD is a spectrum disorder whereby the CAG repeat
length mutation varies among patients. HD develops
in adulthood in patients with 40-50 CAG repeats,
and longer expansions of more than 60 CAG repeats
causes progressively younger age-of-onset and faster
HD disease progression [10, 11]. Individuals with
expansions between 36 and 39 may or may not
develop HD [1-6, 11, 12]. The normal CAG range
in humans is 15-21, with a median of 18 [13, 14].

The HTT gene mutation in HD patients was iden-
tified in 1993 [1] and has been intensely studied. Yet,
gaps remain in our understanding of how the HTT
gene product, the mutant huntingtin (Htt) protein,
causes neuronal cell toxicity and death leading to
characteristic neurodegeneration, disease symptoms,
and fatality [1-6, 11, 15]. Htt is a large protein [1,
16] of approximately 3,044 amino acids with vary-
ing polyglutamine (polyQ(n)) lengths encoded by the
spectrum of CAG repeats. The expanded polyQ(n)
peptide sequence domain follows the first 17 amino
acids at the amino terminus of Htt. An ongoing chal-
lenge in the field has been to determine the cellular
functions of the Htt protein and how the expanded
polyQ(n) leads to dysfunction in cells to cause repeat-
dependent neurodegeneration in HD. The functions
of wild-type (wt) Htt are also not fully understood. Htt
is processed into multiple protein fragments that are
localized to different cellular compartments and may
participate in different cellular pathways [17-19].

To address the question of how mutant Htt initi-
ates the HD disease process, researchers have sought

to identify proteins that interact with Htt that may
potentially reveal the molecular pathways affected by
aberrant protein interactions with mutant Htt. Reports
over the last 25 years have identified numerous pro-
teins that interact with mutant Htt and wild-type (wt)
Htt, involving molecular, cellular, and animal HD
model systems using a variety of protein technolo-
gies to identify Hitt interactors. These extensive data
can provide valuable insight into potential cellular
functions of the Htt protein. However, a gap in the
field is that a complete dataset of all of these poten-
tial Htt protein interactors that defines the Htt lengths
and polyglutamine expansion lengths of native Hitt
protein complexes has not yet been fully curated and
analyzed. Therefore, the goals of this study were
to 1) create a database of all of these Htt protein
interactors reported in the literature that meet the
criteria of indicating the Htt fragments lengths or
full-length Htt, number of glutamines within the Htt
form, and analysis of native Htt protein complexes,
2) conduct molecular network analyses to reveal
potential cellular pathways of Htt protein interac-
tors that are enriched with expanded poly(Q)n, and
3) provide this dataset and analysis to the public.
Results show that both mutant and wt Htt interact
with a large number of proteins (2,740 for control
wt Htt, and 2,631 for mutant Htt in HD); further,
a majority of these protein interactors are shared
by wt and mutant Htt forms. Mutant and wt Htt
protein interactors cluster into twelve gene ontol-
ogy (GO) biological functions; several clusters of
interactors are significantly enriched or diminished
with expanded mutant Htt poly(Q)n which include
protein translation, signal transduction, membrane
trafficking, and chromatin organization. Assessment
of cluster components by KEGG pathway analysis
revealed significant inclusion of Htt interactors in
functional systems of mitochondria, RNA splicing,
and protein modification by the ubiquitin-proteasome
pathway. These findings support the hypothesis that
Htt has multiple functions in the cell that can poten-
tially be disrupted with CAG expansion mutation of
the HTT gene. This new publicly available dataset of
wt and mutant Htt protein interactors can enhance
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future experimental investigation of the functional
consequences of Htt protein interactions in the HD
disease process.

METHODS
Acquisition of primary research publications

PubMed was searched for primary research articles
that identified Htt interacting proteins by searching
for “huntingtin protein interaction” combined with
curation of individual articles for direct identifica-
tion of proteins interacting with Htt protein forms.
Articles were excluded if (i) the study did not evalu-
ate a protein-protein interaction, (ii) the report was a
review article and did not report original data, (iii) the
article was not about HD or Htt but the article came
up in the search, (iv) the article showed that a protein
did not interact with Htt, (v) the study used only short
synthetic motifs (such as only polyQ) but not a pro-
tein segment containing Htt primary sequences. After
curation, 193 articles were compiled that investigated
proteins interacting with Htt; these articles are pro-
vided as references [20-212] (in alphabetical order
within the set of citations).

