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Abstract: Background: The molecular biology of Huntington’s Disease (HD) has grown
substantially, with pathological considerations extending to genetic modifiers, epigenetic
changes, transcriptomics, the proteome, and the metabolome. The metabolome and pro-
teome are especially intriguing in that they most directly reflect the functional state of
the cellular environment, which may involve some combination of pathology as well as
compensation. Methods: We assessed CSF proteomics from eight participants by their
functional severity (TFC range 3-13), with 47 proteins having a minimum r-value of 0.7 and
nominal p-values < 0.05. Results: Our exploratory data reveal correlations between pro-
gression and several processes including inflammation, ECM homeostasis and NAD*
metabolism. Conclusions: Consistently identified targets that correlate with phenotype
or progression may have value, if validated, as enrichment tools in clinical trials and
potentially as markers of therapeutic response.
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1. Introduction

Since identification of its causative gene in 1993 by the Huntington’s Study Group, the
understanding of Huntington’s Disease (HD) molecular biology has expanded substantially,
with pathological considerations extending to genetic modifiers, epigenetic changes, tran-
scriptomics, the proteome, and the metabolome [1]. These biological features beyond the
htt gene defect may offer opportunities to explore potential therapeutic targets or predictive
biological signatures for particular clinical features or progression. The metabolome and
proteome are especially intriguing for these considerations in that they most directly reflect
the functional state of the cellular environment, which may involve some combination of
pathology as well as compensation. Thus, the metabolome and proteome can be viewed
as the fundamental output of a complex system with direct consequences for homeostasis
and survival. They may also offer practical advantages from an experimental therapeutics
or biomarker point of view, in that manipulation of metabolites or proteins may be simpler
to design and test therapies for and more accessible for monitoring progression or response
to an intervention if validated as useful for these purposes. Accordingly, further study of
the metabolome and proteome in HD is warranted.

There is limited literature on the CSF proteome in HD. Fang and colleagues as-
sayed 20 participants categorized by UHDRS Independence Score (IS) as either early
(>80, N = 10) or moderate-stage (65< x <80, N = 10) or controls [2,3] and saw increases in
numerous proteins associated with immune system function, while brain-specific proteins
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decreased. A study of nine HD participants averaging a TFC of 9.2 +/— 1.2 (range 3-13)
showed prothrombin, ApoA4, and haptoglobin increasing in HD compared to controls [4].
Niemela et al. examined 12 manifest and 13 premanifest HD patients with controls and
found numerous differences between HD and pre-manifest HD, including more upreg-
ulated than downregulated proteins (43 vs. 10) [5]. Another study of 16 manifest and
8 premanifest HD patients with 8 controls demonstrated a range of protein levels correlat-
ing to severity in manifest HD as measured by TFC grouping (early/mid-stage, TFC > 5
and late-stage, TFC < 5) [6].

We previously examined the HD metabolome cross-sectionally in plasma and CSF
for participants with varying degrees of functional impairment [7]. Here, we extend
that analysis and describe the CSF proteome from these participants according to their
functional severity. The purpose of this analysis was to explore CSF proteome changes in
manifest HD using a broad protein panel and wide-ranging individual TFC scores.

2. Methods
2.1. Participant Selection

We previously reported on the plasma and CSF metabolomic profiles for 12 partici-
pants with manifest HD of varying severities according to their Total Functional Capacity
Score [8]. This is a 13-point scale that assesses functional performance in 5 domains:
capacity for work (3 = normal; 2 = reduced capacity; 1 = marginal work; 0 = unable),
finances (3 = normal; 2 = slight assistance; 1 = major assistance; 0 = unable), domes-
tic chores (2 = normal; 1 = impaired; 0 = unable), activities of daily living (3 = normal;
2 = minimal impairment; 1 = gross tasks only; 0 = total care), and care level required
(2 = home; 1 = home or chronic care; 0 = full time skilled nursing). Scores range from 13
(normal) to 0 (total incapacitation) and define stages of the disease: HD1 (TFC 11-13), HD2
(TFC 7-10), HD3 (TFC 3-6), HD4 (1-2), and HD5 (0). Of the 12 participants, 8 contributed
sufficient quantities of CSF for proteomic analysis. Table 1 shows demographics for these
participants. Two were male and six were female, with ages ranging from 30 to 57 (mean
48 years). TFC scores for these participants ranged from 3 to 13 (3, 4, 5, 6, 7, §, 12, 13).

Table 1. Participant demographic data, taken from [7].

Age at

Year of CAG Expanded

Participant Enrollment Gender Diagnosis Repeat Length Baseline TFC HD Stage

2 55 M 2012 N/A 4 11T
3 55 F 2014 43 7 I
4 45 F 2011 N/A 6 1T
5 42 F 2014 N/A 3 v
7 52 F 2011 42 12 I

8 46 M 2013 45 5 I
9 57 F 2015 43 8 II
10 30 F 2017 43 13 I

N/A: For CAG repeat length, diagnosis was established by first-degree relative and diagnostic confidence level IV.

2.2. Statistical and String Analyses

Pearson correlation coefficients were generated for each protein, with a minimum
r-value of 0.7 (strong correlation) for further consideration. Comparisons between groups
were exploratory and unadjusted for multiplicity; all p-values are nominal. To gain broader
insight into the molecular mechanisms of progression, proteins that were nominally dif-
ferent (p < 0.05) were further analyzed. String analysis was carried out on proteins that
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were above the level of detection (LOD) (Figure 1) and all proteins separately to identify
central hubs for each maximal timepoint with the full string network, active interaction
sources (Textmining, experiments, databases, co-expression, neighborhood), and medium
confidence (0.400).
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Figure 1. STRING analysis for proteins with r-value correlations +/—0.7 to 1.0 and nominal
p-values < 0.05 for proteins above LOD (red, n = 26) and below LOD (gray, n = 21) using the full
STRING network, active interaction sources (Textmining, experiments, databases, co-expression,
neighborhood), medium confidence (0.400).

