
Citation: Bhattacharyya NP. Huntington’s Disease Associated Genes: Molecular Basis of Disease and Possible 
New Targets for Treatment. Austin J Genet Genomic Res. 2016; 3(1): 1022.

Austin J Genet Genomic Res - Volume 3 Issue 1 - 2016
ISSN : 2471-030X | www.austinpublishinggroup.com 
Bhattacharyya. © All rights are reserved

Austin Journal of Genetics and Genomic 
Research

Open Access

Abstract

Diverse molecular defects in Huntington’s Disease (HD) have been identified 
since the discovery of Huntingtin (HTT) gene mutated in the diseasein1993. 
Presently, there is no cure for the disease. To identify genes involved in HD 
pathogenesis, we collate data from diverse sources and using stringent criteria 
collected 523 HD associated genes. Enrichment analysis with these proteins 
revealed that diverse biological processes and pathways like gene expression, 
apoptosis, proteasomal degradation, glucose/carbohydrate metabolism, known 
to involve in HD pathogenesis, were significantly enriched. HD associated genes 
were significantly over represented in biological processes like cell cycle and 
differentiation indicating their possible role in HD pathogenesis. Comparisons 
of HD associated genes with targets of FDA approved drugs and probable 
protein targets having similar properties as that of FDA approved protein targets 
of drugs, we identified 49 HD associated genes that could be new probable 
drug targets. HD associated genes collected here will be useful to decipher 
molecular basis of HD including regulation of these genes and new targets for 
the treatment of presently incurable devastating HD.
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skeletal muscle loss. It is unclear whether such losses are secondary to 
neurological dysfunctions. However, such effects may contribute to 
the mortality or morbidity [5]. In spite of a large number of studies, 
since discovery of the gene that is mutated in HD since 1993, presently 
there is no cure for the disease.

Molecular mechanism of HD pathogenesis
Increase in length of glutamine (Q) stretch at N-terminal of HTT, 

coded by exon1 of the gene, alters conformation of the protein leading 
to cytoplasmic and nuclear aggregates, also known as Neuronal Intra-
Nuclear Inclusions (NII). It is still debatable whether monomer of 
conformation modified HTT, oligomer of the mutant protein or 
aggregates are toxic [6]. Aggregate/NII is observed in cell models, 
brains of transgenic animals and post-mortem brains of HD patients 
[7]. Aggregate formation is enhanced with increase in number of Q 
in vitro and in vivo and is believed to cause neurodegeneration [8]. 
Contradictory result that visible aggregates are protective to neurons 
is also available. Intermediate oligomers or modified monomer 
of mutant HTT has been proposed to be toxic [9,10]. Autosomal 
dominant nature of the disease suggests a toxic gain of function of 
mutated protein that disrupts normal cellular functions and causes 
neuronal death [11]. Loss of function of wild type protein may also 
contribute, at least partially, to disease pathology [12]. It is now 
believed that both loss of wild type HTT and toxic gain of function of 
mutant HTT result in HD pathogenesis. Alterations of various cellular 
processes like excitotoxicity, oxidative stress, endoplasmic reticulum 
stress, axonal transport, ubiquitin proteasome system, autophagy and 
apoptosis are implicated in HD. Besides mitochondrial dysfunction 
and transcriptional deregulation have been also implicated in HD 
and reviewed [13-15]. The summary of diverse molecular alterations 
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HD: Huntington’s Disease; FDA: Food and Drug Administration; 

AAO: Age at Onset; TVS: Target validation score

Introduction
Huntington’s Disease (HD, OMIM ID 143100), also well known 

as Huntington’s chorea, is an autosomal dominant progressive 
degenerative neurological rare disease (Orphanet ID ORPHA399), 
named after George Huntington, who first provided vivid systematic 
descriptions of the disease [1]. Typical characteristic of HD is abrupt 
involuntary movement (chorea) due to random muscle contractions. 
Other features of HD in early stage of the disease include behavioral 
changes like agitation, irritability, apathy, anxiety, dis-inhibition, 
euphoria, delusions, hallucinations, depression, dementia, cognitive 
decline and motor function impairment like eye movement 
abnormality, parkinsonian feature, dystonia, myoclonus, ataxia, 
dysarthria, dysphagia and spasticity with hyperreflexia. Dystonia or 
akinetorigid parkinsonian features supersede chorea with progression 
of disease [2,3]. HD is caused by expansion of normally polymorphic 
CAG repeats beyond 36 at the exon1 of the gene Huntingtin (HTT), 
also known as IT15 [4]. Manifestation of first symptoms, defined as 
the Age at Onset (AAO), is variable and normally ranges between 30 
and 40 years. Early onset (<20 years, Juvenile HD) and higher age 
at onset (~70 years) have also been reported. The disease progresses 
slowly and within 15-20 years leads complete dependency in regular 
daily activities requiring full-time care and finally death. Common 
cause of death among HD patients is pneumonia and suicide. Other 
than classical symptoms, several features, which are not associated 
with the neuronal loss, complicate HD. These include weight loss and 
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observed in many studies leading to neuronal death is shown 
pictorially in Figure 1.