Dataset recording

Information from the 193 articles [20-212], meet-
ing the above criteria for studies of Htt interacting
proteins, were compiled for analysis with respect to
(i) the number of polyQ(n) residues in the Htt protein
form used in study, (ii) the species of Htt (human,
rodent, or other), (iii) whether the Htt protein uti-
lized was full-length or a fragment, (iv) the known
Htt interactor protein used as “bait” in the study if
not Htt, (iv) the species of the interactor protein(s)
identified, (v) the assays and techniques used to iden-
tify the protein interactor, (vi) information about the
identified protein interactor with respect to its full
name, official gene symbol, and accession number,
(vii) how the polyQ(n) expansion affects the interac-
tion between Htt and the interactor protein, if known,
‘+’ indicates more abundant levels interacting with
mutant Htt than wt Htt, and ‘- indicates less abundant
levels interacting with mutant Htt than wt Htt, and ‘=’
indicates similar levels, and if blank was not deter-
mined), (viii) the age of the model organism used, (ix)
article reference information, (x) the protein func-
tion assigned based on the authors’ conclusions from
the study, or if not indicated (e.g., was from a large
dataset) the protein function was based on general cell

biological knowledge (verified by genecards [213]
or uniprot [214], (xi) if the article tested functional
consequences of the interaction between Htt and the
protein interactor in a cellular or animal model sys-
tem and the authors’ conclusion, and finally (xii) if
the study tested the interaction in human HD and/or
control donor cells or tissue, and the functional conse-
quence of the interaction. This Htt protein interaction
data is compiled in Supplementary Table 1 (tab for
Master Table).

Clustering analysis of Htt interactors

Among reported Htt protein interactors, we sought
to identify groups of proteins that shared functional
categories, known as “clusters,” of different molec-
ular and cellular pathways. To accomplish this, Htt
protein interactors were integrated with the STRING
human database [215] to gain information about
known connections among interactors, and facilitate
analysis of highly connected gene sets, represent-
ing the protein sets of this study, to determine
the likelihood of an interaction (“edge”) between
proteins in the dataset. STRINGdD retrieved infor-
mation from these types of open source data with
respect to (i) genomic/protein context predictions, (ii)
high-throughput lab experiments, (iii) gene/protein
co-expression, (iv) automated text mining, and (v)
previous knowledge in databases. STRING edge con-
fidence assessment selected only edges with high
confidence values (>700). An Htt+ STRING sub-
network was built from these edges. To allow for
reliable clustering, genes were included in the sub-
network if they are in the Htt dataset and have at
least 2 neighbors in the background STRING interac-
tome. Next, we quantified structure in Htt + STRING
subnetwork by applying Louvain modularity maxi-
mization [216] clustering algorithm to break up nodes
into highly connected sets related to protein function.
These clusters were annotated for biological function
by functional enrichment with gene ontology (GO)
terms [217, 218] and KEGG [219] pathways, using
ToppGene [220]. Clusters were annotated with the
most significantly enriched term/pathway. Htt protein
interactors in each cluster is provided in Supplemen-
tary Table 1.

Select enriched KEGG pathways were examined
further. Interactor proteins in significant KEGG path-
ways were mapped onto KEGG pathway diagrams
[219]. HTT interactor proteins were color coded in
these diagrams for the effect of the mutant poly(q)
expansion on the interaction of red = more abundant,
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(a) Pubmed Literature Data Acquisition of Htt-Interacting Proteins in HD Animal Models
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Fig. 1. Work-flow for bioinformatics analysis of huntingtin (Htt) interacting proteins reported in the literature. Literature searches for proteins
interacting with mutant Htt and wt Htt were conducted with the PubMed resource (a). Information about Htt interactors was organized by
experimental parameters of the reported studies, including the polyQ(n) expansion length, Htt fragment length, and whether the interaction is
increased or decreased with mutant polyQ(n) Htt fragments (b). Compiled Htt interacting proteins (Supplementary Table 1) were subjected to
bioinformatics analysis assessing statistically significant clusters and KEGG pathways using tools that included STRINGdb, gene ontology,

and ToppGene (c).

yellow = no reported effect, blue = less abundant, and
purple =mixed reports of both more and less abun-
dant interactions.

Data provided in approximately half of the articles
tested whether the mutant Htt polyQ(n) expansion in
the HD model resulted in higher or lower abundance
levels of a particular protein interacting with mutant
compared to wt Htt. These data were included in the
Htt+ STRING dataset as “edge effects.” The signifi-
cance of these edge effects was evaluated within each
cluster by a binomial test of the number of proteins
with higher abundance interactions (n4) and lower
abundance (n—). N=n4 +n_, with a null hypothesis
of 68% positive edges (the rate of positive edges in
the full dataset). Significance is defined as p <0.05
with Benjamini-Hochberg multiple test correction.

RESULTS

Strategy for data acquisition of Htt interacting
proteins and bioinformatic evaluation

Data for Htt interacting proteins was compiled
from the literature [20-212] obtained by search of
PubMed for bioinformatic analyses (Fig. 1). Htt inter-
actors were organized into a dataset that indicates
the conditions of identifying interactors with respect

to Htt fragment length and species, polyglutamine
(polyQ(n)) length of Htt, native Htt protein com-
plexes, model system and its age, assay type for
identifying interactors, interacting proteins identi-
fied, increased or decreased interaction with mutant
Htt, and references (Supplementary Table 1). The
Htt interactor dataset was evaluated by bioinformat-
ics tools of STRINGdb, gene ontology, ToppGene,
and KEGG pathway mapping with statistical scor-
ing. This unique study compiled and curated articles
reporting Htt protein interactors in the literature
that meet our criteria that the interactor information
includes (1) the lengths of Htt fragments or full-length
Htt fragment used in the protein interaction studies,
(2) the number of polyglutamines in the mutant and
wild-type forms of Htt, and (3) native Htt protein
interaction complexes were evaluated without gen-
eral cross-linking agents, since such cross-linking can
include non-specific associated proteins.