2.3. Protein Measurement

CSF proteins were measured using the commercially available Olink Explore 1536 kit
(Olink Proteomics AB, Uppsala, Sweden) according to the manufacturer’s instructions
(www.olink.com) and as previously described [8]. This kit measures a total of 1472 unique
proteins. The raw output data are quality controlled, normalized, and converted into
Normalized Protein eXpression (NPX) values (Table S1). All assay validation data are
available on the manufacturer’s website. Due to the exploratory nature of the study, limited
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sample size and use of CSF matrix, all proteins measured including those below the level

of detection (>62.5%, or 5/8 below LOD) were considered.

3. Results

In total, 47 proteins had a minimum r-value of 0.7 and nominal p-values < 0.05,

with 26 of these being classified above the level of detection (above LOD for at least three

participants) and 21 below (Table 2). Most proteins increased with progression (i.e., negative

correlation with functional decline).

Table 2. Correlations between proteins in CSF and functional progression (TFC score) are presented.

Only r-value correlations of +/— 0.7 to 1.0 with nominal p-values < 0.05 are shown, with proteins that

were above detection in at least 3 participants (A) and below detection for >5 participants (B).

A
Negative Correlations r-Value p-Value

CLEC5A —0.9172 0.0013
IDS —0.8808 0.0039
CA4 —0.8786 0.0041
NAAA —0.8360 0.0097

CC2D1A —0.8045 0.016
FOLR1 —0.7935 0.0188
ABHD14B —0.7917 0.0192
MGLL —0.7876 0.0203
SERPINB1 —0.7868 0.0205
NEFL —0.7756 0.0237
SIRT5 —0.7654 0.0269
RAD23B —0.7645 0.0271
GFER —0.7638 0.0274
1134 —0.7633 0.0275
CHI3L1 —0.7548 0.0304
LAMP2 —0.7534 0.0309
TFRC —0.7440 0.0343
PDGFB —0.7218 0.0432
SIRT2 —0.7205 0.0438
CCN1 —0.7181 0.0448
VMO1 —0.7157 0.0459
ENTPD2 —0.7138 0.0467
RBKS —0.7118 0.0476
HAVCR1 —0.7075 0.0496

Positive Correlations

FLI1 0.7786 0.0228
TNFRSF8 0.8216 0.0124
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Table 2. Cont.

B
Negative Correlations r-Value p-Value

CCL5 —0.8740 0.0045
ARHGEF12 —0.8730 0.0046
FABP9 —0.8656 0.0055
TBL1X —0.8174 0.0132
CDKNIA —0.7896 0.0198
OsSM —0.7729 0.0245
SAMD9YL —0.7659 0.0267
DCTN2 —0.7612 0.0282
VIM —0.7595 0.0288
ITGA®6 —0.7362 0.0373

ITGAV —0.7318 0.039
SULT1A1 —0.7300 0.0398
PTPRM —0.7289 0.0402
CASP1 —0.7241 0.0422
SULT2A1 —0.7239 0.0423

ERBIN —0.7224 0.043
GGAl —0.7192 0.0444
DARS1 —0.7191 0.0444
HS3ST3B1 —0.7157 0.0459
PLA2G4A —0.7097 0.0486

Positive Correlations

SCGN 0.8770 0.0042

Enrichment analysis of all proteins (above and below LOD) identified extracellular
exosomes (cellular component GO), positive regulation of PI3K signaling (KEGG pathway),
cellular response to cytokine stimulus (biological process GO), and neurodegeneration
(Human Phenotype Ontologies) as the top hits using EnrichR (https://maayanlab.cloud/
Enrichr/, accessed on 10 December 2024) [9-11]. The top identified KEGG pathways for
proteins above the LOD were related to NAD* metabolism (KEGG and Wiki Pathways,
GO Molecular Function). String analysis was carried out on the proteins that had r values
greater than 140.7| and p-value < 0.05 to identify central hubs for all proteins (above
and below LOD) with the full string network, active interaction sources (Textmining,
experiments, databases, co-expression, neighborhood), and medium confidence (0.400)
(Figure 1). Four proteins had greater than three interactions, including VIM, NEFL, ITGAV
and TFRC, with only VIM below the LOD (Figure 1).

4. Discussion

This analysis of CSF from eight Huntington’s Disease participants of varying severity
suggests potential insights for proteomics of the neurodegenerative process in relation
to functional decline. Our exploratory data reveal correlations between progression and
regulators of inflammation, ECM proteins and NAD* metabolism. Several of the identified
proteins are related to oxidative stress, calcium homeostasis, DNA damage responses, the
cell cycle, regulation of the interstitial space, and apoptosis.
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Observed increases in inflammatory markers and immune-related processes are
consistent with suspected pathophysiology in HD [12,13]. Concentrations of the pro-
inflammatory cytokine IL-34, known to activate CNS microglia, increased with functional
decline (Table 1) [14]. Inhibition of the IL-34 receptor in rodent CNS reduced the number of
microglia and ameliorated mHTTx1-mediated neurodegeneration [15]. IDS is thought to
play a role in the maintenance of cytokine and chemokine levels [16]. TNFRSF8 (CD30),
which decreased with progression, regulates T-cell differentiation and gene expression
through activation of NF-kB, a pro-survival regulator of apoptosis [17]. How reduction in
CD30 with progression relates to overactivation of NF-kB in HD, which has been identified
in cell cultures, murine models, and astrocytes from the human HD brain, is unclear [18].
Immune-related Increases included CLEC5a, implicated in septic and aseptic inflamma-
tion [19]; platelet-derived growth factor B-subunit (PDGFB), a regulator of astrocyte func-
tion for which homo- and heterodimers exhibit a range of protective and deleterious effects
in the CNS [20]; and SERPINB]1, a serine protease inhibitor that protects tissues from in-
flammatory damage [21]. Some of these inflammatory proteins do not have well-defined
roles in HD at this time but may deserve further study.

