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     Huntington’s disease is a heritable neurodegenerative disease caused by an autosomal 

dominant trinucleotide expansion of 35+ CAG repeats in the HTT gene while juvenile HD 

results from a trinucleotide expansion of 60+ CAG repeats. In both cases, an increased number
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of CAG repeats can increase the severity and onset of the disease. Additionally, there is a 

substantial dysregulation in protein interactions and cellular pathways in the putamen as well as 

global brain degeneration. Previous findings in proteomic analysis of expanded allele HTT 

knock in mice have suggested mitochondrial toxicity and downregulated vesicle trafficking are 

some of the main causes of HD pathology, but this analysis has not been done with juvenile HD 

human brain tissue. To discover the dysregulated proteins in the cortex areas of Brodmann Area 

4 and Brodmann Area 6 combined with the putamen, regions that regulate motor function, we 

performed mass spectrometry and proteomic analysis on trypsin-digested postmortem juvenile 

HD brain tissue and postmortem human control brain tissue to find dysregulated proteins in both 

conditions. Our findings showed: (1) proteins in juvenile HD only, (2) control only, (3) 

dysregulated proteins, (4) dysregulation of mitochondrial components in juvenile HD, (5) 

distinct neuropeptides in the juvenile HD and control proteome. The data suggests that mutant 

Htt causes gain and loss of expression of proteins in the human brain.  In the cortex, the absence 

of mitochondrial pathway components indicates loss of function in this system. Furthermore, 

neuropeptides were found only in juvenile HD and control, shared, and dysregulated in juvenile 

HD. 
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Introduction 

 

       Huntington’s disease (HD) is a neurodegenerative disorder that is caused by a range of 

polyglutamine (polyQ(n)) repeat expansion in the protein huntingtin (Htt).[1][25] It is theorized 

that the mutant huntingtin protein disrupts many protein-protein interactions within the cell and 

consequently alters the cell’s functions and phenotypes.[2] In addition, it is also proposed that 

there is change in the synaptic function associated with Huntington disease. [4]There is a current 

gap of knowledge in understanding the disrupted cellular pathways that may induce synaptic 

dysfunction within ‘human’ HD. In this project, we will use systems mass spectrometry to 

identify proteins that may contribute to the synaptic dysfunction of human HD. This can help us 

to better understand the pathology of the human HD condition and tackle the disease. 

      Genetic Basis of Htt Mutations and CAG Repeats- Huntington’s disease has age-correlated 

severities from juvenile to adult onset. These different severities of HD are due to the number of 

CAG (glutamine) repeats in the HTT gene of the individual (Figure 1).[5][11] Normal individuals 

have 35 or fewer CAG repeats within their genome while diseased individuals have 36 or more 

CAG repeats.[11] As the number of CAG repeats increase, the onset of HD comes at an earlier 

stage in the individuals’ life.[11] Individuals with > 60 CAG repeats have disease onset as 

children. [11][13]  The huntingtin (Htt) protein is expressed throughout the human brain in 

numerous regions at varying levels of expression (Figure 2).  Notably, Htt is expressed in cortex 

regions of Brodmann 4 and 6, and in putamen (Figure 3), which control motor function that is 

disrupted in HD.
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Figure 1: The Correlation of Number of CAG repeats with Onset of Disease and its Clinical 

Dysfunctions. The number of Htt gene CAG repeats correlates to the expression of Huntington’s 

disease in HD patients. The link between age of onset and number of CAG repeats is also listed 

where normal phenotypes have ≤ 35 CAG repeats, 36-39 CAG repeats may or may not express 

HD, 40 to ~ 50 express the adult onset of HD, and ~60+ for the juvenile onset of HD. The 

clinical features of each dysfunctions of the disease are listed below. Adapted from “Multiple 

clinical features of Huntington’s disease correlate with mutant HTT gene CAG repeat lengths 

and neurodegeneration,” by V.Hook, H.Reardon, K.Yin, C.Mosier, and S. Podvin, 2018, Journal 

of Neurology, 266, p.551-564. © Springer-Verlag GmbH Germany, part of Springer Nature 

2018[16] 
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 Figure 2: Varying Expressions of Huntingtin Protein in Different Parts of the Brain.  

Huntington gene expression was analyzed using microarray analysis of 169 brain regions from 

six donor brains. The Htt gene expression is associated with the (a) color of the top bar indicating 

the brain regions where FL frontal lobe, insula, CgG cingulate gyri, HiF hippocampal formation, 

OL occipital lobe, PL parietal lobe, TL temporal lobe, Amg amygdala, BsFb basal forebrain, Str 

striatum,Clstr claustrum, Epithal epithalamus; hypothalamus, Thal thalamus, Subthal 

subthalamus, MES mesencephalon, CbCtx cerebellar cortex,CbN cerebellar nuclei; pons, MY 

myelencephalon, WM white matter structures, CP choroid plexus of the lateral ventricles. (b) 

The HTT gene expression is shown in the 169 brain regions using log2 values from microarray 

analysis. Adapted from “Multiple clinical features of Huntington’s disease correlate with mutant 

HTT gene CAG repeat lengths and neurodegeneration,” by V.Hook, H.Reardon, K.Yin, 

C.Mosier, and S. Podvin, 2018, Journal of Neurology, 266, p.551-564. © Springer-Verlag 

GmbH Germany, part of Springer Nature 2018[16] 
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Figure 3: 3D Imaging of Huntington Protein Expression within the Striatum, Primary 

Motor Cortex, Premotor Cortex, and Hippocampus. Htt gene expression localizations are 

shown in the different brain regions of the (a) striatum (b) primary motor cortex, Brodmann Area 

4 (c) premotor cortex, Brodmann Area 6 (d) Hippocampus. The different colors represent 

varying gene expression levels based on log2 values. Adapted from “Multiple clinical features of 

Huntington’s disease correlate with mutant HTT gene CAG repeat lengths and 

neurodegeneration,” by V.Hook, H.Reardon, K.Yin, C.Mosier, and S. Podvin, 2018, Journal of 

Neurology, 266, p.551-564. © Springer-Verlag GmbH Germany, part of Springer Nature 2018[16] 

 

 

      Clinical Symptoms of Htt patients-  Huntington disease can afflict many debilitating effects 

to people diagnosed with the disease. Some clinical features associated within both adult and 

juvenile onset HD include motor dysfunction and cognitive deficits.[20] Specifically, afflicted 

individuals experience involuntary movements, depression and dementia.[20] In addition to these 

symptoms, individuals may experience dysphagia, hypokinesia, akinesia, rigidity, and 

dystonia.[20] 