Compilation of Htt interacting proteins of mutant
Htt and wild-type (wt) Htt

The compiled data of Htt protein interactors in
HD animal models shows that a large number of
proteins interact with both wild-type (wt) Htt and
mutant Htt (Fig. 2). A PubMed search and cura-
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wt or mutant Htt # Htt interacting
proteins

Control wt Htt, < 40Q 2740
Control wt Htt only 340

HD mutant Htt, > 40Q 2631
HD mutant Htt, only 231

Shared by Control & HD 2400
Total Htt interactors 2971

247

mutant Htt wt Hitt

Fig. 2. Protein counts for interactors of wt and mutant Htt. The numbers of distinct proteins found to interact with control wt Htt and HD
mutant Htt are shown by a Venn diagram. Proteins were found that only interacted with mutant Htt or only with control wt Htt. Many proteins

interacted with both wt and mutant Htt.

Table 1
Clusters of Htt Interactors: increased or decreased Htt interactions indicated by positive and negative edges
Cluster # Cluster name # Positive # Negative FDR
edges edges
1 Protein modification 33 23 1
2 Chromatin organization 84 93 8.26E-04
3 RNA splicing 88 37 0.1043
4 Membrane trafficking 43 58 7.86E-04
5 Signal transduction 82 124 3.64E-09
6 Mitochondria 63 24 0.1029
7 Granule membrane 7 8 0.5500
8 Macroautophagy 7 7 0.6452
9 Cytoplasmic vesicle lumen 30 18 1
10 Clathrin-mediated endocytosis | 19 30 6.00E-03
11 lon channel transport 3 1 1
12 Translation 122 19 9.52E-10

FDR (false discovery rate) values are corrected for Benjamini-Hochberg. Positive edge (yellow): proteins interact
more abundantly with mutant Htt. Negative edge (blue): proteins interact less abundantly with mutant Hitt.

tion of articles identified 193 articles that investigated
non-human model systems from yeast to mammalian
systems (Supplementary Table 1, Master Table). In
total, 9,821 protein interactions were reported, with
many protein interactors identified in multiple stud-
ies. When replicate proteins were removed, a total
of 2,971 distinct Htt interacting protein identifica-
tions were found. Proteins interacting with wt Hitt
of <40Q numbered 2,740, and proteins interacting
with mutant Htt of >40 Q numbered 2,631. A major
portion of the interactors were shared by wt Htt and
mutant Htt, numbering 2,400 proteins. Notably, 231
interacting proteins were unique to mutant Htt which
included cellular functions of transport, localization,
organelles, and catalytic activities based on gene
ontology (GO) analysis (Supplementary Figure 1).
Furthermore, 340 interactors were unique to wt Htt
which included general cellular functions of local-
ization, vesicles, intracellular, cytosol, and enzyme
binding (Supplementary Figure 1). Most prior studies
have not reported data that indicated whether a pro-
tein is a primary interactor of Htt or a tertiary complex

member, with the exception of proteins proposed to
enzymatically modify Htt such as calmodulin (gene:
CALM, [207], N-terminal acetyltransferase (gene:
NAAT10) [20], Tumor Necrosis Factor 6-E3 ubiquitin
ligase (gene: TRAF6) [212].

Parameters for identification of mutant Htt
protein interactors

All studies utilized cellular, animal and in vitro
non-human HD model systems to identify poten-
tial Htt interactors [20-212]. Some studies used
human HD tissue or cells in follow-up experiments
to confirm interactions. Studies used fragments of
Htt or full-length Htt, the majority of which were
cloned human or mouse amino-terminal Htt con-
taining the polyQ(n) region (Supplementary Table 1,
Master Table). Within the non-pathological human
poly(Q)n range of <40Q, the studies identified 2,740
protein interactions. Within the adult HD range of
>40Q and <60Q, 469 Htt protein interactors were
identified (Supplementary Table 1, Table 1). In the



248 S. Podvin et al. / Huntingtin Protein Interactome in Animal Models

juvenile range of >60Q to <120Q, 681 proteins were
identified. In the especially long expansion range
of >120Q, 1,835 proteins were identified (Supple-
mentary Table 1). Analysis of the distribution of
Htt interacting proteins identified by lengths of N-
terminal Htt fragments show that Htt of 171 residues
was used as the main Htt fragment among the pub-
lished studies (Supplementary Figure 2).

