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Highlights

e Decreased mitochondrial protein synthesis in HD.

e Enhanced ribosome occupancy in mitochondria-encoded mRNAs in HD.

e TMT-based proteomics showed significant mitochondrial proteome changes in HD.

e HD lowers mito protein synthesis and higher ribosome occupancy in mito-encoded OXPHOS mRNA.
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Ribosome Profiling and Mass Spectrometry
Reveal Widespread Mitochondrial Translation
Defects in a Striatal Cell Model of Huntington

Disease

Sunayana Dagar'©, Manish Sharma’, George Tsaprailis°® , Catherina Scharager Tapia®,
Gogce Crynen®®, Preksha Sandipkumar Joshi'®, Neelam Shahani'®, and

Srinivasa Subramaniam’*>"

Huntington disease (HD) is caused by an expanded poly-
glutamine mutation in huntingtin (mHTT) that promotes
prominent atrophy in the striatum and subsequent psychi-
atric, cognitive deficits, and choreiform movements. Mul-
tiple lines of evidence point to an association between HD
and aberrant striatal mitochondrial functions; however, the
present knowledge about whether (or how) mitochondrial
mRNA translation is differentially regulated in HD remains
unclear. We found that protein synthesis is diminished in HD
mitochondria compared to healthy control striatal cell
models. We utilized ribosome profiling (Ribo-Seq) to
analyze detailed snapshots of ribosome occupancy of the
mitochondrial mRNA transcripts in control and HD striatal
cell models. The Ribo-Seq data revealed almost unaltered
ribosome occupancy on the nuclear-encoded mitochon-
drial transcripts involved in oxidative phosphorylation
(SDHA, Ndufv1, Timm23, Tomm5, Mrps22) in HD cells. By
contrast, ribosome occupancy was dramatically increased
for mitochondrially encoded oxidative phosphorylation
mRNAs (mt-Nd1, mt-Nd2, mt-Nd4, mt-Nd4l, mt-Nd5, mt-
Nd6, mt-Co1, mt-Cytb, and mt-ATPS8). We also applied
tandem mass tag-based mass spectrometry identification
of mitochondrial proteins to derive correlations between
ribosome occupancy and actual mature mitochondrial
protein products. We found many mitochondrial transcripts
with comparable or higher ribosome occupancy, but
diminished mitochondrial protein products, in HD. Thus, our
study provides the first evidence of a widespread dichoto-
mous effect on ribosome occupancy and protein abun-
dance of mitochondria-related genes in HD.

Expansion of the CAG repeat in the huntingtin (HTT) gene
causes the motor disturbance, cognitive loss, and psychiatric

manifestations of Huntington disease (HD), but the exact
mechanism by which mutant HTT (mHTT) induces its patho-
logical effect in the brain remains unclear. Previous studies
have reported extensive mitochondrial abnormalities,
including decreased complex activities (1-8), oxidative dam-
age (9, 10), mitochondrial depolarization (11), calcium dysho-
meostasis (12, 13), altered biogenesis (14-17), and mitophagy
(18-20), in HD models and in patient samples. However,
despite several investigations, the precise cellular mode(s) of
action of mHTT on mitochondria remains controversial. For
example, mHTT had no effect on oxidative metabolism and
mitochondrial calcium handling in HD (21, 22), whereas mHTT
directly interacted with mitochondria and altered mitochon-
drial proteostasis (23-27). Consequently, the details of the
mechanisms that relate mHTT to mitochondrial defects remain
unclear.

Mitochondria are essential organelles that play a vital role in
numerous cellular processes, and they contain their own
semiautonomous system of gene expression and mRNA
translation machineries. The mitochondrial genome codes for
components of the ribosomal RNA genes and 22 transfer RNA
genes, as well as 13 proteins (28, 29) that participate in the
oxidative phosphorylation (OXPHOS) reactions of complexes
I, lll, and IV. All additional genes required for mtDNA mainte-
nance, replication, transcription, translation, posttranslational
modification, transport, assembly, and expression of OXPHOS
complexes (Il and V) are exclusively encoded by the nucleus
(30). Thus, studies of mitochondrial functions, and particularly
the translation and assembly of the OXPHOS complexes, are
mechanistically challenging, as these complexes are encoded
by different genomes. For these reasons, the molecular and
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Mitochondrial Translation Defects in HD

biochemical control of mitochondrial complex mRNA trans-
lation as well as their possible abnormalities in neurodegen-
erative diseases remain poorly understood.