     Effects of Mutant Htt gene in iPSC neurons, embryonic stem cells, challenges towards 

understanding HD brain systems- The expanded polyQ(n) expressed in HD results in many 
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dysregulated molecular pathways. These dysregulated molecular pathways may cause 

debilitating symptoms of the disease. It is important to study these dysregulated molecular 

pathways to pinpoint specific proteins that may contribute to the development of the disease. In 

recent studies, there have been a lot of pathways studied in different non-human organisms and 

models, as well as human induced pluripotent stem cells (iPSC) from HD affected humans to 

embryonic stem cells. To identify these dysregulated proteins within iPSC, Chae and colleagues 

used mass spectrometry and GeneGo to examine what the dysregulated proteins were and their 

functions within iPSC cells.[10]  As a result, Chae and colleagues identified 26 most significantly 

dysregulated proteins such as mitochondrial proteins and cytoplasmic proteins.[10] The 

mitochondrial and cytoplasmic proteins are significant because past research shows that 

mitochondrial dysregulation and cytoplasmic toxicity play a role in the pathology of HD.[17]  

However, the iPSC model is limited in identifying the dysregulated proteins within HD because 

there are some gene expression differences in iPSC cells vs normal HD cells since the 

environment the cells are grown in may affect the regulation of which genes are transcribed.[23] 

Another example of a model used to identify the dysregulated proteins within HD was using HD 

embryonic stem cells. To identify the dysregulated proteins within HD embryonic stem cell lines, 

McQuade and colleagues used mass spectrometry and bioinformatic programs to examine the 

proteins and their associated functions within these HD embryonic stem cell lines. [12] As a result, 

McQuade and colleagues discovered 27 significant proteins that are mitochondrial proteins and 

cytoskeletal proteins.[12] These proteins are significant because past research shows that 

mitochondrial dysregulation and alterations within the cytoskeleton play a role in the pathology 

of HD.[6][8][17] However, their model is limited in identifying the dysregulated proteins within HD 

because there are problems in the regulation of transcription when reprogramming cells back into 
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stem cells [15] and is entirely different from the intact human HD brain regions affected that 

involve in vivo neuronal circuits, multiple cell types, and human brain structure. 

     Effects of Mutant Htt Gene, challenges towards understanding HD brain systems-  In 

addition to proteomics using iPSC neurons and embryonic stem cells models, proteomic studies 

of animal models and human models have been studied. To identify the distinct proteins of HD 

animal models, Shirazaki and his colleagues performed affinity purification mass spectrometry 

on mouse models and weighted gene correlation networks to form gene networks based on 

expression relationships.[21]  He and his colleagues also performed gene ontology and ingenuity 

pathway analysis to annotate these gene networks with terms that describe their functions.[21] He 

and his colleagues discovered 747 significant proteins along with six gene networks with their 

functions annotated.[21] This is significant as terms relating to the mitochondria and cytoskeleton 

have been known to be associated with the disease.[6][8][17] However, the model is limited in 

identifying the molecular pathways and expression of these proteins since the mouse genome is 

different from the human genome. 

      In addition to studying molecular pathways of HD using the rat genome, proteomics studies 

on the human HD brain have been made to discover molecular pathways with HD individuals.  

To study the molecular pathways and proteins within HD human models, Ratovitski and his 

colleagues used isobaric labeling, mass spectrometry to label and quantify the proteins in the 

human HD brain sample.[19] He also used ingenuity pathway analysis and DAVID functional 

annotation tool to annotate the gene networks formed from the ingenuity pathway analysis.[19] 

They discovered significant terms such as Rho-mediated, integrin signaling, and protein 

transport.[19] However, this model only identified the proteins and molecular pathways within 
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adult onset of HD and not juvenile HD. As a result, a current gap of knowledge is the molecular 

pathways and proteins that are affected by juvenile HD.[19] 

      Synaptic Deficits in HD- In addition, it is known that synaptic function and plasticity is 

affected by Huntington's disease.[22]  This can affect the way synapses communicate with each 

other via neuropeptides.[27] Specifically, synapses use dense core secretory vesicles to transport 

these neuropeptides and hormones to communicate with each other.[27] As a result, it is important 

to identify these neuropeptides to gain a better understanding of the molecular pathways of 

neuronal communication which may help us understand neurodegenerative diseases.[27] To 

identify these neuropeptides, Hook and her colleagues performed a proteomic analysis of bovine 

adrenal medulla to identify important neuropeptides and their associated terms to understand 

their functions within the neuronal communication system.[27] However, the bovine genome is 

different from the human genome.[27] Consequently, the molecular pathways and neuropeptide 

expression may be different within these two specimens. With these neuropeptides being found 

in bovine adrenal medulla, a current gap of knowledge is the identification and expression of 

neuropeptides in human systems. 

    Project Hypothesis and Specific Aims-  Goal: In this project, our goal is to identify 

dysregulated cellular systems including synaptic peptide neurotransmitter systems in the 

neurodegeneration of human juvenile HD brain. The cortex and putamen were used for this study 

as these parts of the brain are hypothesized to be the most affected by the disease as shown by 

the symptoms. The cortex is responsible for responding to sensory information through motor 

movements while the putamen is responsible for motor control.  Hypothesis: We hypothesize 

mutant Htt dysregulates many of the cell pathways, components and functions that results in (1) 

juvenile HD proteins that are not found in normal brain tissues (2) control only proteins that are 
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not found juvenile HD brain tissue (3) shared proteins found between the juvenile HD and 

control brain tissue that are downregulated and upregulated (4) neuropeptides found in the 

juvenile HD proteome, control only proteome, shared, and dysregulated in juvenile HD.  

Specific Aims: Our specific aims are to (1) determine the cellular protein systems that are 

dysregulated in human juvenile HD brain cortex and putamen compared to age-matched 

controls, and (2) determine how the peptide neurotransmitter system of dense core secretory 

vesicles are dysregulated in human juvenile HD brain cortex and putamen compared to age-

matched controls. 

      The introduction, Figure 1-3, includes material, currently being prepared for submission for 

publication and will appear as Podvin S., Poon W., Mosier C., Rossitto L.-A., Wei E., and V. 