Diverse approaches have been made to gather comprehensive 
global view of HD pathogenesis. These include identification of 
protein interacting partners of HTT, altered expression of protein 
coding genes or non-coding genes in HD using microarray or RNA 
sequencing in various models and post-mortem brains, modulators 
of HD pathogenesis in model systems and genome wide search for 
genetic markers that modulate AAO. To identify genes involve in 
HD pathogenesis, we collected data from the various sources. We 
also collected genes co-expressed with wild type HTT. Comparing 
the collected data, we made a comprehensive list of genes associated 
with HD. Enrichment analysis of HD associated genes for biological 
processes and pathways revealed that HD associated genes were over 
represented in processes and pathways already known to involve in 
HD pathogenesis. 

Sources of Data and Methods
The flow chart for identification of HD associated genes and their 

possible involvement in HD pathogenesis and targets for treatment is 
shown in the Figure 2. Databases used to obtain various data related 

to HD associated genes, genetic variation in HD associated genes, 
HTT co expressed genes and others are shown in the Supplementary 
TEXT T1.

HTT interacting proteins
To identifying function(s) of HTT, various interacting partners 

of HTT have been identified by Yeast 2 Hybrid (Y2H) assay [16-
18], affinity pull down followed by mass spectrometry assay and 
other large scale analysis [18-21]. Mutant HTT aggregate associated 
proteins were also identified by mass spectrometry [22]. Considering 
that Y2H predictions are subjected to high rate of false positives 
[23], it is necessary to establish physical interaction of the protein 
by a second independent method. In some cases, functional role of 
HTT interacting proteins were established [18]. We have considered 
validated HTT interacting protein if (a) interactions are confirmed 
by additional independent experiments, (b) interaction was observed 
in more than one large scale experiments and (c) HTT interacting 
proteins are shown to be functionally related to HD pathogenesis in 
models of HD. Several proteins have also been identified to interact 
with HTT and functionally associated with HD pathogenesis in models 
of HD in hypothesis based experiments [24-31]. We combined all 
data and catalogued 361 validated HTT interacting proteins. Details 
of results are shown in Supplementary TEXT T2 and the list of HTT 
interacting proteins is shown in Supplementary Table S1. Recently, 
about 100 interacting partners of HTT have been identified [32] and 
not included in our list. Sixteen proteins were common to our list of 
validated HTT interacting proteins.

Proteins identified in genome wide search for modulators 
of HD pathogenesis

Several small animal models of HD have been utilized to identify 
modulators of HD pathogenesis by using genome wide knocked down 
of genes and studying effects of mutant HTT for aggregates formation 
and/or toxicity. These models include S. cerevisiae (Yeast), worm (C. 
elegans), fly (D. melanogaster) and human/mouse cells in culture [33-
41]. Altogether 594 human homologous genes of yeast, fruitfly and C. 
elegans were identified in these studies that are likely to modulate the 
HD phenotypes. Detailed of result is shown in Supplementary Text 
T3 and genes are tabulated in Supplementary Table S2.

HTT co-expressed genes
Co-expressed genes provide important information of function 

(s) of genes and their possible common regulation. It has been shown 
that genes which are co-expressed are likely to be functionally related 
[42-46]. We have used two independent databases; Co-express db 
database (http://coxpresdb.jp) [45,46] and Gene Friends database 
(http://www.GeneFriends.org) [47] to identify genes co-expressed 
with wild type HTT. Genes co-expressed in at least two independent 
human and/or in another species with their chromosomal location 
of 229 HTT co-expressed genes are shown in the Supplementary 
Table S3, using Co-express db database. We collected 220 wild 
type HTT co-expressed protein coding genes from Gene Friends 
database (Supplementary Table S4) with correlation co-efficient ≥ 
+0.445. Detailed processes for collecting these genes are described in 
Supplementary TEXT T4. 

Altered expression of genes in caudate of HD patients
Data for altered expression of genes with p≤0.001 was 

Figure 1: Molecular pathology of HD: various molecular events alter in HD. 

Figure 2: Flowchart for identification of HD associated genes, their 
involvement in HD pathogenesis and possible drug targets. Numbers within 
the box represent the number of genes identified in the category (see text 
for detail). 
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downloaded from published result [48]. In cases, more than one 
probe IDs for a particular gene, we have taken the maximum value 
of the relative expression. For down regulated genes, 3841 probe 
IDs and upregulated genes 3482 probe IDs were collected [48]. We 
have retained only those genes for which HGNC gene symbols and 
Entrez Gene IDs were available. Finally, we collected 1599 genes and 
1914 gene that were significantly down regulated and upregulated 
respectively. This data is shown in Supplementary Tables S5A and 
S5B. 