The aim of the present study was to subject healthy and HD
striatal cells to biochemical, high-resolution ribosome profiling
(Ribo-Seq), and tandem mass tag-based mass spectrometry
(TMT-MS) investigations to demonstrate mitochondrial trans-
lational deficits in HD. Here, we report our analysis of the
relative expression levels of mitochondrially encoded mRNA
transcripts, ribosome density, and ribosome occupancy in the
OXPHOS genes, as well as global proteomics analysis of HD
mitochondria.

EXPERIMENTAL PROCEDURES
Experimental Design and Statistical Rationale

Ribo-seq/RNA-seq experiments are already published and the n =
3/group was enough to detect statistically significant differences. In
tandem mass tag (TMT) labeling-based proteomics study, a total of 15
samples where each genotype was represented by five replicates that
were independent rounds of cell cultures prepared separately, from
each of the cell line representing the control, HD-het, and HD-homo
genotypes. We estimated the variance within each group would be
relatively lower since cell line replicates are relatively biologically
consistent due to the shared genetic background. Experiments were
performed in biological triplicates except for proteomics study. Pro-
teomics studies require higher statistical power due to multiple testing
and relatively high variation; therefore, the replications were increased
to five samples per group. All statistical tests are explained in the
relevant sections.

Cell Culture

Mouse striatal cells (STHdh) expressing knock-in WT Htt®°"" with
seven GIn repeats (control; STHAdh®”/?%) or expressing knock-in
mutant human Htt®°"" with 111 Gln repeats (HD-het; STHahQ7A""",
and HD-homo; STHah®'"/@""") (31) were purchased from Coriell
Institute for Medical Research and cultured in 10% fetal bovine serum,
Dulbecco's modified Eagle's medium, high glucose, 5% CO,, at 33
°C, as described before (32).

Immunocytochemistry and Image Analysis—The mouse striatal cells
(control, HD-Het, and HD-Homo) were seeded at 60 to 70 percent
confluency on glass bottom cell culture dishes. After 24 h, the cells
were incubated with vehicle control (dimethyl sulfoxide) and puro-
mycin (100 pg/ml) for 20 min and then washed with cold PBS, followed
by fixation using 4% paraformaldehyde for 20 min. After fixation, cells
were treated with 0.1 M glycine and permeabilized with 0.1% (v/v)
Triton X-100 for 5 min. Subsequently, the cells were blocked with a
buffer containing 1% normal donkey serum, 1% bovine serum albu-
min, and 0.1% Tween 20 in PBS for 1 h at room temperature.

After blocking, the cells were stained overnight at 4 °C using pu-
romycin antibodies (MABE343; 1:10,000). Following this, the cells
were incubated for 1 h at room temperature with secondary antibodies
labeled with Alexa Fluor 488 (1:1000), along with the nuclear stain 4',6-
diamidino-2-phenylindole. Finally, the stained cells were covered with
Fluoromount-G mounting medium. Images were taken using Olympus
FV-3000 confocal microscope at 60x. Cytosolic fluorescence inte-
grated density of the confocal micrographs was analyzed using Fiji
software (https://imagej.net/software/fiji/). In order to get the inte-
grated fluorescence density of the cytosol, background corrected

integrated fluorescence density of the nucleus was subtracted from
the background corrected integrated fluorescence density of the
whole cell.