While there is a clear inverse correlation in human
HD age-at onset and polyQ(n) length that spans
decades [11], for practical experimental designs,
researchers used cellular models (age of < 1 week), or
animal models with ages of 1 day (Drosophila larvae)
to 24 months (transgenic and knockin mice) (Sup-
plementary Table 1, Master Table). Animal model
studies showed neurodegenerative and behavioral
phenotypes with expression of mutant Htt, e.g., reti-
nal degeneration in developing Drosophila, motor
impairment in C. elegans, and motor and behavioral
dysfunction and HD-like neuropathology in trans-
genic mice.

A variety of approaches were used to test Htt
protein interactions using either hypothesis-driven
or unbiased identification experimental designs.
Hypothesis-driven studies tested approximately 10
or fewer potential Htt protein interactors, while
unbiased approaches using Htt protein complex
purification and mass spectrometry sequencing iden-
tified as many as approximately 1,000 proteins [16,
52, 87, 97, 140, 152]. Yeast 2-hybrid studies iden-
tified up to approximately 150 proteins [74, 155].
Approximately half of all potential Htt protein inter-
actors were identified in studies that utilized strategies
to determine whether proteins interacted at higher
or lower levels with mutant compared to wt Hitt
(Supplementary Table 1, Master Table). Such results
showed whether a protein interactor was present at
higher or lower abundance in mutant Htt complexes,
e.g., by a darker or lighter band on western blot, or
by detection of higher or lower levels of a protein
by mass spectrometry. These data were used in our
study to determine significant enrichment of gene
ontology (GO) clusters in mutant Htt compared to
wt Hitt.

Clustering analysis correlates Htt protein
interactors with diverse cellular functional roles
that may be enriched or diminished in HD-like
phenotypes

We hypothesized that Htt protein interactors could
be statistically sorted into functional categories to

reveal information about the types of molecular
pathways in the cell that are dysfunctional in HD,
ultimately leading to cell toxicity and death. Accord-
ingly, the list of Htt protein interactors was integrated
with the STRING human database [215] (Search Tool
for the Retrieval of Interacting Genes/Proteins) to
gain knowledge of potential interactions (“edges”)
between proteins. To allow for reliable clustering,
genes were included in the subnetwork if they are in
the Htt protein interactor dataset and have at least two
neighbors in the background STRING interactome.

We then quantified structure in Htt+ STRING
subnetwork by applying Louvain modularity maxi-
mization clustering algorithm [216] to break up nodes
into highly connected groups. Louvain modularity
maximization is an optimized algorithm that runs
on a scale of —1 to 1 to determine the density of
connections of possible clusters as the algorithm
runs. Modularity is designated as the variable Q,
the density of connections inside the community
compared to links between communities. The result-
ing clusters are shown in Fig. 3 for mutant Htt
and wt Htt. The twelve clusters indicated functions
of 1) protein modification, 2) chromatin organiza-
tion, 3) RNA splicing, 4) membrane trafficking,
5) signal transduction, 6) mitochondria, 7) gran-
ule membrane, 8) macroautophagy, 9) cytoplasmic
vesicle, 10) clathrin-mediated endocytosis, 11) ion
channel transport, and 12) translation. Several of
these pathways have been investigated in the field for
HD cell death mechanisms including mitochondria,
macroautophagy, protein modification, and protein
translation which significantly clustered in our anal-
ysis.

In the studies that reported differing levels of a pro-
tein interacting with mutant Htt compared to wt Hitt,
we conducted a statistical test for proteins within each
cluster in the mutant Htt interactor dataset to deter-
mine whether an interactor protein interacted with
mutant Htt at significantly greater or lower abun-
dance levels, that is, if a protein was reported to
interact with higher or lower abundance with mutant
Htt, or the interaction was lost or gained compared
to wt Htt protein interactors. We analyzed these data
with a binomial test (N=n4 +n-) for each cluster
to determine the probability of observing n4 higher
abundance or n— lower abundance interactions in the
mutant Htt interactor dataset out of the total interac-
tions, N in each cluster. Results (Table 1) showed that
the function of translation was significantly enriched
in mutant Htt interactions, while signal transduction,
chromatin organization, membrane trafficking, and
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Fig. 3. Clustering analysis of Htt interactors by gene ontology (GO). Htt interactors were analyzed for shared functional categories, “clusters,”
in different cellular molecular pathways. The cluster networks are illustrated in color-coded format (see key in figure) for interactions that
were lost by mutant Htt (mHtt), weaker with mHtt, stronger with mHtt, gained interaction with mHtt, or represented a neighbor.

clathrin-mediated endocytosis clusters were signifi-
cantly diminished.