Hook. “Juvenile Huntington’s Disease Human Brain Proteomics Reveals Dysregulated 

Mitochondrial Systems and Neuropeptide Regulation.” William Poon was the co-author of this 

paper. 
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Chapter 1: Experimental Procedures  

       Human Brain Tissue Preparation and Methanol Extraction: Juvenile HD brain tissue 

and Control Brain Tissue- Tissue samples from Brodman area 4 (BA4), Brodman area 6 (BA6) 

and putamen, were obtained from five human juvenile HD patients and seven human control 

individuals were obtained from NIH Neurobiobank in the United States. Each tissue sample was 

dissected into approximately 0.5 g pieces and weighed to assure masses were similar. A table of 

each subject’s demographic information is shown in Table 1. To obtain a representative protein 

sample from each tissue piece, an approximate 1 mg sample of each dissected 0.5 g piece of each 

tissue was combined to prepare the protein homogenate for proteomics analyses. The combined 

approximate 1 mg samples from each tissue piece were placed in ice-cold buffer consisting of 

100 mM Tris, pH 7.4, 50 mM NaCl, 1 mM EDTA, 10 uM Pepstatin A (Millipore), 10 uM Leupeptin 

(Millipore), 10 uM Chymostatin (Millipore), 10 uM E64c (Bachem), 100 uM AEBSF (Millipore) at a 

weight/volume ratio of 1:5. Samples were sonicated three times in 5 second bursts and placed on 

ice for 30 seconds between sonications. Next, the protein concentration of the samples was 

determined using the Lowry method (BioRad DC protein assay). To perform methanol 

precipitation of proteins, 600 ug of each sample is diluted using 100 µL of ice cold water, 

followed by 900 ul of ice cold methanol to form 90% methanol solution. The solution was 

incubated for fifteen minutes and centrifuged at 14,000g at 4C. The supernatant was removed 

and the resulting protein pellets were dried using a speed vac for three minutes.  

      Trypsin/LysC Digestion of Brain Samples and Preparation for Mass Spectrometry - The 

resulting protein pellets were suspended to sodium deoxycholate (SDC) trypsin digestion buffer 

to form a concentration of 2 mg/mL. To prepare the buffer, 687 µL of double-deionized water 

(ddH2O),  100 µL of 10% sodium solution, 100  µL of 1M Tris- HCl, pH of 8,  13 µL of 775mM 

TCEP (define), 100 µL of 440mM chloroacetamide mixed with a 1mL solution of SDC buffer. 
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Each sample was incubated at 95℃ and cooled at room temperature for five minutes. The 

samples were subjected to a water bath sonicator for two minutes and diluted 1:2 using 100 µL 

of 100 mL Tris solution. Trypsin/Lys C solution was prepared by adding 40 µL of 50 mM acetic 

acid, for a final  concentration of 0.5 µg/µL. The trypsin/Lys C solution was added in a 1:50 

enzyme: protein ratio by adding 8 µL of the 0.5 µg/µL Trypsin/ Lys C solution to each 200µg 

protein sample. The protein samples were incubated at 37℃ for eighteen hours to digest 

proteins. The resulting tryptic peptide samples were quenched with 0.2% TFA (trifluoroacetic 

acid) by adding 4.5µL of 10% TFA. The peptide samples were frozen at -70℃. 

To purify the peptide samples, C18 stage tip extraction was performed [18]. The stage tips 

were centrifuged at 3000 xg for three minutes. 100% acetonitrile (ACN) was added to the stage 

tips and centrifuged for four minutes at 2400 rpm. 150 µL of 0.1% trifluoroacetic acid (TFA) 

was added to the stage tip and centrifuged at 2400 rpm for four minutes, repeated three times. 

The peptide samples were loaded and centrifuged at 2000 rpm for five minutes. 150 µL of 0.1% 

TFA was added to the stage tips and centrifuged at 2400 rpm for four minutes twice. The 

following wash was discarded from the stage tips.  Next, three elutions of  150 µL of 0.1% TFA 

and 40% ACN and 150 µL of 0.1% TFA and 70% ACN were performed on each peptide sample 

until all liquid has gone through the tip. The resulting samples were dried using speed vac for 

three hours. 

Duplicate samples were each resuspended in 75 µL of LC grade water, then combined 

and mixed by pipetting, resulting in 150 µL. After resuspension of the samples, colorimetric 

peptide assays kit (Thermo Fisher) was performed to determine the concentration of each peptide 

sample. Next, the samples were diluted to 0.5 µg/ µL in 2% ACN, 0.1% TFA to be injected for 

LC-MS/MS.  
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        LC-MS/MS Tandem Mass Spectrometry - Chromatography was performed on a Dionex 

UltiMate 3000 nano-LC (ThermoFisher Scientific), and tandem mass spectrometry (MS/MS) 

was performed on a Q-Exactive (ThermoFisher). Two ug of each sample was run in triplicate on 

a 1.7um ethylene bridged hybrid (BEH) column with a linear gradient of increasing ACN/ 0.1% 

formic acid (FA) from 5% - 80% for 25 minutes, followed by a linear gradient of 85% - 95% for 

10 minutes, and finally 95% ACN for 15 minutes. Samples were injected in randomized order. A 

pooled universal reference sample of all JHD and control samples from all three brain regions 

was assayed between every six randomized samples to evaluate possible technical drift.  

        Mass spectra were acquired in positive ion mode with full data-dependent scans. MS1 scans 

ranged from 310 to 1200 m/z with resolution of 70,000 at 200 m/z, inject time of 100 ms. MS2 

was acquired at a 1.5 m/z isolation window of 17,500, maximum injection time of 50 ms, 

automatic gain of 1 x 105, intensity threshold of 4 x 103, and HCD cell normalized collision 

energy of 27V.  

          Protein Identification- Protein identification and label-free quantitation (LFQ) were 

determined from extracted ion chromatography with PEAKs (v 8.5) bioinformatics software 

(BioInfor, Inc, Waterloo, ON, Canada).The raw files were searched against the 

UniprotKB/Swissprot human protein sequence database containing 71,783 entries. A decoy 

spectrum library of all proteins (randomized in sequence) was searched also of all proteins to 

determine false discoveries. The parameters were set with trypsin enzyme (cleaves Lys and Arg 

residues and allows for two missed/non-specific cleavages), PTMs (post-translational 

modifications carbamidomethylation on Cys, oxidation of Met, N-terminal acetylation, and 

phosphorylation on Ser, Thr, Tyr), precursor mass error tolerance of 20 ppm, mass tolerance for 

fragment ion of 0.01 Da, and threshold peptide score of -log10P > 32. The false detection rate (FDR) 
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was determined by PEAKs using the UniprotKB/Swissprot human protein sequence database. To 

obtain FDR of < 1%, threshold for protein identification was -log10P > 55 (add peptide identification 

-10lgP, PTM Score, etc).  

        Protein Quantification- LFQ of identified proteins was determined using PEAKs (v 8.5). 