Isolation of Ribosomes (Mitoribosomes and Cytoribosomes) for
Profiling

Global RNase foot-printings were performed during three inde-
pendent rounds of cell cultures (n = 3), as described before (35). For
each round of global foot printing, mouse immortalized striatal cells
(i.e., control, HD-het, and HD-homo cells) were plated in 15 cm dishes
at a confluency of 70%. The following day, the mediums were
changed, and after 2 h the cells were incubated with cycloheximide
(CHX, 100 pg/ml) for 10 min as in previous studies (33-35). Cells were
then scraped and washed with cold PBS (containing 100 pg/ml CHX)
twice. During the second wash, 5% of cells were transferred to new
tubes and were lyzed by adding 700 pl of QlAzol lysis reagent. Total
RNAs of these samples were isolated using miRNeasy Mini Kit (Qia-
gen) for total MRNA sequencing. After the second wash, the rest of the
cells were lyzed in a lysis buffer containing 20 mM Hepes pH 7.3,
150 mM KCI, 10 mM MgCl,, 2 mM DTT, 100 pg/ml CHX, 0.5% v/v
Triton X-100, 20 U/ml RNasin, and EDTA free protease inhibitor
cocktail (Roche). The cell lysates were passed 20 times through a 26G
needle and incubated on ice for 15 min, then centrifuged at
21,000 rpm for 15 min. Supernatants were transferred to new tubes.
Equal total RNA amount of each sample was used for global RNase
foot printing as follow; for each A260 absorbance unit of the lysates 60
units of RNaseT1 (Thermo Fisher Scientific) and 0.6 pl of RNaseA
(Ambion) were added and the samples were incubated at 25 °C for
30 min. RNase-treated samples were immediately loaded on 10 to
50% sucrose gradients and centrifuged at 40,000 RPM (SW41Ti rotor)
at 4 °C for 2 h. Gradients were fractionated using a gradient frac-
tionator and UA-6 detector, 254 nm filter (ISCO/Brandel). Fractions
containing both 55S (mitoribosomes) and 80S (cytoribosomes) peaks
of each sample were collected, and their RNAs were isolated using a
miRNeasy Mini Kit (Qiagen).

Generation of cDNA Libraries from Ribosome Protected mRNAs

The following procedure was performed for all the RNA samples
simultaneously, as described before (35). Twenty micrograms of each
sample was run on a 15% Tris/Borate/EDTA-Urea gel (Novex) along
with 26 and 32 nt RNA markers. The gel containing each sample was
excised between two markers. RNAs were extracted from gel pieces
by incubating gel slurries with nuclease-free water overnight at 4 °C
and precipitated using RNase-free isopropanol and then eluted in
nuclease-free water. T4 polynucleotide kinase (NEB) was used to
catalyze the addition of 5 monophosphate and removal of the 3’
phosphate in the RNA fragments to leave a 3’ hydroxyl terminal
needed for adapter ligation. RNA was purified using the Zymo clean
and conc-5 kit (Zymo Research, Cat. # R1013). Ribosomal RNA was
depleted from the samples using TruSeq total RNA rRNA-depletion
protocol (lllumina, Cat. #RS-122-2201), and then RNA samples were
purified using Agencourt RNAClean XP beads (Beckman-Coulter).

Generation of cDNA Libraries and Sequencing

NEXTflex small RNA-seq Kit v3 (PerkinElmer) was used to ligate 5’
and 3' adapters to purified ribosome-protected fragments (RPFs),
which then were reverse transcribed and amplified (14 cycles) to
generate complementary DNA (cDNA) libraries. Libraries were cleaned
up using NEXTflex Cleanup beads, pooled, and sequenced in the
NextSeq 500 (V2) using single end 50 bp chemistry at the Scripps
Genomic Core.
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TABLE 1
TMT labeling table

132C 133N 133C 134N

TMTpro- TMTpro- TMTpro- TMTpro- TMTpro-
132N

131C
NOT USED Cont 1

TMTpro-
127N 127C 128N 128C 129N 129C 130N 130C 131N

TMTpro- TMTpro- TMTpro- TMTpro- TMTpro- TMTpro- TMTpro- TMTpro- TMTpro- TMTpro-
126

Plex

Cont3 Cont4 Cont5

Cont 2

Het 1 Homo 2 Het2 Homo 3 Het3 Homo 4 Het 4 Homo 5 Het5

Homo 1

Generation of mRNA-Seq Libraries

NEBNext Ultra Il Directional kit (NEB, Cat. # E776) with the NEBNext
poly(A) mRNA Magnetic isolation module (NEB, Cat. # E7490) was
used to generate mRNA-seq libraries. Briefly, 400 ng of high-quality
total RNA was used to purify poly(A) mRNA, fragmented, reverse-
transcribed with random primers, adapter ligated, and amplified ac-
cording to manufacturer recommendations. The final libraries were
validated on the bioanalyzer, pooled, and sequenced on the NextSeq
500 using paired end 40 bp chemistry.