Polymorphic variations in protein coding genes 
associated with Age at Onset (AAO)

Age at Onset (AAO) defined as the time of appearance of first 
symptom(s) such as motor defects and cognitive impairment and 
has been shown to correlate inversely with number of CAG repeats 
in expanded allele of HTT gene. Investigations with large number 
of adult onset HD patients reveal that expanded CAG repeat 
number explains approximately 56% of the variations in AAO of 
motor sign. Additional genetic variations have also been shown to 
modify AAO and have been reviewed [49,50]. Genetic variations at 
putative promoters of protein coding gene neuropeptide Y (NPY) 
receptor NPY2R [5], HTT gene [51] and transcription factor E2F2 
gene [52] have been identified to modify the AAO. These variations 
in promoters are shown to modify expression of the genes and 
involve in HD pathogenesis. Very recently, genome wide association 
studies identify various loci to be associated with AAO [53]. Copy-
Number Variation (CNV) of SLC2A3 gene encodes neuronal glucose 
transporter GLUT3 could modulate AAO in HD. It is observed that 
increased dosage of SLC2A3 delayed AAO [54]. On the basis of these 
evidences and other experimental supports (Supplementary TEXT 
T5), we catalogued 12 genes namely OGG1, PPARGC1A, NPY, NRF-
1, SLC2A3/GLUT3, HTT, ATG7, CNR1, NPY2R, GRIN2A, HAP1 
and ADORA2A are associated with HD.

Enrichment analysis for Biological Processes (BP) 
defined by Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathways 

To have an idea about functions of HD associated genes, we 
have used online resource of Genecodis3 (http://genecodis.dacya.
ucm.es/). This facility can be used for enrichment analysis of various 
Gene Ontology (GO) descriptors for molecular functions, biological 
processes, cellular components and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway. Proportion of genes in a particular 
GO term or KEGG pathway from input query list is computed 
and compared with those of proteins coded by human genome as 
catalogued in the database. Hypergeometric p value is computed after 
correction for multiple testing [55].

Drugs associated with the HD associated genes 
Using known gene/protein targets of FDA approved small 

molecules, it has been shown that out of 625 enlisted protein targets in 
Drugbank, 516 proteins are targeted by small molecules, 83 proteins 
are targeted by biotech drugs and 26 proteins are targets of both 
small molecules and biotech drugs. These targets mainly belong to 
enzymes, transporters, voltage-gated ion channels; G-protein coupled 
receptors, nuclear receptors and CD markers. These proteins are also 
classified as Integral Membrane (IM), Single Pass Trans-Membrane 
(SPTM), IM/SPTM, secreted, membrane & secreted isoforms, and 

intracellular. In addition, 1054 genes classified as potential drug 
targets; which are not yet targets of FDA approved or experimental 
drugs in Drugbank database (www.drugbank.ca). These genes have 
categorized as probable targets based on similar properties of known 
FDA approved drug targets like protein families, structural folds, and 
biochemical similarities [56]. To find expression of the target genes in 
different 32 normal tissues, we observed that majority of target genes 
(~56%) were enhanced/enriched/group enriched (Supplementary 
TEXT T8) indicating genes expressed in restricted tissues are over 
represented among targets compared to housekeeping genes (~ 28% 
of drug targets are housekeeping genes (data not shown). We have 
utilized this data to identify if HD associated genes are also target 
of known drugs or potential drugs (http://www.proteinatlas.org/
humanproteome, accessed on June 1, 2016).

Result and Discussion
HD associated genes

We collected data from diverse sources to show that (a) out of 
more than 1000 interacting partners of HTT, 361 proteins interact 
with HTT in more than one experiment and/or functionally modify 
HD pathogenesis in model systems (HTT interacting), (b) 594 
human homologue genes which were shown to modulate aggregate 
and/or toxicity induced by mutant HTT in genome wide knocked 
down studies in models of HD (Hdsi), (c) 230 genes including HTT 
co-expressed with wild type HTT in more than one species including 
human and/or in two independent human identified from Co-
express db, (d) 221 protein coding genes including HTT co-expressed 
with wild type HTT identified from Gene Friends database with 
correlation co-efficient ≥ +0.445, (e) expression of 1598 genes that are 
decreased in caudate of HD patients with p≤0.001 (Caudate down), 
(f) expression of 1914 genes that are increased in caudate of HD 
patients with p≤0.001 (Caudate UP) and (g) genetic variations in 12 
genes that modify AAO. Total number of unique genes is 4417 having 
4930 relations indicating one gene is associated with more than one 
category. Number of protein related to more than one category was 
523. We considered that these 523 proteins are associated with HD 