Clustered Htt interacting protein identifications
achieved by multi-disciplinary techniques

Various assay methods and techniques were used
to identify Htt interactor proteins. The number of
interactor proteins in each cluster identified by assay
type are displayed in a heatmap (Fig. 4). Larger num-
bers of proteins were identified by high-throughput
approaches, particularly methods that purified Htt
complexes from tissue or cell lysate, followed by
identification of interactors by mass spectrome-
try (Affinity-MS/MS) and yeast 2-hybrid. Other
assays identified interactors by hypothesis-driven
approaches; numerous articles utilized immuno-
affinity purification of Htt complexes, followed
by western blot to detect a proposed interactor.
Additional studies used co-immunohistochemistry
to detect physical proximity between Htt and an
interactor protein. Fewer articles utilized in silico
or structural analysis approaches, or other assay
types. Higher numbers of interactors were identified
by affinity-MS/MS, yeast 2-hybrid, and affinity-

western blot assays in the chromatin organization,
signal transduction, mitochondria, and translation
clusters.

Htt poly(Q)n repeat lengths used for
identification of clusters of Htt interacting
proteins

We next queried the data to determine how many
proteins in each cluster were identified by varying
polyQ(n) repeat length, assessed in lengths of increas-
ing 10Q (Fig. 5). The largest numbers of proteins were
identified in the wt range of <30Q, and in the very
high juvenile range of > 90Q. Notably, fewer interac-
tor proteins were identified with polyQ(n) Htt lengths
found in human adult HD of 40—-60Q and juvenile HD
of 60-120Q, likely due to fewer studies using Hitt
with these ranges of polyQ(n). HD model systems,
particularly genetic mouse models, frequently used
especially high polyQ(n) repeat lengths to induce HD
pathology and phenotypes within the lifespan of a
mouse of less than two years [52, 97, 167]. It will be
of interest in future studies to identify Htt interactors
within the human Htt polyQ(n) range in HD because
proteins that interact with very high polyQ(n) mutant
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Fig. 4. Number of Htt interactors identified by assay type for each cluster. The identification of Hitt interactors within each cluster by the
type of experimental assay is illustrated. The number of interactors determined according to assay types are color-coded (see key).
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Fig. 5. Number of Hitt interactors identified by Htt polyQ(n) length within each cluster. The number of polyQ(n) expansions in Htt used
for identification of Htt interactors within each cluster category is indicated. Low to high numbers of interacting proteins identified are

color-coded (see key).

Htt may or may not interact with mutant Htt present
in human HD brain.

It was also found that the majority of studies used
N-terminal fragments of mutant Htt and wt Htt con-
taining the polyQ(n) domain for determination of Htt
protein interactors (Supplementary Figure 2). Mod-
els using N-terminal fragments of 171 amino acids
in length were prevalent; the 171 residue fragment
corresponds to exons 1-3 [1, 221].

Cellular pathways within mutant Htt interactor
clusters reveal potential molecular toxicity
mechanisms

The most significant gene ontology (GO) pathways
within each cluster were identified by ToppGene
[220] with statistical evaluation. All significant path-
ways for each cluster are provided in Supplementary
Table 1 (Master Table, tabs for clusters 1-12).
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Fig. 6. Ribosome KEGG pathway of the translation cluster. The Ribosome pathway represented the most significant pathway of the translation
cluster (Supplementary Table 2). Preferred interactions of mutant Htt (mHtt) or wt Htt with pathway components are illustrated by red to
blue color, respectively (see color key). Proteins that were more abundant interactors of mutant Htt or gained mutant Htt interactors are
shown in red shades, while blue shades indicate proteins with less abundant interactors with mutant Htt or the interaction is lost; gray shades

indicate similar levels of more or less abundant interactions.

Kyoto Encyclopedia of Genes and Genomes (KEGG)
curates proteins in well-defined cellular pathways
[219]. The significant GO terms for each cluster
were filtered for KEGG pathways. A summary of
the top KEGG pathways for each cluster is pro-
vided in Supplementary Table 2. The most significant
KEGG pathways for the clusters of translation, signal
transduction, chromatin organization, and membrane
trafficking are described with respect to Htt interactor
components below.

Protein translation

Cluster 12 for translation was identified by bino-
mial analysis as the cluster with the most number
of positive edges (Table 1). Ribosome was the most
significant pathway within the translation cluster
(Supplementary Table 2), meaning that protein inter-
actors in this cluster overall had more abundant
interactions with mutant compared to wt Htt (Fig. 6).
Elongation factors within both the large and small
subunits and aminoacyl tRNA transferases interact
at higher levels with mutant compared to wt Hitt.
These results are consistent with a study showing that

mutant Htt impedes ribosomal translocation during
translation elongation and suppresses protein synthe-
sis [222]. These data together indicate the ribosome
as potentially impacted through mutant Htt protein
interactions.

Signal transduction

Cluster 5 for signal transduction had significantly
more negative edges as determined by binomial anal-
ysis (Table 1), indicating that protein interactors in
this cluster overall had less abundant interactions with
mutant Htt compared to wt Htt. The most signifi-
cant KEGG pathways for cluster 5 (Supplementary
Table 2) was the RAP1 signaling pathway (Fig. 7).
The RAP1 signaling pathway has not been described
as a pathway of cell toxicity and death in HD. Future
investigations of this pathway mechanism may reveal
new disease mechanisms and potential therapeutic
targets.