Ribo-Seq, RNA-Seq Quality Control, and Mapping the Reads to
UCSC Browser

RNAseq reads were trimmed using Cutadapt (36) with the
following parameters: -a AGATCGGAAGAGCACACGTCTGAA
CTCCAGTCA -A AGATCGGAAGAGCGTCGTGTAGGGAAAGAG
TGT—minimum-length = 15 —pair-filter = any. For Riboseq reads, 3’
adapters were trimmed using Cutadapt with the following parame-
ters: -a TGGAATTCTCGGGTGCCAAGG—minimum-length 23. The
reads were further trimmed using Cutadapt to remove four bases
from either side of each read accordingly to the NEXTflex Small RNA
trimming instructions (cutadapt -u 4 -u -4). Fastq files were checked
for quality control with FastQC. Both RNAseq and Riboseq reads
were next mapped to a library of mouse rRNA and tRNA sequences
using Bowtie v1.1.2. Any reads mapping to these abundant con-
taminants were filtered out. Remaining reads were then aligned to the
mouse transcriptome with RSEM v1.3.0 (https://deweylab.github.io/
RSEM/) (37) using the GRCm38.p5 genome annotation and the
comprehensive gene annotation from Gencode (M16 release) as
transcriptome reference. Reads with a mapping quality <5 were
discarded. Cleaned bam files were converted to bigWig files with
Bedtools (38) for visualization using the University of California Santa
Cruz (UCSC) Genome Browser. For the euclidian distance analyses,
gene expression was quantified with RSEM and comparison plots
were generated in R using DESeq2 (https://bioconductor.org/
packages/release/bioc/html/DESeg2.html)  (39) and  ggplot2
packages.

TMT Quantitative Proteomics and Mass Spectrometry

Protein samples in ~300 pl of radio-immunoprecipitation assay
buffer, were precipitated overnight at -20 °C using 4x ice old
acetone (v/v), washed 4 times with ice-cold acetone and then
allowed to air dry (Table 1). The protein pellets were subsequently
resolubilized in 23 pul of 5% SDS (v/v) and processed for digestion
using micro-S-Traps (ProtiFi) according to the manufacturer’s in-
structions. Briefly, proteins in 5% SDS were reduced with 1.43 pl of
120 mM Tris (2-carboxyethyl) phosphine hydrochloride at 56 °C for
20 min, followed by alkylation using 1.43 pl of 500 mM methyl
methanethiosulfonate for 20 min at ambient temperature. Finally,
4 ng of sequencing-grade trypsin (Promega) was added and the
mixture was incubated for 1 h at 47 °C. Following this incubation,
40 pl of 50 mM triethylammonium bicarbonate was added to the S-
Trap, and the peptides were eluted using centrifugation. Elution was
repeated once. A third elution using 35 pl of 50% acetonitrile was
also performed, and the eluted peptides dried under a vacuum. The
peptides were then resolubilized in 50 pl of 50 mM triethylammonium
bicarbonate pH 8.5 and assayed using the Pierce Quantitative
Fluorometric Peptide Assay (ThermoFisher Scientific). Four micro-
grams of peptides/samples were labeled with TMT labels (16-plex)
according to the manufacturer’s instructions (ThermoFisher Scienti-
fic), and pooled. The multiplexing strategy is provided below. The
pooled, plexed samples were then dried under vacuum, resolubilized
in 1% trifluroacetic acid, and finally desalted using 2 pg capacity
ZipTips (Millipore) according to the manufacturer instructions.
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Peptides were then on-line eluted into a Fusion Tribrid mass spec-
trometer (ThermoFisher Scientific) from an EASY PepMap RSLC C18
column (2 pm, 100 A, 75 pm x 50 cm, Thermo Fisher Scientific), using
a gradient of 5 to 25% solvent B (80/20 acetonitrile/water, 0.1%
formic acid) in 180 min, followed by 25 to 44% solvent B in 60 min,
44 to 80% solvent B in 0.1 min, a 5 min hold of 80% solvent B, a
return to 5% solvent B in 0.1 min, and finally a 10 min hold of solvent
B. All flow rates were 250 nl/min delivered using an nEasy-LC1000
nano liquid chromatography system (ThermoFisher Scientific). Sol-
vent A consisted of water and 0.1% formic acid. lons were created at
2.4 kV using an EASY Spray source (ThermoFisher Scientific) held at
50 °C. A synchronous precursor selection-MS3 mass spectrometry
method was selected based on the work of Ting et al. (40). Scans
were conducted between 380 to 2000 m/z at a resolution of 120,000
for MS1 in the Orbitrap mass analyzer at an AGC target of 4E5 and a
maximum injection of 50 msec. Collision induced dissociation was
then performed in the linear ion trap of peptide monoisotopic ions
with charge 2 to 8 above an intensity threshold of 5E3, using a
quadrupole isolation of 0.7 m/z and a collision induced dissociation
energy of 35%. The ion trap AGC target was set to 1.0E4 with a
maximum injection time of 50 ms. Dynamic exclusion duration was
set at 60 s and ions were excluded after one time within the £ 10 ppm
mass tolerance window. The top 10 MS2 ions in the ion trap between
400 to 1200 m/z were then chosen for higher-energy C-trap disso-
ciation at 65% energy. Detection occurred in the Orbitrap at a res-
olution of 60,000 and an AGC target of 1E5 and an injection time of
120 ms (MS3). All scan events occurred within a 3-s specified cycle
time. The analysis was performed at The Herbert Wertheim UF
Scripps Institute for Biomedical Innovation & Technology, Mass
Spectrometry and Proteomics Core Facility, SCR_023576.