Figure 3: HD associated proteins in different category. In X-axis different 
categories of proteins are shown; columns, 8, 9 and 10 represent functionally 
related and observed/identified in separate experiment and categorized in 
other categories, functionally related but not observed in any one of the 
categories and proteins were functionally related and shown to interact with 
HTT respectively (for detail please the text).
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(HD associated protein). Detailed of choices of HD relations of genes 
in each category is described in the Supplementary TEXT T2-T6 and 
data is shown in Supplementary Tables S1-S5B, and summary of HD 
associated genes and their categories is shown in Supplementary 
Table S6. Among 523 HD associated genes, genetic variations in 3 
genes modify AAO, expression of 212 gene was increased and 187 
gene was decreased in caudate of HD patients, 91 and 76 genes were 
co-expressed with wild type HTT, 250 proteins interact with HTT, 
195 proteins were coded by genes identified in genome wide study 
to modulate HD pathogenesis and denoted by Hdsi (Figure 3). Seven 
proteins were identified to be functionally related and observed/
identified in separate experiment to be in other categories. Five 
proteins were functionally related but not observed in any one of the 
categories and 48 proteins were functionally related and shown to 
interact with HTT. Diverse pathological conditions observed in HD 
may be due functional deregulation of these HD associated genes.

Enrichment of biological processes and KEGG pathways 
with HD associated genes

To find the biological processes defined by the Gene Ontology 
(GO) and the KEGG pathways involved with HD associated genes, 
we carried out enrichment analysis using GeneCodis3 (http://
genecodis.dacya.ucm.es/) (Section 2.6). Detailed result is shown 
in Supplementary Tables S7A and 7B and summarized in Table 1. 
Biological processes like apoptotic process (GO:0006915), signal 
transduction (GO:0007165), ubiquitin-dependent protein catabolic 
process (GO:0006511), positive regulation of transcription from 
RNA polymerase II promoter (GO:0045944), gene expression 
(GO:0010467), pathways like Huntington’s disease (Kegg:05016), 
protein processing in endoplasmic reticulum (Kegg:04141), regulation 
of actin cytoskeleton (Kegg:04810), oxidative phosphorylation 
(Kegg:00190), cell cycle (Kegg:04110) and apoptosis (Kegg:04210) 
were significantly enriched with HD associated proteins. Biological 
processes and pathways enriched were experimentally shown by 
many investigators to be involved in HD. In addition, enrichment of 

GO descriptor Cellular Component (CC) that indicates localization 
of proteins in organelles was also determined from GeneCodis3. 
Proteins are localized in different region/organelle (Supplementary 
Table S7C, Table 1).

Among top enriched BPs, positive regulation of transcription 
from RNA polymerase II promoter (GO: 0045944) and gene 
expression (GO: 0010467) related to transcription regulation, are 
enriched with 63 unique HD associated gene (~12%). These genes 
include transcription regulators like TP53, CREB, HDAC1, HDAC2, 
HMGB1, HMGB2, KAT2B, LMO4, NFKB1, NFYA, SREBF2 and 
others, known to involve in HD pathogenesis [15,57-62]. Mediator 
complex subunits namely MED15 and MED23 interact with HTT are 
also in this group of protein. Mediator complex is known to regulate 
transcription [63]. Transcription associated BPs were also enriched 
with several ribosomal proteins (RPL13, RPL14, RPL15, RPL23, 
RPL6, RPL7 RPLP2 and RPS6). How ribosomal proteins regulate 
transcription remains unknown. RPL14 contains a “basic region-
leucine zipper (bZIP)-like domain”; although its function remains 
unknown. RPL6 can activate transcription by binding specifically to 
domain C of the tax-responsive enhancer element of human T-cell 
leukemia virus type 1 [64]. RPS6 is component of the 40S ribosomal 
subunit and a substrate of protein kinases in ribosome. Recently, it 
has been shown that expression ribosomal S6 kinase gene RPS6KA1/
RSK1 is decreased in models of HD as well as in post-mortem brains of 
HD and compensation of the protein improves motor coordination, 
increased expression of synaptic markers and genes involved in 
synaptic plasticity [65]. 

Altogether 106 unique HD associated proteins were enriched 
with GO terms related to apoptosis (Supplementary Table S7A). 
KEGG pathway apoptosis (KEGG: 04210) was enriched with HD 
associated gene. Enhanced apoptosis is involved in HD and reviewed 
[66]. Targeting apoptosis is considered to be one of the approaches 
for treatment of neurodegenerative diseases in general and HD in 
particular [67]. Many GO terms related to cell cycle (Supplementary 

Items No. with 
p ≤ 0.05

No with p 
≤9.76E-05 Top 10 highly significantly enriched relevant descriptors Unique protein 

in top 10 items

Biological 
Processes (BP) 611 86

nerve growth factor receptor signaling pathway (GO:0048011), apoptotic process (GO:0006915), 
signal transduction (GO:0007165), regulation of apoptotic process (GO:0042981), negative regulation 

of cell proliferation (GO:0008285), ubiquitin-dependent protein catabolic process (GO:0006511), 
synaptic transmission (GO:0007268), positive regulation of transcription from RNA polymerase II 
promoter (GO:0045944), gene expression (GO:0010467) and epidermal growth factor receptor 

signaling pathway (GO:0007173)