Other proteins increasing with progression include CC2D1A, a calcium-dependent
transcriptional repressor of the serotonin receptor (HTR1A), and neurofilament light chain
(NEFL), which has been observed elsewhere to increase in HD plasma and CSF with
progression [6,22-24]. LAMP2, a regulator of lysosomal pH and chaperone-mediated
autophagy, also increased [25]. Recent postmortem analyses of HD brains across varying
stages (HD 2—4) show increased striatal expression of LAMP1 and LAMP2 mRNA earlier in
progression, which is suggestive of a compensatory response to account for increasing mHtt
aggregates [26]. CA4 is expressed on the luminal surface of the capillary endothelium and
serves as a marker of the blood-brain barrier [27]. Degradation of the blood-brain barrier is
observed in HD and HD models [28,29]. The increase in CA4 with disease progression may
simply reflect greater vascular density, as increased vascular densities have been observed
in the cortex, striatum, and substantia nigra in HD patients and R6/2 mice [30]. Since CA4 is
integral in the maintenance of intracellular and extracellular pH, the increase may represent
an attempt to manage acid-base balance in an increasingly anaerobic environment with
accumulation of lactate [31,32]. Brain pH is higher in HD compared to healthy controls as
measured by 31-P magnetic resonance spectroscopy [33].

We have previously described urea cycle dysregulation (elevated arginine, citrulline,
ornithine) and increasing CSF NAD™ levels with progression in this cohort [7]. In the
present proteomic analysis, NAD" metabolism was the top identified pathway in the
same participants. CSF levels of the NAD*-dependent deacetylases, SIRT2 (cytosolic)
and SIRT5 (mitochondrial), both increased with progression. The therapeutic potential of
sirtuins in HD has been reviewed [34]. SIRT2 inhibition may improve impaired cholesterol
biosynthesis and lessen mHtt aggregation in HD [35]. While an association of SIRT5 with
progression in HD has not previously been reported, its roles in regulating glycolysis, fatty
acid metabolism, nitrogenous waste, regulation of cellular homeostasis, and protecting
against mitochondrial dysfunction would be consistent with the influence on progression
in HD [36]. SIRT5 promotes anti-oxidative defenses in mitochondria by upregulating IDH?2,
G6PD, and SOD 1 (r = —0.536) [37-39]. SIRT5 also upregulates carbamoyl phosphate
synthetase 1, the initial step in the urea cycle [40]. Whether SIRT5 upregulation may
be promoting increased conversion of excessive arginine into urea, a toxic metabolite
known to accumulate in the human HD brain, is unknown [41]. SIRT5 would appear to
be advantageous to upregulate therapeutically, but any indirect deleterious effect on urea
could be a potential consideration in the design of such an agent. Our previous longitudinal
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observation suggesting reduced AMPK activity, a change expected to upregulate SIRT5
expression, is consistent with the current data [42,43].

Several proteins below the LOD had strong inverse correlations with TFC and are
involved in pathways similar to those identified above, including vimentin (VIM), CCL5
and CDKN1A. VIM, an intermediate filament protein suggested to promote mutant Htt
toxicity by altering IRBIT/IP3R1 biology and subsequent calcium homeostasis/aggresome
formation, increased with progression [44]. Inhibition of Rho kinase, which phosphorylates
and activates vimentin, has been investigated in murine models of HD [45]. CCL5 binds
to CCRS5, a G-protein coupled receptor highly expressed in microglia with lesser levels
in astrocytes and neurons [46]. Once activated by CCL5, upregulated neuronal CCR5
impairs the clearance of several autophagy substrates, including polyglutamine aggregates,
through the well-described PI3K-AKT-mTORC1 pathway [47]. The increase in CCL5 with
progression suggests CCR5 may play a role in HD and is consistent with observations
in a pre-manifest HD mouse model, where CCRS5 is also increased [47]. The CCR5 an-
tagonist maraviroc improves mTORC1-mediated autophagy dysregulation and lessened
accumulation of mutant huntingtin in mouse models [47].

CDKNI1A (cyclin-dependent kinase inhibitor 1a, p21) also increased with progression.
CDKNI1A binds cyclin—cyclin-dependent kinase 2 or cyclin-dependent kinase 4, regulating
the cell cycle and its relation to transcription and DNA repair; its expression is closely
controlled by p53, and the means with which cell cycle arrest may occur in G1 in response
to stress [48,49]. CDKNI1A is a substrate of caspase-3 and can have a prominent role in
inhibiting apoptosis [50]. Increases in HD may reflect attempts to regulate apoptosis, an
attempt at DNA repair, or some combination; interest in DNA repair loci as modifiers of
onset and progression has grown, in light of polymorphisms in repair-associated loci [51].

Only three proteins (FLI1, TNFRSF8 and SCGN) decreased with progression. Secreta-
gogin (SCGN), a calcium-binding protein found in the human cerebellum, hippocampus,
hypothalamus, and striatum, is thought to modify the release of stress hormones including
corticotropin-releasing hormone (CRH) and ACTH, influence adrenergic tone and cortical
excitability, and act as a calcium sensor [52,53]. Little is known regarding SCGN biology in
HD. Reduction in SCGN with progression may simply reflect general degeneration and
overall interneuron loss, though it is interesting to consider if relative effects on interneu-
rons in direct and indirect pathways may be more nuanced [53]. Given the neuroprotective
role that calcium-binding proteins are thought to play (tiers of substantia nigra, for exam-
ple), whether SCGN has a similar protective quality and whether that influences striatal
output with progression are currently unknown. Preferential excitotoxicity in indirect path-
way neurons due to lost regulation by more vulnerable SCGN interneurons may promote
earlier demise and unopposed direct pathway output, perhaps contributing to hyperkinetic
movements in HD.