The area under the curve (AUC) for each peak area in the ion chromatograph from MS2 data was 

calculated and added to estimate the quantity of the protein. AUCs from peptides were summed 

to determine LFQ of corresponding proteins. If a peptide sequence mapped to more than one 

protein, the peptide AUC was assigned to each protein. Parameters were set to peptide quality of 

>0.3 and abundance of 1 x 104 before LFQ was performed. Modifications were not considered 

when using label free quantitation. The intensity of each protein determined from LFQ was 

subjected to normalization to account for the minor instrumental differences of the mass 

spectrometer readings using LOESS-G using Normalyzer web application.The values were 

converted into log2 values. Any value that had no intensity data was imputed to include a value 

that was at the bottom 5% of all protein values. The average and standard deviation for JHD and 

control was calculated for each protein quantified. A Student’s t-test was performed between the 

JHD only replicates and controlled only replicates to reveal significance (p < 0.05) between the 

two conditions.  The Master Table includes all proteins that were identified and quantified and 

were separated between shared, control only condition and JHD only condition. The table also 

includes the quantification values associated with the p-values of each protein.  

        GO and STRING db Network Analysis- Gene ontology (GO) and KEGG pathways and 

proteins interaction networks were made using proteins from the JHD only condition, control 

only condition, and the shared conditions using STRING-db (https://string-db.org/), an open 

resource for GO and protein network analyses. The GO pathway analysis helps determine 
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significant terms that associate with each experimental condition. GO term enrichment was 

determined to be significant with FDR < 1% using Benjamini-Hochberg procedures.  

        Protein interacting networks were made using STRING-db (Version 11.0) which compares 

proteins to a database of known protein interactions. Parameters of the confidence score were set 

to 0.7 in the protein network map. Reference database types queried were experiments, 

databases, co-expression and co-occurrence.  

       Up and Downregulated Proteins in Juvenile HD and Control- For proteins that are shared 

in both the JHD and control condition, a log2 JHD/control ratio was calculated to determine the 

extremity of upregulation and downregulation of the proteins. The values were inputted into 

Heatmapper [3] to generate heatmaps. These bioinformatic processes were repeated for the three 

regions of Brodmann Area 4,6 and putamen. A general flowchart of our experimental procedures 

can be seen in Figure 4.  
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Figure 4: Outline of Experimental Plan for Proteomics and Bioinformatics Analyses of 

Human Juvenile Huntington’s Disease Brain Regions of Cortex (Brodmann areas 4 and 6) 

and Putamen.  (a) Juvenile H (J. HD) brain tissues were collected from the NIH Neurobank.  (b) 

Samples were subjected to LC-MS/MS tandem mass spectrometry.  (c) Data was analyzed by 

PEAKS for protein identification and quantitation, Gene Ontology (GO), and STRING db for 

network and pathway analyses. 

.                                                                    
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Table 1: Demographic Information of Juvenile HD samples and Aged-Match Control 

Brain Tissue Samples. 

Demographic information of the sample subject obtained from NIH Neurobank are listed below. 

The demographic information includes the condition of the brain; age, gender, region, post 

mortem interval of the subject; and the number of CAG repeats in the HTT gene. 
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Chapter 1, Table 1 , includes material, currently being prepared for submission for publication 

and will appear as Podvin S., Poon W., Mosier C., Rossitto L.-A., Wei E., and V. Hook. 

“Juvenile Huntington’s Disease Human Brain Proteomics Reveals Dysregulated Mitochondrial 

Systems and Neuropeptide Regulation.” William Poon was the co-author of this paper. 
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Results 

Chapter 2: Proteomic Analysis of Cortex, Brodmann Area 4 and Brodmann Area 6, in 

Human Juvenile HD brains 

         Protein Count and Proteomics Data Associating with Brodmann Area 4 and 6- There 

were 81 proteins associated with the juvenile HD only condition and 209 proteins associated 

with the control only condition in the Brodmann Area 4 of the cortex. There were 2877 proteins 

that were shared in both conditions in the Brodmann Area 4 of the cortex. There were 107 

proteins associated with the juvenile HD only condition and 240 proteins associated with the 

control only condition in Brodmann Area 6 of the cortex. There were 3297 proteins shared in 

both conditions in the Brodmann Area 6.  

         Principal Component Analysis of Brodmann Area 4 and 6 Samples- After counting the 

number of proteins in the different regions for each condition, a principal component analysis 

was performed to visualize the extent of variation between our juvenile HD and control samples 

in both the Brodmann Area 4 and 6 as shown in Figure 5. In the principle component analysis of 

Brodmann Area 4 of the cortex, the data points representing control samples are clustered next to 

each other while juvenile HD data points are also clustered near each other. The clustering of the 

points in these two experimental conditions show low variability between samples in the juvenile 

HD condition and the control condition. The two experimental conditions are spread apart from 

each other in the graph which show that the juvenile HD data points are highly variable 

compared to the control condition which is to be expected. The control 1A sample is far from the 

juvenile HD and control only condition clusters which signifies that the sample is an outlier to 

the other control samples. As a result, the control 1A sample may vary significantly from the 
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other control samples. The same conclusions are seen in the principal component analysis of the 

Brodmann Area 6 of the cortex. 

 

Figure 5: BA4 and BA6 Protein Identifications and Principal Component Analyses. The 

number of proteins identified in the juvenile HD condition, aged-match control condition, and 

shared in both (a) BA4 cortex and (b) BA6 cortex are shown in the Venn diagrams above. Both 

graphs represent a principal component analysis depicting the extent of variation between 

samples of one sample group compared to the other sample group. 

 

         Proteins Present only in Juvenile HD brain at Brodmann Area 4 and 6- Next, gene 

ontology (GO) using STRING-db was performed using the significant quantifiable proteins of 

the juvenile HD only conditions, control only condition, and shared between both conditions. 

The gene ontology analysis will annotate the gene sets within these three experimental 

conditions and identify significant functions of these gene sets. The significant functions were 

assessed in four categories: biological process, molecular function, cell component and KEGG 

pathways. Along with gene ontology analysis, a STRING network using STRING-db is formed 

using these gene sets to form a protein interaction network map to show how these proteins 
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interact with other proteins. The color-coded lines in between two different proteins indicate the 

gene ontology term associated with the interaction. 

        In the juvenile HD only STRING network for the Brodmann Area 4 of the cortex as shown 

in Figure 6, there were no GO terms that were significant. In the juvenile HD STRING network 

of Brodmann Area 6 of the cortex as shown in Figure 6, there were significant GO terms such as 

activation, catalysis and binding associated with the gene set. In addition to the STRING network 

analysis of these two regions, the top 20 most abundant quantifiable juvenile HD only proteins 

were gathered and put into the bar graph showcasing their intensities as shown in Figure 6.   