213 (323 
relations)

KEGG pathways 114 49

Huntington's disease (Kegg:05016), Alzheimer's disease (Kegg:05010), Parkinson's disease 
(Kegg:05012), Neurotrophin signaling pathway (Kegg:04722), Focal adhesion (Kegg:04510), Protein 
processing in endoplasmic reticulum (Kegg:04141), Regulation of actin cytoskeleton (Kegg:04810), 

Oxidative phosphorylation (Kegg:00190), Cell cycle (Kegg:04110), Apoptosis (Kegg:04210)

120 (221 
relations)

Cellular 
Component (CC) 210 49

cytoplasm (GO:0005737), cytosol (GO:0005829), nucleus (GO:0005634), nucleoplasm (GO:0005654), 
nucleolus (GO:0005730), protein complex (GO:0043234), plasma membrane (GO:0005886), 

mitochondrion (GO:0005739),cytoskeleton (GO:0005856) and perinuclear region of cytoplasm 
(GO:0048471)

442 (1120 
relations)

Table 1: Summary of the enriched Biological processes and KEGG Pathways.

FDA approved drugs
ADORA2A /A2AR, ATP1A1, BCL2, CACNA2D1, CNR1, CPT2, DRD1, EGFR, FADS1, GRIN1, GRIN2A, GSS, HDAC1, HDAC2, HDAC3, 
HMGCR, KCNC1, MAPK1, MTOR, NFKB1, NR3C1, PAH, SLC25A4, SNAP25, TNFRSF8, PRKAA1/AMPKa1/AMPK, TUBB, TUBG1 and 

VAMP2 [29]

Probable targets of 
drugs

ADAR, ALDOA, APP, ASNS, ATM, ATP2A2, BAP1, CASK, CALM1, CASP10, CASP8, CTSD, CAV1, CHD8, CREBBP, CTH, CBS, CTNS, 
DLD, DNM1L, DNM2, ENTPD1, GPHN, GPI, HADHA, ITPR1, INPPL1, LDHA, NDUFS1, NDUFV1, NUP98, PPIB, PFKM, PGM1, PTK2B, 

POMT2, SNRNP200, SLC16A1, SLC25A12, SLC25A13, SLC25A3, SPG7, SUCLA2, SYP, STX1A, SNCA, TMPRSS5, TP53, TYK2, 
UQCRC2, AKT1, WHSC1 [52]

Proteins related to 
HD having TVS >3

GRIN1, ADORA2A /A2AR, HDAC1, HTT, ITPR1, MAP3K10, ATM, CALM1, CASP1, CAV1, DLD, HSPA4, SIRT1, SP1, TGM2, TP53, 
ZDHHC17 [17]

Table 2: HD associated proteins and their status for drug targets.
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Table S7A) were enriched with 107 HD associated proteins. KEGG 
pathway cell cycle (KEGG: 04110) was also enriched significantly. Cell 
cycle abnormalities have been shown in different models of HD [68-
70]. Other major biological processes and pathways enriched with 
HD associated genes include signaling, proteasomal degradation, 
metabolism, differentiation and development, mRNA metabolic 
process including splicing, translation, vesicle-mediated transport 
and many others (Supplementary Table S7A and 7B). It is to be noted 
that one gene may be associated with more than one BP or pathway. 
These processes and pathways enriched with HD associated gene are 
already known to alter in HD or models of HD [71-86].

Pathways Huntington’s disease (KEGG: 05016), Alzheimer’s 
disease (KEGG: 05010) and Parkinson’s disease (KEGG: 05012) were 
the top 3 enriched (p≤ 1.95E-16) pathways with 48, 28 and 23 HD 
associated genes respectively. Altogether 54 unique HD associated 
genes are involved in these pathways; 16 proteins were common in 
3 pathways. Common pathways among these diseases have been 
presented and common intervention approach have been proposed 
[87,88]. In summary, enrichment of diverse biological processes and 
pathways with HD associated genes collected in this manuscripts and 
known to be involved in HD show that these HD associated genes 
will not only be useful for deciphering molecular mechanisms of HD 
pathogenesis but also could be useful for targeting the processes/
pathways for intervention.