In comparison to existing HD CSF proteome literature, we also observed an increase
in NEFL with progression, a moderate increase in the cell surface proteoglycan GPC1 that
did not meet the threshold (r = —0.512), and a moderate trend toward an increase with
progression in C1Qa (—0.4511), a component of the C1Q molecule that has been implicated
in HD pathogenesis and for which the associated protein C1Qb has been reported to
correlate with disease severity [5,6,54]. We note these consistencies with previously reported
studies and also that methodological differences in what proteins were assayed and how
clinical severity was characterized may account for differences between the present data
and other studies’ observations on change within manifest disease. A number of our
highlighted findings have not been reported elsewhere in human HD CSF reports, which
may also reflect differences in methodology.
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These data are exploratory and hypothesis-generating only. Interpretations are limited
by the small sample size (n = 8) and concentrations of several analytes with relative values
that were below the level of detection despite fairly strong correlations, potential biological
plausibility, and nominal p-values. The relationships identified here need to be replicated in
a larger study. No adjustments for multiplicity were made, and so all p-values are nominal.
Data may reflect some element of peripheral metabolism secondary to a disrupted blood-
brain barrier, and CSF has inherent limitations in reflecting intraparenchymal conditions.
As with our plasma analysis, clinical progression may reflect other non-HD influences on
function, and concomitant medications may influence the proteome in some way.

5. Conclusions

In HD CSF samples from participants of wide-ranging functional disability, we ob-
served correlations between progression and several processes including inflammation,
ECM protein homeostasis, and NAD" metabolism. Future work will look to prospec-
tively assess the proteome and metabolome in a larger longitudinal sample, including
controls, towards the identification of a reliable biological signature of severity or progres-
sion. Consistently identified targets that correlate with phenotype or progression may
have value, if validated, as enrichment tools in clinical trials and potentially as markers of
therapeutic response.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /brainsci15010076/s1: Table S1: Panel of proteins measured in the
CSF of participants with HD (from Table 1) with the reported Total Functional Capacity (TFC) and the
corresponding measured limit of detection (LOD) and Normalized Protein eXpression (NPX) values.

Author Contributions: A.M. and R.M. conceived and designed the experiment. A.M. and R.M.
interpreted the data and wrote and approved the final version of the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by the Intramural Research Program of the National Institute
on Aging (Z01-AG000297).

Institutional Review Board Statement: Ethical approval for the conduct of this study was obtained
from the Institutional Review Board of Cooper University Hospital at Rowan University (RP# 17-070)
on 15 June 2017. This pilot study was performed in accordance with the Declaration of Helsinki and
International Conference on Harmonization Good Clinical Practice guidelines.

Informed Consent Statement: All participants were over the age of 18, and all provided written
informed consent to participate in the study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: We thank the HD participants who generously participated in the study. We
thank staff for their assistance in Olink proteomics.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  O’Donovan, M.C. A novel gene containing a trinucleotide repeat that is expanded and unstable on Huntington’s disease
chromosomes. The Huntington’s Disease Collaborative Research Group. Cell 1993, 72, 971-983. [CrossRef]

2. Fang, Q.; Strand, A.; Law, W.; Faca, VM,; Fitzgibbon, M.P,; Hamel, N.; Houle, B.; Liu, X.; May, D.H.; Poschmann, G.; et al.
Brain-specific proteins decline in the cerebrospinal fluid of humans with Huntington disease. Mol. Cell. Proteom. 2009, 8, 451-466.
[CrossRef] [PubMed] [PubMed Central]


https://www.mdpi.com/article/10.3390/brainsci15010076/s1
https://www.mdpi.com/article/10.3390/brainsci15010076/s1
https://doi.org/10.1016/0092-8674(93)90585-e
https://doi.org/10.1074/mcp.M800231-MCP200
https://www.ncbi.nlm.nih.gov/pubmed/18984577
https://pmc.ncbi.nlm.nih.gov/articles/PMC2649809

Brain Sci. 2025, 15, 76 9of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Kieburtz, K.; Penney, ].B.; Como, P.; Ranen, N.; Shoulson, I.; Feigin, A.; Abwender, D.; Greenamyre, ].T.; Higgins, D.; Marshall, F].;
et al. Unified Huntington’s Disease Rating Scale: Reliability and consistency. Huntington Study Group. Mov. Disord. 1996, 11,
136-142. [CrossRef] [PubMed]

Huang, Y.C.; Wu, Y.R,; Tseng, M.Y.; Chen, Y.C.; Hsieh, S.Y.; Chen, C.M. Increased prothrombin, apolipoprotein A-IV, and
haptoglobin in the cerebrospinal fluid of patients with Huntington’s disease. PLoS ONE 2011, 6, €15809. [CrossRef] [PubMed]
[PubMed Central]

Niemela, V.; Landtblom, A.M.; Nyholm, D.; Kneider, M.; Constantinescu, R.; Paucar, M.; Svenningsson, P.; Abujrais, S.; Burman,
J.; Shevchenko, G.; et al. Proenkephalin Decreases in Cerebrospinal Fluid with Symptom Progression of Huntington’s Disease.
Mowv. Disord. 2021, 36, 481-491. [CrossRef] [PubMed] [PubMed Central]

Caron, N.S.; Haqqani, A.S.; Sandhu, A.; Aly, A.E.; Findlay Black, H.; Bone, ].N.; McBride, J.L.; Abulrob, A.; Stanimirovic, D.;
Leavitt, B.R; et al. Cerebrospinal fluid biomarkers for assessing Huntington disease onset and severity. Brain Commun. 2022, 4,
fcac309. [CrossRef] [PubMed] [PubMed Central]

McGarry, A.; Gaughan, J.; Hackmyer, C.; Lovett, J.; Khadeer, M.; Shaikh, H.; Pradhan, B.; Ferraro, T.N.; Wainer, LW.; Moaddel, R.
Cross-sectional analysis of plasma and CSF metabolomic markers in Huntington’s disease for participants of varying functional
disability: A pilot study. Sci. Rep. 2020, 10, 20490; Erratum in Sci. Rep. 2021, 11, 9947. https://doi.org/10.1038 /s41598-021-89167-7.
[CrossRef]

Moaddel, R.; Farmer, C.A.; Yavi, M.; Kadriu, B.; Zhu, M.; Fan, J.; Chen, Q.; Lehrmann, E.; Fantoni, G.; Mazucanti, C.H.; et al.
Cerebrospinal fluid exploratory proteomics and ketamine metabolite pharmacokinetics in human volunteers after ketamine
infusion. iScience 2023, 26, 108527. [CrossRef] [PubMed]