Chromatin organization
Cluster 2 for chromatin organization had sig-
nificantly more negative edges according to bino-
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mial analysis (Table 1). The most significant
KEGG pathways within this cluster (Supplemen-
tary Table 2) is glycerophospholipid metabolism
(Fig. 8). Mutant Htt has aberrant interactions with
glycerophospolipids, and biosynthetic and metabolic
processes are disrupted [223]. Further investigations
into Htt interacting proteins in glycerophospho-
lipid pathways could hold promise for better
understanding of mutant Htt associated membrane
disruption.

Membrane trafficking

Cluster 4 for membrane trafficking also had sig-
nificantly more positive edges (Table 1). The most
significant KEGG pathway of cluster 3 was SNARE
interactions in vesicular transport (Fig. 9 and Sup-
plementary Table 2). Disruption of SNARE proteins
in astrocytes by mutant Htt cause impaired gliotrans-
mission associated with behavioral disruptions in HD
model mice [224]. Evaluation of Htt protein interac-
tors associated with SNARE vesicular transport may

reveal key mechanisms underlying psychiatric and
behavioral changes in HD.

Significant KEGG pathways of cluster functions
of Htt protein interactors

Mitochondria

Among KEGG pathways assessed, oxidative phos-
phorylation of mitochondria represents a highly
significant cellular system of Htt interacting pro-
teins (Fig. 10 and Supplementary Table 2). Among
71 components of the oxidative phosphorylation
KEGG pathway, 70 of these proteins were found as
Htt interactors. Mutant Htt forms displayed prefer-
ences for interacting with components of oxidative
phosphorylation mechanisms of mitochondria. Htt
interactors of the mitochondria cluster were also
represented by KEGG pathways of metabolism, car-
bon metabolism, and thermogenesis with oxidative
phosphorylation as the top pathways in this cluster
(Fig. 11 and Supplementary Table 2). Mitochondrial
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dysfunctions that compromise energy production
are consistent with weight loss that occurs in
HD [11].

RNA splicing and protein modification

The RNA splicing cluster (#3) of Htt interac-
tors includes significant KEGG pathways of the
spliceosome and RNA transport (Fig. 11 and Supple-
mentary Table 2). Dysregulated RNA splicing occurs
in human HD brain and in HD models and variant
splicing of human HTT RNA has been observed [225,
226].

The protein modification cluster of Htt interac-
tors (cluster 1 shown in Fig. 11) contains significant
KEGG pathways for ubiquitin-mediated proteoly-
sis and the proteasome (Supplementary Table 2).
Dysregulation of the ubiquitin-proteasome system
in HD participates in the clearance of unwanted
proteins, resulting in altered protein homeostasis
[227, 228].

Htt interactor dataset available to the public

This dataset of Htt interactor proteins has provided
a comprehensive dataset of published reports of wt
and mutant Htt protein interactors in non-human HD
model systems (provided in Supplementary Table 1)
with information on length of Htt fragment or full-
length Htt, length of poly-glutamine within Htt, and
use of native Htt protein complexes. This Htt interac-
tor data set is publicly available at the website shown
at the end of the discussion. A variety of non-human
model systems and assays were used to determine
potential Htt protein interactors, and the systems used
did not affect the associated functions of the pro-
teins identified. Bioinformatics analyses reveal that
significant modularity clusters in functional classes
of protein translation, signal transduction, chromatin
organization, mitochondria, and others that may
be enriched or diminished with polyQ(n) expan-
sion in mutant Htt. Access to these data will allow
researchers in the field to formulate hypotheses and



Htt interactor prefers:

Complex [ Complex I Complex IIT Complex IV Complex V Wt Htt mHtt
Swnuh(g;h naoe - - -.' . ibA £ { et | 85 ne _ 2

NADH()

E [ np1 [ N2 | wos | nps [ npaL [ wos [ nos |

F-type ATPase (Bacteria)
N pha | bets | garams| delta
B!A[NwAINwBlRuC[NwDIHwE|HwF]NwG|NwH|HwI [ NuoJ | NuoK | NwlL | NuoM| NuoN | Le v [ ¢ |
Bia| NahC | Nahk | Nahl | NahH | Ndhs | Ndbl | NdhG | NhE | NahF | NahD | NdhB | Ndhi | NdhM | NahN | HoxE | HoxF | HoxU
fad | F-type ATPase (Eukaryotes)

alpha | beta amma) delta | epsilon
OSCP |_» ) c d [ e ]
f g h | j k 8 |

Gaada
;
:

=1 Cytochroms ¢ oxidase , cbb3-type Cytochrome bd comple x
SexB [Soah Bl 1 [ o T wlwm]oea

Fig. 10. Oxidative phosphorylation KEGG pathway of the mitochondrial cluster. The oxidative phosphorylation pathway of mitochondria was of high significance for interactions with Htt

(Supplementary Table 2). Preferred interactions of mutant Htt (mHtt) or wt Htt with pathway components are illustrated by red to blue color key.