HD associated proteins: targets of FDA approved drugs 
and probable targets

To identify candidate of drug targets among HD associated 
proteins, we used protein targets of FDA approved drugs and 
probable drug targets as described in material and methods (section 
2.7). Comparison of HD associated proteins with protein targets of 
drugs approved by FDA [56] revealed that 29 HD associated genes 
are targets of FDA approved drugs for other conditions. Similar 
comparison with proteins having similar characteristics of known 
drug targets, revealed that 52 HD associated proteins are probable 
drug targets (Table 2). Based on experimental evidences for HD 
modifying activity of proteins in various models of HD and other 
information including status of drug trial targeting a gene, a scoring 
system has been developed for probable targets of drugs for HD 
with Target Validation Score (TVS) by HD Research Crossroads as 
described [89]. Based on experimental evidence of involvement of 
proteins in HD pathogenesis and outcome of drug trials, TVS score 
varies between 0-5 (Supplementary TEXT T7) as described [89]. 
Maximum score of 5 was assigned to protein that demonstrated 
efficacy in a phase 3 clinical trial when drug or a gene therapy 
modulating the gene/protein (target) has been observed; minimum 
score of 0 was used when the gene is implicated in neurodegeneration 

or polyglutamine dysfunction based on genome-wide screens. TVS of 
HD related protein thus describes status of experimental validation of 
disease modifying effects of HD related proteins. Comparing proteins 
having TVS with HD associated genes described in the manuscript, 
we observed that 158 HD associated proteins had TVS; B4GALT6 
only had TVS 0. It was evident that 136 proteins had TVS ≥ 3; 17 
proteins had TVS >3 [89] (Supplementary Tables 10A). Most of the 
HD associated genes described here was not catalogued [89] and thus 
did not have TVS. In large number of cases, expressions of genes 
were altered in caudate of HD and proteins coded by the genes are 
interacting partners of HTT (Supplementary Table S6). These genes 
could assign TVS with 1 according to HD Research Crossroads 
criteria. However, scoring system did not allow assigning a score to 
a protein, if a protein belongs to both categories. Similarly, if a gene 
was identified in genome wide screen, TVS is 0, however if the same 
gene belongs to another category like altered expression of genes 
in caudate of HD or HTT interacting partner, no scoring system is 
available. Thus there is scope for addition of scores to proteins, we 
described as HD associated proteins. 

Novel targets: not included in HD Research Crossroads 
list with TVS

We identified 81 HD associated proteins (Table 3) which are 
either targets of FDA approved drugs or probable target. Among these 
proteins, TVS was assigned to 32 proteins and TVS was not assigned 
to 49 proteins. Among 32 proteins, 15 proteins are FDA approved 
drug targets; 17 proteins are probable targets. Among 49 proteins 
without TVS, 14 proteins are FDA approved drug targets and 35 
proteins are probable drug targets (Table 3, Supplementary Tables 
S8A-S8F). These 49 proteins are likely to be novel targets for drugs. 
Further characterization is necessary to validate the proposition. 

Out of 15 HD associated proteins, which are targets of FDA 
approved drugs and were assigned with TVS, expression of 5 proteins 
namely CNR1, DRD1, GRIN1, GRIN2A and SNAP25 were enriched/
enhanced in brains; expression of SLC25A4 (group enriched in heart 
muscle, skeletal muscle) and ADORA2A /A2AR (tissue enhanced in 
heart muscle, skeletal muscle) enhanced in a group of tissues other 
than brain. Other 8 genes (ATP1A1, HDAC1, HDAC2, HDAC3, 
BCL2, NFKB1, MAPK1 and TUBB) expressed almost equally in 32 
tissues and likely to be housekeeping genes. Biological processes and 
pathways associated with these genes are shown in the Supplementary 
Table S9A. Activation of DRD1 gene and ADORA2A /A2AR is 
known to increase cAMP-dependent Protein Kinase (PKA) through 
phosphorylation its substrates and impairs cognition in mouse model 
of HD [90]. Reduced expression of DRD1 and ADORA2A/A2AR in 
caudate of HD patients (Supplementary Table S5A) was observed in 
many other studies. Apparent contradiction of decreased expression 

Category
HD associated proteins (no)

With Target Validation Score (TVS) Without TVS

Target of FDA 
approved drugs

ADORA2A/A2AR, ATP1A1, BCL2, CNR1, DRD1, 
GRIN1, GRIN2A, HDAC1, HDAC2, HDAC3, MAPK1, 

NFKB1, SLC25A4, SNAP25 and TUBB [15]

CACNA2D1, CPT2, EGFR, FADS1, GSS, HMGCR, KCNC1, MTOR, NR3C1, PAH, 
TNFRSF8, PRKAA1/

AMPKa1/AMPK, TUBG1 and VAMP2 [14]

Probable targets
AKT1, ATM, CALM1, CASP8, CAV1, CBS, CREBBP, 
CTSD, DLD, DNM1L, DNM2, GPI, ITPR1, NDUFV1, 

SNRNP200, STX1A, TP53 [17]

ADAR, ALDOA, APP, ASNS, ATP2A2, BAP1, CASK, CASP10, CHD8, CTH, CTNS, 
ENTPD1, GPHN, HADHA, INPPL1, LDHA, NDUFS1, NUP98, PFKM, PGM1, POMT2, 
PPIB, PTK2B, SLC16A1, SLC25A12, SLC25A13, SLC25A3, SNCA, SPG7, SUCLA2, 