Proteomic Data Processing and Statistical Analysis

Quantitative analysis of the TMT experiments was performed
simultaneously with protein identification using Proteome Discoverer
2.5 software (https://www.thermofisher.com/us/en/home/industrial/
mass-spectrometry/liquid-chromatography-mass-spectrometry-lc-ms/
Ic-ms-software/multi-omics-data-analysis/proteome-discoverer-soft
ware.html). The precursor and fragment ion mass tolerances were set
to 10 ppm, 0.6 Da, respectively), enzyme was trypsin with a
maximum of 2 missed cleavages and UniprotKB Mouse Proteome
UP000000589 Strain C57BL_6J FASTA file and common contami-
nant FASTA file used in Sequest searches (http://fields.scripps.edu/
sequest/) (565,749 proteins in total). The impurity correction factors
obtained from Thermo Fisher Scientific for each kit was included in
the search and quantification. The following settings were used to
search the data; dynamic modifications; Oxidation/+15.995 Da (M),
Deamidated/+0.984 Da (N, Q), and static modifications of TMTpro/
+304.207 Da (K) (N Terminus, K), MMTS/+45.988 Da (C). Scaffold Q+
(version Scaffold_5.0.0, Proteome Software Inc, Portland, (https://
www.proteomesoftware.com/products/scaffold-qs) OR) was used
to TMTpro peptide and protein identifications. Peptide identifications
with 99.0% < probability was accepted to achieve an false discovery
rate (FDR) less than 1.0% by the percolator posterior error probability
calculation (41). Proteins with 93.0%< probability were accepted to
achieve an FDR less than 1.0% and contained at least 1 identified
peptide. Protein probabilities were assigned using the Protein
Prophet algorithm (42), and default Scaffold settings were employed,
with the exception of the Blocking level, which was set to Unique
Samples. Mean values were utilized for averaging, and normalization
was applied according to Oberg et al. (43). Of 12,543 spectra in the
experiment at the given thresholds, 11,175 (89%) were included in
quantitation. Differentially expressed proteins were determined by
first applying ANOVA to obtain unadjusted p values then corrected

by Benjamini-Hochberg (FDR < 0.05). The proteins that passed this
criterion were used to compare Het versus Control and Homo versus
Control via t-test (p < 0.05) in Scaffold. The ANOVA and t test results
were exported from Scaffold and combined using JMP Pro 17.1.0
SAS Institute Inc, Cary, NC, 1989 to 2023 (https://www.jmp.com/en_
us/home.html). The analysis was performed at The Herbert Wertheim
UF Scripps Institute for Biomedical Innovation & Technology, Bio-
informatics and Statistics Core Facility (RRID:SCR_023048). The
proteomics data, analysis results, and method were uploaded to
MassIVE with the ID number MSV000092843/PXD045329.

STRING Analysis Parameters

Network nodes indicate proteins whose splice isoforms or
posttranslational modifications have collapsed, i.e., each node
represents all proteins produced by a single protein-coding gene
locus. And the edges reflect protein-protein relationships, which are
intended to be particular and meaningful, i.e., proteins that collab-
orate to perform a common function; this does not necessarily imply
that they are physically bound to one other. The network type is full-
string network, and the network's meaning is evidence-based.
Active interaction sources include text mining, experiments, data-
bases, coexpression, neighborhoods, gene fusion, and cooccur-
rence. The minimum needed interaction score was set to medium
confidence (0.400).