S]PPOJN [DUWIUY UL IULOJIDADIUT UIDJOLJ USULIUNE] / “[D 12 UlAPO] *S

(844



(1) protein (2) chromatin (3) RNA splicing (4) membrane (5) signal (6) mitochondria
_ modification trafficking transduction
10— 80 40+ 40
a2 = _ —_ = __ 100-
5 3 E S o S 304 3 30+ ()
s | S 6 g s H E
_g.é 32, o % 40 _g.é 20 < 20~ 2 -
_? 10 § 2 —? 204 _? 10 _? 10 3
0- 0- 0 0= 0~ 0=
1 2 3 45 12 3 4 5 12 3435 12 3435 1 234 5 1 23 45
1. ribosome 1. glycerophospholipid 1. spliceosome 1. SNARE vesicule 1. Rap1 signaling 1. metabolic pathways
2. RNA transport _ 2.cytochrome P450 2. RNA transport 2. vasopressin water 2. chemokine signaling 2. oxidative phosphorylation
3. nbt_:some biogenesis 3. transcription regulation 3. influenza A 3. phagosome 3. actin cytoskeleton 3. carbon metabolism
4, amlnoacyl-tRl‘!A 4, carcinogenesis 4. antigen processing 4. Gap junction 4. focal adhesion 4. Parkinson’s disease
5. RNA degradation 5. lupus erythematosis 5. protein processing 5. pathogenic infection 5. axon guidance 5. thermogenesis
(7) granule (8) macroautophagy (9) cytoplasmic (10) clathrin (11) ion channel (12) translation
membrane 20 vesicle 4w ©endocytosis . 80
4=
T 15+ o @ 304 - @ 60
= > > g -] > |
g & 1 2 7 2 2 2 2 40
t 5 = E 2 5 ]
§ . —? 5- _? 1 _? 104 _? _$’ 20-
u ] 0 0~ 0- 0= 0-
1 1 2 34 5 1 2 345 12 345 1 23405 1 23 45
1. autophagy, animal 1. lysosome 1. endocytosis 1. pancreatic secretion 1. ribosome
1. cholesterol 2. autophagy, other 2. glycosphingolipid 2. lysosome 2. proximal tubule 2. RNA transport
metabolism 3. mitophagy 3. ECM receptor 3. synaptic vesicle 3. mineral absorption 3. ribosome biogenesis
4. GABAergic synapse 4. staph. infection 4. phagocyosis 4. cGMP-PKG signaling 4. aminoacyl-tRNA synthesis
5. nicotine addiction 5. antigen processing 5. bactieral invasion 5. bile secretion 5. RNA degradation

Fig. 11. Top significant KEGG pathways within each cluster of Htt interactor functions. The top five most significant KEGG pathways for each of the 12 clusters of Htt interactor functions are
illustrated. The 12 clusters are shown in panels 1-12, respectively, with graphs of the most significant KEGG pathways by -log;o(p value). These significant p values are well below the significance
level of p <0.05, which corresponds to -log;o(p value) of greater than 1.3.

96¢C

S]OPOJN [DWIUY UI JUL0IIDADJUT UIDJOL] UISURUNE / “ID ]2 UIAPOJ °S



S. Podvin et al. / Huntingtin Protein Interactome in Animal Models 257

plan studies to investigate the key roles of Htt pro-
tein in HD cellular mechanisms of toxicity and cell
death.

DISCUSSION

This study achieved collation and statistical bioin-
formatics analysis of published Htt protein interactors
identified in non-human HD model systems that meet
the criteria that the studies included 1) defining the
lengths of Htt fragments or full-length Htt fragment
used in the interaction studies, 2) indicating the num-
ber of poly-glutamines in the mutant and wild-type
forms of Htt, and 3) assessment of native Htt protein
interaction complexes without cross-linking agents,
which avoids general cross-linking that may include
non-specific associated proteins. A high number of
proteins that potentially complex with wt Htt were
identified as 2,740 interactors, and with mutant Htt
that were identified as 2,631 interactors (Fig. 2).
The majority of interactors were shared, 2400 pro-
teins, by the wt Htt and mutant Htt groups. Htt is a
large protein of 3044 amino acids whose N-terminal
region contains the polyQ(n) domain encoded by the
CAG repeat expansion of the human HTT gene. The
exact function of Htt is under much investigation,
but the data compiled here indicate diverse roles in
cellular pathways. In the human brain, Htt is pro-
cessed into multiple endogenous fragments [17] and
each may have distinct cellular processes, although
localization to specific cellular compartments and
organelles is not known. The presence of the mutant
polyQ(n) does not substantially affect the molecu-
lar weights of fragments outside of the mutation,
although some fragments are present at higher levels
in the human brain and are different in motor cortices
compared to striatum [17]. Amino terminal regions
of mutant Htt, containing the expanded polyQ(n)
have been identified as diffuse and aggregated forms
of nuclear, cytoplasmic and synaptic distribution
[229-233]. Whether the expanded polyQ(n) fragment
in particular initiates toxic sequalae or in addition to
other endogenous fragments is an area of ongoing
investigation.