SYP, TMPRSS5, TYK2, UQCRC2, WHSC1 [35]

Table 3: HD associated proteins which are FDA approved drug targets or probable drug targets.
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and downstream PKA activation was explained by altered density and 
function of both DRD1 and ADORA2A/A2AR in hippocampus of 
R6/1 mice. Combined inactivation of DRD1 and ADORA2A /A2AR 
with agonists protects effects of mutant HTT [91]. DRD1 is associated 
with 55 biological processes like dopamine transport (GO: 0015872), 
long term synaptic depression (GO: 0060292), glucose import (GO: 
0046323) and 10 KEGG pathways like cAMP signaling pathway 
(KEGG: 04024), neuroactive ligand-receptor interaction (KEGG: 
04080), Parkinson’s disease (KEGG: 05012) could be relevant for HD. 
Among 56 BPs associated with ADORA2A /A2AR, GABAergic (GO: 
0032230), many apoptosis related GO terms, regulation of synaptic 
plasticity (GO:0048167), regulation of mitochondrial membrane 
potential (GO:0051881), regulation of excitatory postsynaptic 
membrane potential (GO:0060079) may have significance for HD. 
Pathways like calcium signaling pathway (KEGG: 04020), cAMP 
signaling pathway, Neuroactive ligand-receptor interaction and 
Parkinson’s disease pathway may be associated with HD, as discussed 
in section 3.2. Activation of the DRD1 and ADORA2A/A2AR by 
pharmacological inhibitors is likely to change these processes and 
pathways and beneficial for HD. 

GRIN1 had the highest TVS of 4.5; modulation of the gene 
demonstrated efficacy in a phase 2 clinical trial [89]. Our analysis 
showed that GRIN1 was identified in genome wide study to suppress 
effect of mutant HTT [41] and expression of GRIN1 was decreased in 
caudate of HD (Supplementary Table S5A). Among 32 normal tissues, 
expression of GRIN1 in normal brain was maximum compared 
to other tissues [56]. GRIN1 is associated 54 BPs like positive 
regulation of transcription from RNA polymerase II promoter (GO: 
0045944), regulation of excitatory postsynaptic membrane potential 
(GO: 0060079), ionotropic glutamate receptor signaling pathway 
(GO: 0035235), calcium ion homeostasis (GO: 0055074) and 15 
pathways like Huntington’s disease (Kegg:05016), Alzheimer’s 
disease (Kegg:05010), Calcium signaling pathway (Kegg:04020), 
Amyotrophic lateral sclerosis (Kegg:05014), Long-term potentiation 
(Kegg:04720) (Supplementary Table S9A). Genetic variation in 
Cannabinoid Receptor 1 (CNR1) modifies AAO [92]. Expression of 
CNR1was decreased in HD brain [48], pharmacological inhibitors 
increased effects of mutant HTT in mice model [93] and HD mouse 
with CNR1+ background showed recovery of loss of excitatory striatal 
synapses [94]. CNR1 is associated with 36 BPs like positive regulation 
of apoptotic process (GO: 0043065) and 3 pathways namely retrograde 
endocannabinoid signaling (KEGG: 04723), neuroactive ligand-
receptor interaction (KEGG: 04080) and Rap1 signaling pathway 
(KEGG: 04015), known to involve in HD. Activation of CNR1 could 
thus be beneficial for HD. SNAP25, a synaptosomal-associated 
protein, interacts with HTT, over expression SNAP25 rescues effects 
of mutant HTT [18,40], expression was decreased in caudate of HD 
brain [48,95], belongs to synaptic vesicle cycle (KEGG: 04721) and 
insulin secretion (KEGG: 04911) pathways (Supplementary Table 
S9A). All 5 genes are expressed significantly higher level in normal 
brain compared to other tissues. On the basis of expression of 
genes in normal brain and being target of FDA approved drugs and 
involved in diverse HD relevant biological processes and pathways, 
we provided additional support that HD associated protein CNR1, 
DRD1, GRIN1, GRIN2A and SNAP25 having different TVS could be 
possible drug targets. 

Characterization of 49 proteins without TVS score: new 
targets for treatment of HD