 

Figure 6: BA4 and BA6 proteins present in only Juvenile HD: Network and Abundant 

Components. STRING protein interaction networks for juvenile HD only proteins in (a) BA4 

cortex and (b) BA6 cortex are shown to the left. The STRING protein interaction networks 

depict the name of the protein and the relationship of the interaction with other proteins. The 

color-coded lines represent the type of interaction between the two proteins. Intensity value 

graphs are shown on the right showing the top twenty abundant proteins and their intensity 

values for both juvenile HD only BA4 and BA6 proteins. 

 

  Proteins Present only in Control brain at Brodmann Area 4 and 6- Next, a gene 

ontology analysis was performed on the control only significant quantifiable proteins in both 
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Brodmann Area 4 of the cortex and Brodmann Area 6 of the cortex. The significant functions 

from the gene ontology analysis were organized from the lowest false detection rate (FDR) 

which showed the most significance to the highest false detection rate. The top 5 to 10 terms 

were gathered and formed into a table as shown in Figure 7. In the control only Brodmann Area 

4 GO table, there were a lot of terms relating to the mitochondria in both biological processes 

and cell component categories. This signifies that the mitochondrial system is dysfunctional in 

the juvenile HD condition. This can be due to oxidative damage to the mitochondria causing 

neuronal stress and ultimately death to the neuron. There were some metabolic processes seen in 

the control only condition such as cellular amide metabolic processes. The same conclusions can 

be seen in the Brodmann Area 6 GO Table. 

 

Figure 7: BA4 and BA6 Proteins Present in Only Aged- Matched Control Brains, Gene 

Ontology (GO) Analyses. A gene ontology table is depicted above showcasing the top five to 

ten terms for control only proteins in both (a) BA4 cortex and (b) BA6 cortex. The terms are 

organized by the false detection rate. The table also depicted the ID of the term and the gene 

count of the term. 

 

        A STRING protein interaction network also made along with the gene ontology analysis for 

the control only proteins in both regions as seen in Figure 8. The top term in each category of the 

gene ontology is used to color code the STRING protein interaction network. The color of the 

proteins represents the associated function in the STRING network. In Brodmann Area 4, there 
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were terms such as catalysis, mitochondrial matrix, and mitochondrial gene expression as the 

most significant terms of each category in the gene set. In Brodmann Area 6, there were terms 

such as cytoplasm and cell amide metabolism as the most significant terms of each category in 

the gene set. 

Figure 8: BA4 and BA6 Proteins Present in Only Aged-Matched Control Brains, Network 

Analyses. STRING protein interaction networks for aged-match only proteins in (a) BA4 cortex 

and (b) BA6 cortex are shown above. The STRING protein interaction networks depict the name 

of the protein and the relationship of the interaction with other proteins. The color of the proteins 

is associated with the colored circle next to the term shown in the legend. The red arrow 

represents particular clusters of proteins of interest. 

 

       Proteins Shared by Juvenile HD Brain Tissue and Control Brain Tissue; Up and 

Downregulated in Both Brodmann Area 4 and 6- After analyzing both the juvenile HD and 

control only conditions, the shared proteins were analyzed using heat maps, gene ontology 

analysis and STRING protein interaction networks. A heat map was created using the imputed 

logarithmic values ranging from greater than 2 and less than -2 of significant quantifiable 

proteins. The extent of upregulation shown in red and downregulation shown in blue can be seen 

in Figure 9. In the Brodmann Area 4 heat map, there is more upregulation than downregulation 
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in the juvenile HD condition and vice versa for the control condition. The same conclusions can 

be seen in the Brodmann Area 6 heat map. 
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Figure 9: Expression of Shared BA4 and BA6 Proteins Illustrated by Heatmaps, log2 > |1|. 

A heatmap is shown above depicting the variation of expression of shared significant (p < 0.05) 

quantified and identified proteins (a) BA4 cortex and (b) BA6 cortex using log2 values. The 

sample name is represented on the left. The correlation of log2 values and color is shown on the 

right. The red represents the upregulation of proteins while the blue represents the down 

regulation of proteins. 

 

1 

 
0 
 
-1 

1 
 
0 
 
-1 



24 
 

 Next, a gene ontology analysis was performed, and a STRING protein interaction 

network was made using the gene set of downregulated shared quantifiable proteins in both the 

Brodmann Area 4 and 6 of the cortex as shown in Figure 10. The top term in each category of 

the gene ontology is used to color code the STRING protein interaction network. The color of 

the proteins represents the associated function in the STRING network. In the STRING network 

consisting of downregulated Brodmann Area 4 proteins, there were significant terms associated 

with mitochondrial respiration and energy derivation by oxidation. In the STRING network 

consisting of downregulated Brodmann Area 6 proteins, there were significant terms associated 

with cellular process, protein binding and cytoplasm. 

 

Figure 10: BA4 and BA6 Cortex Shared Downregulated Proteins, Network Analyses. 

STRING protein interaction networks for shared downregulated proteins in (a) BA4 cortex and 

(b) BA6 cortex are shown above. The STRING protein interaction networks depict the name of 

the protein and the relationship of the interaction with other proteins. The color of the proteins is 

associated with the colored circle next to the term shown in the legend. The red arrow represents 

particular clusters of proteins of interest. 
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      In addition, a gene ontology analysis was performed, and a STRING protein interaction 

network was made using the gene set of upregulated shared quantifiable proteins in both 

Brodmann Area 4 and 6 of the cortex as shown in Figure 11. The top term in each category of 

the gene ontology is used to color code the STRING protein interaction network. The color of 

the proteins represents the associated function in the STRING network. In the STRING network 

consisting of upregulated Brodmann Area 4 proteins, there were significant terms associated 

with exocytosis, catalysis, and cytoplasm.  In the STRING network consisting of upregulated 

Brodmann Area 6 proteins, there were significant terms associated with regulation biological, 

protein binding and cytoplasm. 