Chen, E.Y,; Tan, C.M.; Kou, Y,; Duan, Q.; Wang, Z.; Meirelles, G.V.; Clark, N.R.; Ma’Ayan, A. Enrichr: Interactive and collaborative
HTMLS5 gene list enrichment analysis tool. BMC Bioinform. 2013, 14, 128. [CrossRef] [PubMed]

Xie, Z.; Bailey, A.; Kuleshov, M.V,; Clarke, D.].B.; Evangelista, J.E.; Jenkins, S.L.; Lachmann, A.; Wojciechowicz, M.L.; Kropiwnicki,
E.; Jagodnik, K.M.; et al. Gene Set Knowledge Discovery with Enrichr. Curr. Protoc. 2021, 1, €90. [CrossRef]

Kuleshov, M.V,; Jones, M.R.; Rouillard, A.D.; Fernandez, N.F,; Duan, Q.; Wang, Z.; Koplev, S.; Jenkins, S.L.; Jagodnik, K.M.;
Lachmann, A.; et al. Enrichr: A comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 2016, 44,
WOI0-W97. [CrossRef]

Jia, Q.; Li, S.; Li, X.J.; Yin, P. Neuroinflammation in Huntington’s disease: From animal models to clinical therapeutics. Front.
Immunol. 2022, 13, 1088124. [CrossRef] [PubMed] [PubMed Central]

Rauf, A.; Badoni, H.; Abu-Izneid, T.; Olatunde, A.; Rahman, M.M.; Painuli, S.; Semwal, P.; Wilairatana, P, Mubarak, M.S.
Neuroinflammatory Markers: Key Indicators in the Pathology of Neurodegenerative Diseases. Molecules 2022, 27, 3194. [CrossRef]
[PubMed] [PubMed Central]

Lelios, I.; Cansever, D.; Utz, S.G.; Mildenberger, W.; Stifter, S.A.; Greter, M. Emerging roles of IL-34 in health and disease. . Exp.
Med. 2020, 217, €20190290. [CrossRef] [PubMed] [PubMed Central]

Khoshnan, A.; Sabbaugh, A.; Calamini, B.; Marinero, S.A.; Dunn, D.E.; Yoo, ]. H.; Ko, J.; Lo, D.C.; Patterson, P.H. IKKf3 and mutant
huntingtin interactions regulate the expression of IL-34: Implications for microglial-mediated neurodegeneration in HD. Hum.
Mol. Genet. 2017, 26, 4267-4277. [CrossRef] [PubMed] [PubMed Central]

Sarrazin, S.; Lamanna, W.C.; Esko, ].D. Heparan sulfate proteoglycans. Cold Spring Harb. Perspect. Biol. 2011, 3, a004952. [CrossRef]
[PubMed] [PubMed Central]

Sotomayor, E.M.; Young, K.H.; Younes, A. Clinical roundtable monograph: CD30 in lymphoma: Its role in biology, diagnostic
testing, and targeted therapy. Clin. Adv. Hematol. Oncol. 2014, 12 (Suppl. S10), 1-22. [PubMed]

Hsiao, H.Y.; Chen, Y.C.; Chen, HM.; Tu, PH.; Chern, Y. A critical role of astrocyte-mediated nuclear factor-xB-dependent
inflammation in Huntington’s disease. Hum. Mol. Genet. 2013, 22, 1826-1842. [CrossRef] [PubMed]

Sung, P.S.; Chang, W.C.; Hsieh, S.L. CLEC5A: A Promiscuous Pattern Recognition Receptor to Microbes and Beyond. Adv. Exp.
Med. Biol. 2020, 1204, 57-73. [CrossRef] [PubMed] [PubMed Central]

Sil, S.; Periyasamy, P; Thangaraj, A.; Chivero, E.T.; Buch, S. PDGF/PDGER axis in the neural systems. Mol. Aspects Med. 2018, 62,
63-74. [CrossRef] [PubMed] [PubMed Central]

Torriglia, A.; Martin, E.; Jaadane, I. The hidden side of SERPINB1/Leukocyte Elastase Inhibitor. Semin. Cell Dev. Biol. 2017, 62,
178-186. [CrossRef] [PubMed] [PubMed Central]

Kim, A.H.; Sakin, I; Viviano, S.; Tuncel, G.; Aguilera, S.M.; Goles, G.; Jeffries, L.; Ji, W.; Lakhani, S.A.; Kose, C.C.; et al. CC2D1A
causes ciliopathy, intellectual disability, heterotaxy, renal dysplasia, and abnormal CSF flow. Life Sci. Alliance 2024, 7, €202402708.
[CrossRef] [PubMed] [PubMed Central]

Rodrigues, EB.; Byrne, L.M.; Tortelli, R.; Johnson, E.B.; Wijeratne, P.A.; Arridge, M.; De Vita, E.; Ghazaleh, N.; Houghton, R.;
Furby, H.; et al. Mutant huntingtin and neurofilament light have distinct longitudinal dynamics in Huntington’s disease. Sci.
Transl. Med. 2020, 12, eabc2888. [CrossRef] [PubMed] [PubMed Central]