Isolation of Cytoplasm and Mitochondria

Cytoplasm and mitochondria are separated using mitochondria
isolation kit (ThermoFisher Scientific, Cat #. 89874). In brief, control,
HD-het and HD-homo cells were grown in 10 cm dish to 80 to 90%
confluency. The cells were pelleted, and the mitochondria and cyto-
plasm were separated as described in the manufacturer’s protocol.
Around 5 mg of mitochondrial proteins per sample was provided for
TMT-MS analysis. Around 20 mg of proteins from cytoplasm and
mitochondria fractions from cells treated with puromycin (20 pM) was
probed in Western blotting. For in vitro protein synthesis experiments
the isolated mitochondria were treated with 10 pM of puromycin for
10 min before proceeding to Western blotting.

Western Blot Analysis

The equal protein amounts were loaded for Western blots anal-
ysis using antibodies to detect indicated endogenous proteins, as
described before (35). The puromycin antibody (MABE343,
1:10,000) was from Millipore; the GAPDH antibody (sc365062,
1:5000) was from Santa Cruz; and the antibodies against succinate
dehydrogenase (ubiquinone) flavoprotein subunit (CST 11998,
1:5000) and mTOR (CST 2983, 1:2000) were from cell signaling
technology.

Statistical Analysis

Data were expressed as mean + SEM as indicated. Experiments
were performed on biological triplicates. Statistical analysis was per-
formed with a Student’s t test or one-way ANOVA followed by Dun-
nett’s or Benjamini-Hochberg multiple comparison test.

RESULTS
Mitochondrial Translation is Diminished in HD

Our prior work revealed that overall protein synthesis is
reduced in HD, as measured by the incorporation of puro-
mycin, a t-RNA analog that undergoes a covalent interaction
with growing peptides. Incorporated puromycin is detected
using antibodies in immunocytochemistry or Western blotting.
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We used well-established knock-in mouse striatal cell lines
that express full-length WT control (polyQ7) HTT and one
(HTT-het) or two (HTT-homo) copies of mutant (polyQ111)
HTT. The striatal cells were treated with puromycin, and we
then analyzed overall protein synthesis by immunocyto-
chemistry using puromycin antibody. Consistent with a prior
report (35), we found a substantial reduction in puromycin
incorporation in the HD-het and HD-homo cells compared to
the control cells (Fig. 1A).
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We then distinguished protein synthesis between the cyto-
plasm and mitochondrial compartments by treating the cells
with puromycin, biochemically separating the cells into cyto-
plasmic and mitochondrial fractions, and then measuring pu-
romycin incorporation by Western blotting (Fig. 1B). This
approach revealed a significant reduction in protein synthesis in
both the cytoplasmic and mitochondrial fractions (Fig. 1C and
D). We also determined whether mitochondrial translation
turnover was independent of cytoplasmic turnover in HD by
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Fic. 1. Mitochondrial protein synthesis is diminished in HD cells. A-D, representative immunocytochemistry (A) and quantification of
cytosolic integrated fluorescence density (B) of the confocal micrographs from (A). Error bar represents + SEM (n = 3, total control cells 40, HD-
Het 50 cells and HD-Homo 50 cells), **p < 0.001 by Student’s t test. Immunoblots (C) of metabolic labeling of protein synthesis, using pu-
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represents + SEM (n = 4, independent experiments)

o < 0.0001 by ANOVA. E, representative puromycin immunoblot in isolated mitochondria

and its quantification in control and HD-homo cells. Error bar represents + SEM (n = 4, independent experiments), **p < 0.001 by Student’s t

test. HD, Huntington's disease.
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isolating mitochondria from control and HD cells and investi-
gating in vitro puromycin incorporation by the isolated mito-
chondria. Translational turnover was strongly diminished in the
isolated mitochondria compared to the control cells (Fig. 1E).
Taken together, these results provided the first indication that
mitochondrial translation is diminished in the HD cell model.

Ribosome Profiling of Ribosome-Protected Fragments
from 55S and 80S Ribosomes

We explored whether a correlation exists between the
reduced protein synthesis in mitochondria affected by HD and
changes in ribosome occupancy by examining the results of
our comprehensive analysis of Ribo-Seq and RNA-seq data
obtained from control, HD-het, and HD-homo cells. Three
replicates of control, HD-het, and HD-homo mutant striatal
cells were subjected to ribosome profiling, and the fractions
containing 55S ribosomes (mitoribosomes) and 80S ribo-
somes (cytoribosomes) were collected for Ribo-Seq and
matching RNA-Seq (Fig. 2), as described previously (35). The
use of multiple quality control measures generated a high-
quality global Ribo-Seq library of control, HD-het, and HD-

homo cells (35).
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Fic. 2. Ribosome profiling of ribosome-protected fragments
from 55S and 80S ribosomes. RNAase digested polysomes
collected as 80S peaks most likely comprised of mitoribosomes with
lower sedimentation coefficients (~55S, brown arrow).