 

Figure 11: BA4 and BA6 Shared Upregulated Proteins, Network Analyses. STRING protein 

interaction networks for shared downregulated proteins in (a) BA4 cortex and (b) BA6 cortex are 

shown above. The STRING protein interaction networks depict the name of the protein and the 

relationship of the interaction with other proteins. The color of the proteins is associated with the 

colored circle next to the term shown in the legend. The red arrow represents particular clusters 

of proteins of interest. 
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       Mitochondrial Gene Map Analysis of Brodmann Area 4 and 6- Due to the significant 

amounts of mitochondrial terms appearing in the downregulated or absent in juvenile HD, a 

mitochondrial map was created to showcase the genes and proteins downregulated or absent in 

juvenile HD as shown in Figure 12. In the mitochondria map, we can see the list of proteins 

affected by HD and what part of the mitochondrial system does it affect.  This figure shows that 

NADH dehydrogenase was mostly affected by HD while other proteins such as cytochrome c 

oxidase, cytochrome c reductase, and F type ATPase were also affected by the diseases. As a 

result, HD affects the ATP synthesis pathway causing loss of energy to the cell and ultimately 

death. 

 

Figure 12: Mitochondria Map of Components Absent in Juvenile HD or Downregulated in 

Juvenile HD. The components that make up the complexes in the electron transport chain for 

oxidative phosphorylation are shown in the top of the figure. Affected mitochondrial components 

absent in juvenile HD or downregulated in juvenile HD are highlighted in the list of genes in 

each complex at the bottom of the figure. 

 

    Chapter 2, Figure 5, includes material, currently being prepared for submission for publication 

and will appear as Podvin S., Poon W., Mosier C., Rossitto L.-A., Wei E., and V. Hook. 
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“Juvenile Huntington’s Disease Human Brain Proteomics Reveals Dysregulated Mitochondrial 

Systems and Neuropeptide Regulation.” William Poon was the co-author of this paper. 
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Chapter 3: Proteomic Analysis of Putamen in Human Juvenile HD brain 

Protein Count, Proteomics Data and Principal Component Analysis Associating with the 

Putamen- There were 167 proteins associated with the juvenile HD only condition and 471 

proteins associated with the control only condition in the putamen. There were 3300 proteins that 

were shown between the juvenile HD and control condition in the putamen. Next, a principal 

component analysis was performed to visualize the extent of variation between our juvenile HD 

and control samples in the putamen as shown in Figure 13. The control only data points were 

clustered near each other and the juvenile HD data points were also clustered near each other. 

This shows that the control samples did not vary as much with the other control samples. The 

same can be concluded with the juvenile HD samples. The juvenile HD data points showed great 

separation to the control data points which signifies that the juvenile HD samples vary 

significantly to the control samples. 
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Figure 13: Putamen Protein identifications and Principal Component Analysis.  

(a) The number of proteins identified in the juvenile HD condition, aged-match control 

condition, and shared in the putamen are shown in the Venn diagrams above. (b) The graph 

represents a principal component analysis depicting the extent of variation between samples of 

one sample group compared to the other sample group. 

   

Proteins Present only in Juvenile HD brain at the Putamen- After a principal 

component analysis was performed on the putamen samples, gene ontology analysis was 

performed, and a STRING protein interaction network was made on the gene set of juvenile HD 

only proteins in the putamen. The significant functions from the gene ontology analysis were 

organized from the lowest false detection rate (FDR) which showed the most significance to the 

highest false detection rate. The top 5 to 10 terms were gathered and formed into a table as 

shown in Figure 14. In the juvenile HD only GO table, there were terms associated with the 

vesicle and cellular transport systems. The STRING protein interaction network consists of a 

map of proteins and how they interact with one another as shown in Figure 14. The top term in 

each category of the gene ontology is used to color code the STRING protein interaction 

network. The color of the proteins represents the associated function in the STRING network. In 
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the STRING network consisting of juvenile HD proteins in the putamen, there were proteins 

mostly associated with the endomembrane system. 

 

Figure 14: Putamen Proteins Present in Only Juvenile HD, GO and Network Analysis.  

(a) A gene ontology table is depicted on the left showcasing the top five to ten terms for juvenile 

HD only proteins in the putamen. The terms are organized by the false detection rate. The table 

also depicted the ID of the term and the gene count of the term. (b) A STRING protein 

interaction networks for juvenile HD proteins in the putamen are shown above. The STRING 

protein interaction networks depict the name of the protein and the relationship of the interaction 

with other proteins. The color of the proteins is associated with the colored circle next to the term 

shown in the legend. The red arrow represents particular clusters of proteins of interest. 

 

       Proteins Present only in Control Brain of the Putamen- In addition to the gene ontology 

analysis and STRING protein interaction network of juvenile HD proteins in the putamen, the 

same process was performed for control only proteins in the putamen as shown in Figure 15. In 

the GO table, the significant functions from the gene ontology analysis were organized from the 

lowest false detection rate (FDR) which showed the most significance to the highest false 

detection rate. The top 5 to 10 terms were gathered and formed into the table. In the control only 

GO table, there were terms associated with the mitochondria, metabolic processes and the 
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synapse. This infers that there may be synaptic dysfunction in the putamen since a lot of terms 

were associated with the synapse.  In the STRING protein interaction network, the top term in 

each category of the gene ontology is used to color code the STRING protein interaction 

network. The color of the proteins represents the associated function in the STRING network. In 

the STRING network consisting of control only proteins in the putamen, there were proteins that 

were associated with phosphorus metabolism, catalysis and cytoplasm. 

 

Figure 15: Putamen Proteins Present in Aged-Match Control Only, GO and Network 

Analysis. (a) A gene ontology table is depicted on the left showcasing the top five to ten terms 

for aged-match control only proteins in the putamen. The terms are organized by the false 

detection rate. The table also depicted the ID of the term and the gene count of the term. (b) A 

STRING protein interaction networks for aged-match control proteins in the putamen are shown 

above. The STRING protein interaction networks depict the name of the protein and the 

relationship of the interaction with other proteins. The color of the proteins is associated with the 

colored circle next to the term shown in the legend. The red arrow represents particular clusters 

of proteins of interest. 

 

      Proteins Shared by Juvenile HD Brain Tissue and Control Brain Tissue; Up and 

Downregulated in the Putamen- After analyzing both the juvenile HD and control only 

conditions, the shared proteins were analyzed using heat maps, gene ontology analysis and 
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STRING protein interaction networks. A heat map consisting of imputed logarithmic values 

ranging from greater than 2 and less than -2 of significant quantifiable proteins was used to 

showcase the extent of downregulation and upregulation of shared quantifiable proteins as shown 

in Figure 16. In the putamen heat map, there is more upregulation than downregulation in the 

juvenile HD condition and vice versa for the control condition. 

 

Figure 16: Expression of Shared Putamen Proteins Illustrated by Heatmaps, log2 > |2|.  