These data compiled in this study provide a valu-
able resource to the field for formulating hypothesis
related to HD pathogenesis and molecular mecha-
nisms. There is currently a great need for effective
drugs to slow or stop the neurodegeneration in HD.
Therapeutic targeting of Htt interactor proteins are a
potential strategy for drug development.

We note that recent articles recently reported data
sets of Htt protein interactors but they did not meet
our criteria for including information on Htt frag-
ment length, number of polyglutamine residues in the
expansion, and assessment of native Htt complexes
[234-236] Articles by Aaronson et al. (2021) [234]
and Haenig et al. (2020) [235] did not define Htt frag-
ment lengths or number of Htt polyglutamines for all
Htt interactors compiled. Another article by Sap et
al. (2021) [236], used a general cross-linking agent
formaldehyde to isolate Htt complexes, but formalde-
hyde is a general cross-linking agent that can include
non-specific associated proteins. Therefore, informa-
tion from these three articles were not included in this
study.

Binomial analysis of edge effects found that Htt
interacting proteins involved in translation were
significantly enhanced, while signal transduction,
chromatin organization, membrane trafficking, and
clathrin-mediated endocytosis functions were signif-
icantly diminished in mutant Htt compared to wt.
These results suggest diverse roles of Htt in different
cell compartments. Among these clusters, significant
KEGG pathways of the ribosome, Rap 1 signaling,
glycerophospholipid metabolism, and SNARE inter-
actions in vesicular transport were indicated. Among
these pathways, glycerophospholipid synthesis and
metabolism dysfunction was found to be dysregu-
lated in HD genetic mouse models [237].

All studies utilized animal or cellular model sys-
tems to identify interactors. HD human brains have
not been used as a starting material to identify inter-
actors, likely due to the limited availability of such
tissue. While some studies utilized Htt with polyQ(n)
expansions in the adult human HD range (40Q - 50Q)
and juvenile HD range (60Q - 100Q), the majority uti-
lized especially high expansions (>100Q). There is
a particular deficit in the reduced penetrance range,
30Q - 40Q. A small subset of articles reported Htt
protein-protein interactions in human brain (Supple-
mentary Table 1, Master Table) in follow-up studies
subsequent to interactor identification in an HD
model. Because some Htt interactors may interact at
artificially high polyQ(n) ranges but not in the human
HD range (40Q - 100Q), future studies should aim to
use the ‘human’ range of polyQ(n).

Disruption or enhancement of key mutant Htt pro-
tein interactions is a logical approach to identify
and test potential therapeutic targets in experimen-
tal systems for reduction of mutant Htt mediated
toxicity and phenotypes. HD genetic mouse models
expressing polyQ(n) expanded human Htt have HD-
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like neuropathology, motor dysfunction and cognitive
behavioral phenotypes [238, 239]. Some articles
in the compiled dataset tested the consequence of
mutant Htt interactors on mouse model HD-like
phenotypes (Supplementary Table 1, Master Table).
All of these protein interactors were chosen by the
authors based on hypothesis driven approaches and
demonstrate improvement or exacerbation of HD-
like pathology as a consequence of mutant Htt protein
interactions. Results of these studies illustrate that
aberrant mutant Htt protein interactions cause HD-
like phenotypes in mouse genetic models.

The reported Htt interactors in animal model
systems can be fruitful for understanding possible
mechanisms of mutant Htt in the human disease pro-
cess. We, therefore, propose the strategy that this list
of candidate Htt interactors from animal model sys-
tems may be assessed in human HD brain tissues
using stringent and rigor in the experimental design
to elucidate the different clusters/pathways that may
be present in human HD brain. Such future studies
will be of value to understand mutant Htt protein
interaction mechanisms in the human HD brain.

In summary, this study provides the Htt interacting
protein dataset resource to the field that may enhance
formulation of hypotheses and designing experiments
to evaluate Htt initiation of neurodegenerative cel-
lular pathways via Htt protein interactors. The key
unknown mechanistic question of HD pathogene-
sis is why neurons become toxic and die because
of the expanded polyQ(n) mutation. Our clustering
and pathway analyses suggest protein interactions in
significant GO biological processes for pharmacolog-
ical or genetic (e.g., siRNA) intervention in model
systems. While drugs are available for HD patients
that may manage symptoms, there is a great need for
development of drugs to delay or prevent fatal neu-
rodegeneration and emaciation. Investigation of the
key pathways related to HD-like phenotypes deter-
mined by statistical analysis in this study may prove
to be effective therapeutic targets.
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