We used this Ribo-Seq library for the specific analysis of the
ribosome profiles of mitochondrially encoded mRNAs. We
combined the profiles from the triplicate experiments, uploa-
ded as a track hub in the UCSC Genome Browser 42, and
overlaid ribosome protected fragments (RPFs, orange) and
mRNA abundance (MRNA, blue). We then estimated the
ribosome occupancy as the ratio between the RPF abundance
and mRNA abundance and for each gene (RPF/mRNA) from
the raw read counts from the UCSC browser (Fig. 2) (35).

Ribosome Occupancy on the Mitochondrially Encoded
OXPHOS Genes is Increased in HD

Among 13 mitochondrially encoded OXPHOS mRNA
transcripts (mt-OXPHOS transcripts), we observed ribosome
occupancy for 11 mt-OXPHOS mRNA transcripts. The
complex | subunits mt-Nd1, mt-Nd2, mt-Nd3, mt-Nd4, mt-
Nd4l, mt-Nd5, and mt-Nd6 showed high RPF, low mRNA,
and high ribosome occupancy (RPF/mRNA) in HD cells
compared to the control cells. The ribosome occupancy on
these transcripts was also much higher in HD-het than in HD-
homo cells [Figs. 3, A-D, and 4, A-C]. Mt-CyB, the only
mitochondrially encoded complex Il subunit, also showed
high RPF and high ribosome occupancy (Fig. 5A). Differential
ribosome density was also evident throughout the tran-
scripts, with mt-Nd1, mt-Nd3, mt-Nd4l, and mt-Atp8 tran-
scripts exhibiting a preferential accumulation of ribosomes
toward the 3’ region, whereas mt-Nd2, mt-Nd4, and mt-Nd6,
exhibited ribosome accumulation toward the 5' region
(Figs. 3-5, arrow).

The complex IV subunit mt-Co1 and the complex V subunit
mt-Atp8 showed high RPF and a significant trend toward
higher ribosome occupancy in the HD-het and HD-homo cells
(Fig. 5, B and C). The ribosome profiling data for the three
remaining mt-OXPHOS transcripts (mt-Co3, mt-Co2, and mt-
Atp6) indicated a consistent pattern of increased ribosome
occupancy in cells affected by HD (supplemental Fig. S1).
However, we were unable to obtain statistically significant
differences for these transcripts as either RPF or mRNA reads
were discernible in one or more replicates of the Ribo-Seq
experiments (https://genome.ucsc.edu/cgi-bin/hgTracks?
hubUrl=Https://de.cyverse.org/anon-files/iplant/home/rmi2
lab/Hub_Collaborations/Srini/hub.txt&genome=mm10).

In summary, Ribo-Seq analysis suggested that most of the
mt-OXPHOS mRNA transcripts exhibited an increased level of
ribosome occupancy, along with changes in ribosome den-
sity, in cells affected by HD. These observations imply a sig-
nificant disruption in the mobility of ribosomes on
mitochondrially encoded transcripts in HD.

Ribosome Occupancy on the Nuclear-Encoded OXPHOS
Genes Remains Largely Unaltered in HD

The higher ribosome occupancy in subunits encoded by
mitochondria could change the ribosome occupancy in
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Fic. 3. Ribosome occupancy on the mitochondrially encoded ND1, ND2, ND3 and ND4 genes. A-D, representative graphs showing
overlay of mitochondrially encoded transcripts Ribo-Seq (RPF)/mRNA-Seq and their corresponding average individual raw reads for RPF and
mRNA and the ratio of RPF/mRNA (ribosome occupancy) from the triple experiments for mt-ND1 (4), mt-ND2 (B), mt-ND3 (C), and mt-ND4 (D),
extracted from UCSC Genome Browser. Error bar represents mean + SEM (n = 3 independent experiments), ***p < 0.0001, **p < 0.001, *p <
0.01, *p < 0.05, one-way ANOVA followed by Dunnett’s multiple comparison test. RPF, ribosome-protected fragment; UCSC, University of
California Santa Cruz.
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Fic. 4. Ribosome occupancy on the mitochondrially encoded ND4L, ND5 and ND6 genes. A-C, Representative graphs showing overlay
of mitochondrially encoded mRNA transcripts Ribo-Seq (RPF)/mRNA-Seq and their corresponding average individual raw reads for RPF and
RNA and the ratio of RPF/RNA (ribosome occupancy) from the triple experiments for mt-Nd4l (A), mt-Nd5 (B), and mt-Nd6 (C) extracted from
UCSC Genome Browser. Error bar represents mean + SEM (n = 3 independent experiments), *p < 0.01, *p < 0.05, one-way ANOVA followed by
Dunnett’s multiple comparison test. RPF, ribosome-protected fragment; UCSC, University of California Santa Cruz.