A heatmap is shown above depicting the variation of expression of shared significant (p < 0.05) 

quantified and identified proteins putamen using log2 values. The sample condition is 

represented on the left. The correlation of log2 values and color is shown on the right. The red 

represents the upregulation of proteins while the blue represents the down regulation of proteins. 
 

     Using the gene set of the putamen upregulated shared proteins and downregulated shared 

proteins, gene ontology analysis was used to create GO tables as shown in Figure 17. The tables 

were organized from the lowest false detection rate (FDR) which showed the most significance 

to the highest false detection rate. The top 5 to 10 terms were gathered and formed into the table. 

In the downregulated shared proteins of the putamen GO table, there were terms mostly 
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associated with the mitochondria and ATP production. This infers that there is downregulation of 

mitochondrial functions in the putamen. In the upregulated shared proteins of the putamen GO 

table, there were terms mostly associated with the catabolic and metabolic processes. 

 

Figure 17: GO Analyses of Shared Putamen Proteins that are Downregulated or 

Upregulated. A gene ontology table is depicted on the left showcasing the top five to ten terms 

for (a) downregulated and (b) upregulated shared proteins in the putamen. The terms are 

organized by the false detection rate. The table also depicted the ID of the term and the gene 

count of the term. 

 

      Along with the GO tables, a STRING protein interaction map was created using the gene sets 

of both upregulated and downregulated shared putamen proteins as shown in Figure 18. In the 

STRING protein interaction network, the top term in each category of the gene ontology is used 

to color code the STRING protein interaction network. The color of the proteins represents the 

associated function in the STRING network. In the STRING protein interaction network 

consisting of downregulated shared proteins of the putamen, there are proteins associated with 

respiration, dehydrogenase, and cytoplasm. In the STRING protein interaction network 

consisting of upregulated shared proteins of the putamen, there are proteins associated with 

cellular process, protein binding, and cytoplasm. 
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Figure 18: Network Analyses of Shared Putamen Proteins that are Downregulated or 

Upregulated. A STRING protein interaction networks for shared (a) downregulated or (b) 

upregulated in the putamen are shown above. The STRING protein interaction networks depict 

the name of the protein and the relationship of the interaction with other proteins. The color of 

the proteins is associated with the colored circle next to the term shown in the legend. The red 

arrow represents particular clusters of proteins of interest. 

 

      Neuropeptide Analysis of all Brain Regions- Since there were lots of GO terms associated 

with cellular transport, vesicles, and synapses, it would be important to look at the cell to cell 

communication of neurons. Specifically, neuropeptides are important to identify as they are the 

main methods of neuronal communication. To identify some of the neuropeptides in the juvenile 

HD only, control only, and shared within all three regions of the brain studied, our juvenile HD 

proteome data set was compared to the Neuropedia dataset of all known neuropeptides shown in 

Figure 19 and Supplemental Figure 7. In the juvenile HD only condition of the putamen, 

somatostatin and neuropeptide Y is only in juvenile HD condition while proenkephalin is only in 

the aged-match control. Six other neuropeptides were shared in both conditions such as 
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angiotensin and chromogranin A and B. Angiotensin is shown to be upregulated in juvenile HD 

and proenkephalin is shown to be downregulated in juvenile HD. 

 

Figure 19: Neuropeptides Dysregulated in the Putamen in Juvenile HD.  

(a) A Venn Diagram on the left is shown comparing neuropeptides that are juvenile HD only, 

shared, or in aged-match control in the putamen. (b) An intensity graph is shown on the right 

comparing angiotensin and proenkephalin levels between juvenile HD and aged-match control. 

 

Chapter 3, Figure 13, includes material, currently being prepared for submission for 

publication and will appear as Podvin S., Poon W., Mosier C., Rossitto L.-A., Wei E., and V. 

Hook. “Juvenile Huntington’s Disease Human Brain Proteomics Reveals Dysregulated 

Mitochondrial Systems and Neuropeptide Regulation.” William Poon was the co-author of 

this paper. 
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Chapter 4: Discussion and Future Perspectives 

      Goal and Specific Aims of the Study - This study examined the (1) overall juvenile HD 

proteome in the Brodmann Areas 4 and 6, (2) overall juvenile HD proteome in the putamen, (3) 

neuropeptides identified in both control, shared and juvenile HD in all three regions of the brain 

studied. These results can help us understand (a) the cellular protein systems that are 

dysregulated in human juvenile HD brain cortex and putamen compared to age-matched controls 

(b) the peptide neurotransmitter system that are dysregulated in human juvenile HD brain cortex 

and putamen compared to age-matched controls. 

      Summary of Results - In the Brodmann Area 4 and 6, the data points were clustered near 

other points of the same group showing low variability between samples. There was also good 

separation between the JHD data points and control data points showing that both groups varied 

from each other. There was significant downregulation of the mitochondrial function or there 

was mitochondrial function absent in the juvenile HD condition. In the mitochondria map, the 

NADH dehydrogenase protein was mostly affected and other proteins such as cytochrome c 

oxidase, cytochrome c reductase, and F type ATPase were also affected. The ATP synthesis 

pathway was mostly affected in HD pathology. 

      In the putamen, there were terms associated with cytoplasm, vesicle, and cellular transport 

which indicated that cell transport may be upregulated in juvenile HD. There were terms relating 

to the synapse in the control only indicating that there may be synaptic dysfunction in the 

putamen. There were also lots of terms relating to the mitochondria that were downregulated or 

found in the control only condition indicating that the mitochondrial is dysfunctional in the 

putamen. 
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     Since there were some GO terms found relating to cellular transport and synapse in the three 

regions, it is important to identify potential neuropeptides that may be affected by juvenile HD. 

In the study, there was neuropeptide Y identified in all three regions in the juvenile HD only 

condition suggesting neuropeptide Y could be one biomarker for the disease pathology. 

Somatostatin was found only in the putamen in the juvenile HD only condition. Dynorphin A 

was found only in the putamen of the control only condition. 