Supplementary Table S8FF shows 49 proteins; out of which 14 
proteins are targets of FDA approved drugs and 35 proteins are 
potential drug target. These genes do not have TVS. Expression of 
KCNC1, SNCA, SYP and TMPRSS5 were enriched /enhanced in a 
group of normal tissues including brain. Expressions of EGFR, PAH, 
CTH, NUP98 were enhanced/enriched in normal placenta, (kidney 
and liver), liver and (heart and skeletal muscle) respectively. KCNC1 
and TMPRSS5 are expressed in normal brain, SNCA is expressed in 
bone marrow and brain and SYP is expressed in brain and salivary 
gland at significantly higher level compared to other normal tissues. All 
other 41 genes expressed ubiquitously in all 32 tissues (Supplementary 
Table S8F). Biological processes and pathways associated with these 
genes are shown in Supplementary Table S9B. Role of KCNC1 and 
TMPRSS5 in HD remains unknown. Both the proteins were identified 
in genome wide screen; KCNC1 enhances the effects of mutant HTT 
in model of HD [40], while TMPRSS5 protects the effects of mutant 
HTT [41]. Expression of KCNC1 was decreased and expression of 
TMPRSS5 was increased in caudate of HD patients [48]. KCNC1 
is associated with biological process ion transport (GO: 0006811), 
potassium ion transport (GO: 0006813), synaptic transmission (GO: 
0007268), transmembrane transport (GO: 0055085) and protein 
homooligomerization (GO: 0051260), former 4 processes are known 
to alter in HD. TMPRSS5 is associated with BP receptor-mediated 
endocytosis (GO: 0006898) and localized in neuronal cell body 
(GO: 0043025) indicating possible role in neuronal functions. SYP 
(synaptophysin) interacts with HTT [18,21], expression was decreased 
in brain [48,96], associated with 7 BPs [endocytosis (GO:0006897), 
synaptic vesicle maturation (GO:0016188), regulation of long-term 
neuronal synaptic plasticity (GO:0048169), regulation of short-
term neuronal synaptic plasticity (GO:0048172), synaptic vesicle 
membrane organization (GO:0048499), cellular response to organic 
substance (GO:0071310), regulation of opioid receptor signaling 
pathway (GO:2000474)]. Aggregate of SNCA was observed in HD, 
independent of aggregate of mutant HTT [97]. Exogenous expression 
SNCA or deletion of SNCA increased or decreased respectively 
the pathogenesis in mouse models of HD [98]. SNCA is associated 
with 68 BPs; among them HD related processes are dopamine 
metabolic process (GO:0042417), mitochondrial ATP synthesis 
coupled electron transport (GO:0042775), negative regulation of 
apoptotic process (GO:0043066), negative regulation of neuron 
apoptotic process (GO:0043524), positive regulation of endocytosis 
(GO:0045807), negative regulation of exocytosis (GO:0045920), 
regulation of neuronal synaptic plasticity (GO:0048168), synaptic 
vesicle endocytosis (GO:0048488), synaptic vesicle transport 
(GO:0048489), positive regulation of synaptic transmission 
(GO:0050806), synapse organization (GO:0050808) and oxidation-
reduction process (GO:0055114). SNCA is also associated with 
Parkinson’s disease (KEGG: 05012) and Alzheimer’s disease (KEGG: 
05010) pathways. Thus drug inactivating SNCA would likely to be an 
effective treatment for HD. 

In summary, KCNC1, a target of FDA approved drug, SNCA, 
SYP and TMPRSS5, probable targets of drugs could be new targets for 
HD. Three proteins, except SNCA, are not well studied for their role 
in HD and require further investigations. The result is summarized 
in Figure 4.
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Other targets 
Based on the targets of FDA approved or probable drug targets 

and enhanced/enriched expression of genes in normal brain 
compared to other tissues among HD associated genes, we proposed 
additional probable drug targets. However several other genes are 
also shown to be the target of drugs. Tetrabenazine, an inhibitor of 
monoamine transporter SLC18A2/VMAT2, has been approved by 
FDA for treatment of chorea [99]. Inhibitions of MAOA, MAOB, 
HDAC1, HDAC2, HDAC3 and PRKAA1 (AMPK1/ AMPKα1) 
protect pathological effects in models of HD. Allele specific silencing 
of mutant HTT reduces aggregates and other effects of mutant HTT. 
These genes are associated with biological processes and pathways 
relevant for HD (Supplementary TEXT T9). 

Conclusion
Comprehensive literature and database search identified 523 

genes designated as HD associated genes. Enrichment analysis 
revealed that HD associated genes were significantly over represented 
in biological processes and pathways known to be involved in 
HD pathogenesis. These HD associated genes may be used for 
understating defects in molecular abnormalities in HD. Comparing 
HD associated proteins with proteins catalogued as probable targets 
in HD Research Crossroads with target validation scores, targets of 
FD approved drugs and probable targets, we identified 49 probable 
new targets. We emphasized that KCNC1, a target of FDA approved 
small molecules/Biotech, SYP and TMPRSS5, probable drug target, 
expressions enriched/enhanced in brains and predicted membrane 
protein, secreted/transporter protein would be new targets of drugs 
for treatment of HD. Based on expression of genes enhanced/enriched 
in normal brain, we further showed that genes SNCA, CNR1, DRD1, 
GRIN1, GRIN2A and SNAP25 with different TVS could be important 
targets. Except SNCA, all five genes are targets of FDA approved 
drugs. HD associated genes collated here will be useful to understand 
the molecular pathology in HD as well as protein/biological process/
pathway targets for treatment of HD. 
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