https://doi.org/10.1002/mds.870110204
https://www.ncbi.nlm.nih.gov/pubmed/8684382
https://doi.org/10.1371/journal.pone.0015809
https://www.ncbi.nlm.nih.gov/pubmed/21297956
https://pmc.ncbi.nlm.nih.gov/articles/PMC3031520
https://doi.org/10.1002/mds.28391
https://www.ncbi.nlm.nih.gov/pubmed/33247616
https://pmc.ncbi.nlm.nih.gov/articles/PMC7984171
https://doi.org/10.1093/braincomms/fcac309
https://www.ncbi.nlm.nih.gov/pubmed/36523269
https://pmc.ncbi.nlm.nih.gov/articles/PMC9746690
https://doi.org/10.1038/s41598-021-89167-7
https://doi.org/10.1038/s41598-020-77526-9
https://doi.org/10.1016/j.isci.2023.108527
https://www.ncbi.nlm.nih.gov/pubmed/38162029
https://doi.org/10.1186/1471-2105-14-128
https://www.ncbi.nlm.nih.gov/pubmed/23586463
https://doi.org/10.1002/cpz1.90
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.3389/fimmu.2022.1088124
https://www.ncbi.nlm.nih.gov/pubmed/36618375
https://pmc.ncbi.nlm.nih.gov/articles/PMC9815700
https://doi.org/10.3390/molecules27103194
https://www.ncbi.nlm.nih.gov/pubmed/35630670
https://pmc.ncbi.nlm.nih.gov/articles/PMC9146652
https://doi.org/10.1084/jem.20190290
https://www.ncbi.nlm.nih.gov/pubmed/31940023
https://pmc.ncbi.nlm.nih.gov/articles/PMC7062519
https://doi.org/10.1093/hmg/ddx315
https://www.ncbi.nlm.nih.gov/pubmed/28973132
https://pmc.ncbi.nlm.nih.gov/articles/PMC5886231
https://doi.org/10.1101/cshperspect.a004952
https://www.ncbi.nlm.nih.gov/pubmed/21690215
https://pmc.ncbi.nlm.nih.gov/articles/PMC3119907
https://www.ncbi.nlm.nih.gov/pubmed/24870054
https://doi.org/10.1093/hmg/ddt036
https://www.ncbi.nlm.nih.gov/pubmed/23372043
https://doi.org/10.1007/978-981-15-1580-4_3
https://www.ncbi.nlm.nih.gov/pubmed/32152943
https://pmc.ncbi.nlm.nih.gov/articles/PMC7121389
https://doi.org/10.1016/j.mam.2018.01.006
https://www.ncbi.nlm.nih.gov/pubmed/29409855
https://pmc.ncbi.nlm.nih.gov/articles/PMC6003857
https://doi.org/10.1016/j.semcdb.2016.07.010
https://www.ncbi.nlm.nih.gov/pubmed/27422329
https://pmc.ncbi.nlm.nih.gov/articles/PMC5610702
https://doi.org/10.26508/lsa.202402708
https://www.ncbi.nlm.nih.gov/pubmed/39168639
https://pmc.ncbi.nlm.nih.gov/articles/PMC11339347
https://doi.org/10.1126/scitranslmed.abc2888
https://www.ncbi.nlm.nih.gov/pubmed/33328328
https://pmc.ncbi.nlm.nih.gov/articles/PMC7611886

Brain Sci. 2025, 15, 76 10 of 11

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Parkin, G.M.; Thomas, E.A.; Corey-Bloom, ]. Mapping neurodegeneration across the Huntington’s disease spectrum: A five-year
longitudinal analysis of plasma neurofilament light. EBioMedicine 2024, 104, 105173. [CrossRef] [PubMed] [PubMed Central]
Cuervo, A.M.; Wong, E. Chaperone-mediated autophagy: Roles in disease and aging. Cell Res. 2014, 24, 92-104. [CrossRef]
[PubMed] [PubMed Central]

Berg, ML.].; Veeranna Rosa, C.M.; Kumar, A.; Mohan, P.S.; Stavrides, P.; Marchionini, D.M.; Yang, D.S.; Nixon, R.A. Pathobiology of
the autophagy-lysosomal pathway in the Huntington’s disease brain. bioRxiv, 2024, preprint. [CrossRef] [PubMed] [PubMed
Central]

Ghandour, M.S,; Langley, O.K.; Zhu, X.L.; Waheed, A.; Sly, W.S. Carbonic anhydrase IV on brain capillary endothelial cells: A
marker associated with the blood-brain barrier. Proc. Natl. Acad. Sci. USA 1992, 89, 6823—-6827. [CrossRef] [PubMed] [PubMed
Central]

Drouin-Ouellet, J.; Sawiak, S.J.; Cisbani, G.; Lagacé, M.; Kuan, W.L.; Saint-Pierre, M.; Dury, R.J.; Alata, W.; St-Amour, I;
Mason, S.L.; et al. Cerebrovascular and blood-brain barrier impairments in Huntington’s disease: Potential implications for its
pathophysiology. Ann. Neurol. 2015, 78, 160-177. [CrossRef] [PubMed]

Di Pardo, A.; Amico, E.; Scalabri, E; Pepe, G.; Castaldo, S.; Elifani, F.; Capocci, L.; De Sanctis, C.; Comerci, L.; Pompeo, E; et al.
Impairment of blood-brain barrier is an early event in R6/2 mouse model of Huntington Disease. Sci. Rep. 2017, 7, 41316.
[CrossRef] [PubMed] [PubMed Central]

Lin, C.Y,; Hsu, Y.H.; Lin, M.H.; Yang, T.H.; Chen, H.M.; Chen, Y.C.; Hsiao, H.Y.; Chen, C.C.; Chern, Y.; Chang, C. Neurovascular
abnormalities in humans and mice with Huntington’s disease. Exp. Neurol. 2013, 250, 20-30. [CrossRef] [PubMed]

Dubinsky, ].M. Towards an Understanding of Energy Impairment in Huntington’s Disease Brain. J. Huntingt. Dis. 2017, 6, 267-302.
[CrossRef] [PubMed] [PubMed Central]

Jenkins, B.G.; Koroshetz, W.J.; Beal, M.E.; Rosen, B.R. Evidence for impairment of energy metabolism in vivo in Huntington’s
disease using localized 1H NMR spectroscopy. Neurology 1993, 43, 2689-2695. [CrossRef] [PubMed]

Chaumeil, M.M.; Valette, J.; Baligand, C.; Brouillet, E.; Hantraye, P; Bloch, G.; Gaura, V.; Rialland, A.; Krystkowiak, P.; Verny, C.;
et al. pH as a biomarker of neurodegeneration in Huntington’s disease: A translational rodent-human MRS study. J. Cereb. Blood
Flow. Metab. 2012, 32, 771-779. [CrossRef] [PubMed] [PubMed Central]

Naia, L.; Rego, A.C. Sirtuins: Double players in Huntington’s disease. Biochim. Biophys. Acta 2015, 1852, 2183-2194. [CrossRef]
[PubMed]