      Role of Cortical and Striatal Neurons in HD Pathology- In addition to neuropeptides being 

found to be affected in HD, it is important to address the location of where these neuropeptides 

are released. It is known that the neocortex and basal ganglia which includes the putamen has 

neurodegenerative properties in the HD pathology.[27] In the neocortex and basal ganglia, cortical 

neurons and striatal neurons are the main types of neurons found in both of these regions. These 

neurons are important for communication to other parts of the brain.[27] It is known that the 

cortex stimulates the striatal projection neurons via glutamatergic release.[27] The striatal neurons 

have tonic inhibition over corticostriatal neurons by increasing the number of dendritic spines on 

projection neurons.[27] In HD pathology, dopaminergic neurons are degenerated which can cause 

the imbalance of excitatory and inhibitory responses from other neurons.[27] If striatal 

dopaminergic neurons are decreased due to HD pathology, there is a loss of inhibitory control in 

glutamatergic release causing neurotoxicity to other parts of the brain.[27]  

      Future Directions Towards Neuropeptide Research Using Neuropeptidomics-  In recent 

research, neuropeptidomics is becoming a booming field by identifying how pro neuropeptides 

become processed by being cleaved using proteases. As a result, diverse peptides are formed 

from their precursors using protease systems which generates neuropeptidomes. Using multiplex 

substrate profiling by mass spectrometry, cleavage profiles of neuropeptides can be discovered 
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which can help determine the neuropeptidome. In addition, other distinct neuropeptide forms 

may be discovered in the neuropeptidome. Future investigation of neuropeptides in more depth 

by neuropeptidomics should be performed for unbiased coverage of neuropeptide forms present 

in isolated nerve terminals of juvenile HD brain tissue. 
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Figure 20: Cellular Pathways that Mutant Htt Can Regulate. A neuron is shown above with 

other pathways that the mutant Huntingtin protein can affect. Mutant Huntingtin protein can 

affect other pathways such as the Golgi system, secretory vesicle systems, protein translation 

system, cytoplasmic systems, cytoskeletal systems, cellular transport systems, and calcium 

signaling. The systems highlighted in our study are mitochondrial systems and peptide 

neurotransmission systems. 
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Supplemental Information 

 

 
Figure S1: Quantifiable Proteins in BA4 and BA6 Cortex, and Putamen, from Juvenile HD 

and Aged-Match Control Brains. Venn diagrams containing the number of quantified proteins in 

juvenile HD, aged-match controls, and shared in the (a) BA4 cortex (b) BA6 cortex (c)  putamen 

of the brain shown above. 

 

 
Figure S2: Most Abundant BA4 and BA6 proteins Present in Aged-Match Control Only Brains. 

The intensity graph shown above depicts the top twenty most abundant proteins in the aged-

match control only condition in the (a) BA4 cortex and (b) BA6 cortex. 
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Figure S3: GO Analyses of Shared Downregulated BA4 and BA6 Proteins. A gene ontology 

table is depicted above showcasing the top five to ten terms for shared downregulated only 

proteins in both (a) BA4 cortex and (b) BA6 cortex. The terms are organized by the false 

detection rate. The table also depicted the ID of the term and the gene count of the term. 

 

 
Figure S4: GO Analyses of Shared Upregulated BA4 and BA6 Proteins. A gene ontology table is 

depicted above showcasing the top five to ten terms for shared upregulated only proteins in both 

(a) BA4 cortex and (b) BA6 cortex. The terms are organized by the false detection rate. The table 

also depicted the ID of the term and the gene count of the term. 
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Figure S5: Most Abundant Putamen Proteins present Only in Juvenile HD. Intensity value 

graphs are shown above depicting the top twenty most abundant proteins and their intensity 

values for juvenile HD only proteins. 

 

 
Figure S6: Most Abundant Putamen Proteins Present Only in Aged-Match Control.  

Intensity value graphs are shown above depicting the top twenty most abundant proteins and 

their intensity values for aged-match control only proteins. 
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Figure S7: Neuropeptides Dysregulated in the BA4 and BA6 Cortex. A Venn Diagram on the 

left is shown comparing neuropeptides that are juvenile HD only, shared, or in aged-match 

control in the (a) BA4 cortex and (b) BA6 cortex. An intensity graph is shown on the right 

comparing chromogranin B and secretogranin 5 levels between juvenile HD and aged-match 

control. 
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SI Table #S1. BA4 and BA6 Proteins Present in only Controls. Hub Protein Functions of 

Network. A literature analysis was performed on BA4 and BA6 control hub proteins, which are 

proteins with the most interactions. The brain region, gene name, protein name, # of nodes 

(interactions), normal functions and the proteins’ function in HD are listed in the table below. 
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SI Table #S2. BA4 Proteins Downregulated. Hub Protein Functions of Network. A literature 

analysis was performed on BA4 downregulated proteins, which are proteins with the most 

interactions. The brain region, gene name, protein name, # of nodes (interactions), normal 

functions and the proteins’ function in HD are listed in the table below. 

 

 
 



58 
 

 

 



59 
 

 

SI Table #S3. BA6 Proteins Downregulated. Hub Protein Functions of Network. A literature 

analysis was performed on BA6 downregulated hub proteins, which are proteins with the most 

interactions. The brain region, gene name, protein name, # of nodes (interactions), normal 

functions and the proteins’ function in HD are listed in the table below. 
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SI Table #S4. BA4 Proteins Upregulated. Hub Protein Functions of Network. A literature 

analysis was performed on BA4 upregulated hub proteins, which are proteins with the most 

interactions. The brain region, gene name, protein name, # of nodes (interactions), normal 

functions and the proteins’ function in HD are listed in the table below. 

 

 

 

 



62 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 
 

SI Table #S5. BA6 Proteins Upregulated. Hub Protein Functions of Network. A literature 

analysis was performed on BA6 upregulated hub proteins, which are proteins with the most 

interactions. The brain region, gene name, protein name, # of nodes (interactions), normal 

functions and the proteins’ function in HD are listed in the table below. 

 

 

 



64 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



65 
 

SI Table #S6. Putamen Juvenile HD only Hubs. Hub Protein Functions of Network. A literature 

analysis was performed on putamen juvenile HD only hub proteins, which are proteins with the 

most interactions. The brain region, gene name, protein name, # of nodes (interactions), normal 

functions and the proteins’ function in HD are listed in the table below. 
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SI Table #S7. Putamen Juvenile HD only Hubs. Hub Protein Functions of Network. A literature 

analysis was performed on putamen juvenile HD only hub proteins, which are proteins with the 

most interactions. The brain region, gene name, protein name, # of nodes (interactions), normal 

functions and the proteins’ function in HD are listed in the table below. 
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SI Table #S8. Putamen Downregulated Hubs. Hub Protein Functions of Network. A literature 

analysis was performed on putamen downregulated hub proteins, which are proteins with the 

most interactions. The brain region, gene name, protein name, # of nodes (interactions), normal 

functions and the proteins’ function in HD are listed in the table below. 
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SI Table #S9. Putamen Upregulated Hubs. Hub Protein Functions of Network. A literature 

analysis was performed on putamen upregulated hub proteins, which are proteins with the most 

interactions. The brain region, gene name, protein name, # of nodes (interactions), normal 

functions and the proteins’ function in HD are listed in the table below. 
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