Luthi-Carter, R.; Taylor, D.M.; Pallos, ].; Lambert, E.; Amore, A.; Parker, A.; Moffitt, H.; Smith, D.L.; Runne, H.; Gokce, O.; et al.
SIRT2 inhibition achieves neuroprotection by decreasing sterol biosynthesis. Proc. Natl. Acad. Sci. USA 2010, 107, 7927-7932.
[CrossRef]

Fabbrizi, E.; Fiorentino, F.; Carafa, V.; Altucci, L.; Mai, A.; Rotili, D. Emerging Roles of SIRT5 in Metabolism, Cancer, and
SARS-CoV-2 Infection. Cells 2023, 12, 852. [CrossRef] [PubMed] [PubMed Central]

Lin, Z.F; Xu, H.B.; Wang, ].Y,; Lin, Q.; Ruan, Z.; Liu, EB.; Jin, W.; Huang, H.H.; Chen, X. SIRT5 desuccinylates and activates SOD1
to eliminate ROS. Biochem. Biophys. Res. Commun. 2013, 441, 191-195. [CrossRef] [PubMed]

Zhou, L.; Wang, E; Sun, R.; Chen, X.; Zhang, M.; Xu, Q.; Wang, Y.; Wang, S.; Xiong, Y.; Guan, K.L.; et al. SIRT5 promotes IDH2
desuccinylation and G6PD deglutarylation to enhance cellular antioxidant defense. EMBO Rep. 2016, 17, 811-822. [CrossRef]
[PubMed] [PubMed Central]

Kumar, S.; Lombard, D.B. Functions of the sirtuin deacylase SIRT5 in normal physiology and pathobiology. Crit. Rev. Biochem.
Mol. Biol. 2018, 53, 311-334. [CrossRef] [PubMed] [PubMed Central]

Nakagawa, T.; Lomb, D.J.; Haigis, M.C.; Guarente, L. SIRT5 Deacetylates carbamoyl phosphate synthetase 1 and regulates the
urea cycle. Cell 2009, 137, 560-570. [CrossRef] [PubMed] [PubMed Central]

Patassini, S.; Begley, P; Xu, J.; Church, S.J.; Reid, S.J.; Kim, E.H.; Curtis, M.A.; Dragunow, M.; Waldvogel, H.J.; Snell, R.G.; et al.
Metabolite mapping reveals severe widespread perturbation of multiple metabolic processes in Huntington’s disease human
brain. Biochim. Biophys. Acta 2016, 1862, 1650-1662. [CrossRef] [PubMed]

McGarry, A.; Hunter, K.; Gaughan, J.; Auinger, P.; Ferraro, TN.; Pradhan, B.; Ferrucci, L.; Egan, ]. M.; Moaddel, R. An exploratory
metabolomic comparison of participants with fast or absent functional progression from 2CARE, a randomized, double-blind
clinical trial in Huntington’s disease. Sci. Rep. 2024, 14, 1101. [CrossRef] [PubMed] [PubMed Central]

Buler, M.; Aatsinki, S.M.; Izzi, V.; Uusimaa, J.; Hakkola, J. SIRT5 is under the control of PGC-1x and AMPK and is involved in
regulation of mitochondrial energy metabolism. FASEB J. 2014, 28, 3225-3237. [CrossRef] [PubMed]

Bauer, P.O.; Hudec, R.; Goswami, A.; Kurosawa, M.; Matsumoto, G.; Mikoshiba, K.; Nukina, N. ROCK-phosphorylated vimentin
modifies mutant huntingtin aggregation via sequestration of IRBIT. Mol. Neurodegener. 2012, 7, 43. [CrossRef] [PubMed] [PubMed
Central]

Ladduwabhetty, T.; Lee, M.R.; Maillard, M.C.; Cachope, R.; Todd, D.; Barnes, M.; Beaumont, V.; Chauhan, A.; Gallati, C.; Haughan,
A.F; et al. Identification of a Potent, Selective, and Brain-Penetrant Rho Kinase Inhibitor and its Activity in a Mouse Model of
Huntington’s Disease. ]. Med. Chem. 2022, 65, 9819-9845. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ebiom.2024.105173
https://www.ncbi.nlm.nih.gov/pubmed/38815362
https://pmc.ncbi.nlm.nih.gov/articles/PMC11167241
https://doi.org/10.1038/cr.2013.153
https://www.ncbi.nlm.nih.gov/pubmed/24281265
https://pmc.ncbi.nlm.nih.gov/articles/PMC3879702
https://doi.org/10.1101/2024.05.29.596470
https://www.ncbi.nlm.nih.gov/pubmed/38854113
https://pmc.ncbi.nlm.nih.gov/articles/PMC11160756
https://pmc.ncbi.nlm.nih.gov/articles/PMC11160756
https://doi.org/10.1073/pnas.89.15.6823
https://www.ncbi.nlm.nih.gov/pubmed/1495971
https://pmc.ncbi.nlm.nih.gov/articles/PMC49596
https://pmc.ncbi.nlm.nih.gov/articles/PMC49596
https://doi.org/10.1002/ana.24406
https://www.ncbi.nlm.nih.gov/pubmed/25866151
https://doi.org/10.1038/srep41316
https://www.ncbi.nlm.nih.gov/pubmed/28117381
https://pmc.ncbi.nlm.nih.gov/articles/PMC5259798
https://doi.org/10.1016/j.expneurol.2013.08.019
https://www.ncbi.nlm.nih.gov/pubmed/24036415
https://doi.org/10.3233/JHD-170264
https://www.ncbi.nlm.nih.gov/pubmed/29125492
https://pmc.ncbi.nlm.nih.gov/articles/PMC5757653
https://doi.org/10.1212/WNL.43.12.2689
https://www.ncbi.nlm.nih.gov/pubmed/8255479
https://doi.org/10.1038/jcbfm.2012.15
https://www.ncbi.nlm.nih.gov/pubmed/22373643
https://pmc.ncbi.nlm.nih.gov/articles/PMC3345921
https://doi.org/10.1016/j.bbadis.2015.07.003
https://www.ncbi.nlm.nih.gov/pubmed/26163995
https://doi.org/10.1073/pnas.1002924107
https://doi.org/10.3390/cells12060852
https://www.ncbi.nlm.nih.gov/pubmed/36980194
https://pmc.ncbi.nlm.nih.gov/articles/PMC10047932
https://doi.org/10.1016/j.bbrc.2013.10.033
https://www.ncbi.nlm.nih.gov/pubmed/24140062
https://doi.org/10.15252/embr.201541643
https://www.ncbi.nlm.nih.gov/pubmed/27113762
https://pmc.ncbi.nlm.nih.gov/articles/PMC5278614
https://doi.org/10.1080/10409238.2018.1458071
https://www.ncbi.nlm.nih.gov/pubmed/29637793
https://pmc.ncbi.nlm.nih.gov/articles/PMC6233320
https://doi.org/10.1016/j.cell.2009.02.026
https://www.ncbi.nlm.nih.gov/pubmed/19410549
https://pmc.ncbi.nlm.nih.gov/articles/PMC2698666
https://doi.org/10.1016/j.bbadis.2016.06.002
https://www.ncbi.nlm.nih.gov/pubmed/27267344
https://doi.org/10.1038/s41598-023-50553-y
https://www.ncbi.nlm.nih.gov/pubmed/38212353
https://pmc.ncbi.nlm.nih.gov/articles/PMC10784537
https://doi.org/10.1096/fj.13-245241
https://www.ncbi.nlm.nih.gov/pubmed/24687991
https://doi.org/10.1186/1750-1326-7-43
https://www.ncbi.nlm.nih.gov/pubmed/22929228
https://pmc.ncbi.nlm.nih.gov/articles/PMC3502191
https://pmc.ncbi.nlm.nih.gov/articles/PMC3502191
https://doi.org/10.1021/acs.jmedchem.2c00474
https://www.ncbi.nlm.nih.gov/pubmed/35816678

Brain Sci. 2025, 15, 76 11 of 11

46.

47.

48.
49.

50.

51.

52.

53.

54.

Marques, R.E.; Guabiraba, R.; Russo, R.C.; Teixeira, M.M. Targeting CCL5 in inflammation. Expert. Opin. Ther. Targets 2013, 17,
1439-1460. [CrossRef] [PubMed] [PubMed Central]

Festa, B.P; Siddiqi, FH.; Jimenez-Sanchez, M.; Won, H.; Rob, M.; Djajadikerta, A.; Stamatakou, E.; Rubinsztein, D.C. Microglial-to-
neuronal CCR5 signaling regulates autophagy in neurodegeneration. Neuron 2023, 111, 2021-2037.e12. [CrossRef] [PubMed]
Engeland, K. Cell cycle regulation: p53-p21-RB signaling. Cell Death Differ. 2022, 29, 946-960. [CrossRef]

Ticli, G.; Cazzalini, O.; Stivala, L.A.; Prosperi, E. Revisiting the Function of p21CDKN1A in DNA Repair: The Influence of Protein
Interactions and Stability. Int. . Mol. Sci. 2022, 23, 7058. [CrossRef] [PubMed] [PubMed Central]

Gartel, A.L.; Tyner, A.L. The role of the cyclin-dependent kinase inhibitor p21 in apoptosis. Mol. Cancer Ther. 2002, 1, 639-649.
[PubMed]

Lahue, R.S. New developments in Huntington’s disease and other triplet repeat diseases: DNA repair turns to the dark side.
Neuronal Signal. 2020, 4, NS20200010. [CrossRef] [PubMed] [PubMed Central]

Maj, M.; Wagner, L.; Tretter, V. 20 Years of Secretagogin: Exocytosis and Beyond. Front. Mol. Neurosci. 2019, 12, 29. [CrossRef]
[PubMed] [PubMed Central]

Garas, FN.; Shah, R.S.; Kormann, E.; Doig, N.M.; Vinciati, F.; Nakamura, K.C.; Dorst, M.C.; Smith, Y.; Magill, P.J.; Sharott, A.
Secretagogin expression delineates functionally-specialized populations of striatal parvalbumin-containing interneurons. eLlife
2016, 5, €16088. [CrossRef] [PubMed] [PubMed Central]

Cho, K. Emerging Roles of Complement Protein C1q in Neurodegeneration. Aging Dis. 2019, 10, 652-663. [CrossRef] [PubMed]
[PubMed Central]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1517/14728222.2013.837886
https://www.ncbi.nlm.nih.gov/pubmed/24090198
https://pmc.ncbi.nlm.nih.gov/articles/PMC7103722
https://doi.org/10.1016/j.neuron.2023.04.006
https://www.ncbi.nlm.nih.gov/pubmed/37105172
https://doi.org/10.1038/s41418-022-00988-z
https://doi.org/10.3390/ijms23137058
https://www.ncbi.nlm.nih.gov/pubmed/35806061
https://pmc.ncbi.nlm.nih.gov/articles/PMC9267019
https://www.ncbi.nlm.nih.gov/pubmed/12479224
https://doi.org/10.1042/NS20200010
https://www.ncbi.nlm.nih.gov/pubmed/33224521
https://pmc.ncbi.nlm.nih.gov/articles/PMC7672267
https://doi.org/10.3389/fnmol.2019.00029
https://www.ncbi.nlm.nih.gov/pubmed/30853888
https://pmc.ncbi.nlm.nih.gov/articles/PMC6396707
https://doi.org/10.7554/eLife.16088
https://www.ncbi.nlm.nih.gov/pubmed/27669410
https://pmc.ncbi.nlm.nih.gov/articles/PMC5036963
https://doi.org/10.14336/AD.2019.0118
https://www.ncbi.nlm.nih.gov/pubmed/31165008
https://pmc.ncbi.nlm.nih.gov/articles/PMC6538225

	Introduction 
	Methods 
	Participant Selection 
	Statistical and String Analyses 
	Protein Measurement 

	Results 
	Discussion 
	Conclusions 
	References