subunits encoded by the nucleus that makes up the respi-
ratory chain. This correlation is likely important in upholding
the equilibrium between the influx of nuclear-encoded respi-
ratory components and the continuous presence of
mitochondria-encoded chain subunits. Our examination of
the Ribo-Seq of selected nuclear-encoded mitochondrial
complexes in control and HD cells revealed that the subunits
of complex |, namely Ndufv1, exhibited a distribution of ri-
bosomes throughout all 10 exons. Nevertheless, in the HD-
het cells, the RPF declined significantly as a result of lower

RNA levels. Conversely, in HD-homo cells, the RPF remained
unchanged compared to the control group. (Fig. 6A). No
discernible variations were detected in the total ribosome
occupancy (RPF/RNA) of the Ndufvi mRNA between the
control and HD cells (Fig. 6A).

A substantially lower ribosome occupancy was also
observed for the complex Il subunit Sdha in HD cells than in
control cells (Fig. 6B). By contrast, the ribosome occupancy
levels for the remaining subunits of complex Il (Sdhb, Sdhc,
and Sdhd) did not differ significantly between the control and
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Fic. 5. Ribosome occupancy on the mitochondrially encoded CyB, Co1 and ATP8 genes. A-C, Representative graphs showing overlay of
mitochondrially encoded mRNA transcripts Ribo-Seq (RPF)/mRNA-Seq and their corresponding average individual raw reads for RPF and RNA
and the ratio of RPF/RNA (Ribosome occupancy) from the triple experiments for mt-Co1 (A), mt-CyB (B), and mt-ATP8 (C) extracted from UCSC
Genome Browser. Error bar represents mean + SEM (n = 3 independent experiments), *p < 0.01, *p < 0.05, one-way ANOVA followed by
Dunnett’s multiple comparison test. RPF, ribosome protected fragment; UCSC, University of California Santa Cruz.

HD cells (data not shown). The ribosome occupancy of
complex Il subunit Cyc1 was diminished specifically in the
HD-het cells compared to the controls (Fig. 6C), whereas the
nuclear-encoded complex Ill subunit Ugcrb or complex IV
subunits (Cox5a) showed no differences in ribosome occu-
pancy between the control and HD cells (Fig. 6, D and E). The
ribosome occupancy on the subunits of complex V (ATP50)
was unchanged (Fig. 6F). Analysis of the remaining 55 tran-
scripts that encode nuclear-encoded OXPHOS transcripts

revealed no substantial ribosome occupancy, in contrast to
the transcripts that encode mitochondria-encoded OXPHOS
proteins (data can be found in https://genome.ucsc.edu/cgi-
bin/hgTracks?hubUrl=Https://de.cyverse.org/anon-files/iplant/
home/rmi2lab/Hub_Collaborations/Srini/hub.txt&genome=mm10).

This finding indicates high ribosome occupancy levels for
mitochondrial OXPHOS mRNA transcripts in cells affected by
HD, whereas the ribosome occupancy of nuclear-encoded
OXPHOS transcripts is largely unaltered.
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Fic. 6. Ribosome occupancy on the nuclear-encoded OXPHOS genes remains largely unaltered in HD. A-F, Representative graphs
showing overlay of mitochondrially encoded mRNA transcripts ribosome occupancy (Ribo Seq/RNA Seq or RPF/RNA) and their corresponding
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Quantitative Mitochondrial Proteome Analysis of Control
and HD Striatal cells

Our Ribo-Seq analysis provided novel insight into the trans-
lation status of mitochondrial OXPHOS transcripts; however, it
did not reveal the true in vivo status of mitochondrial proteins.
We addressed this limitation by quantifying mitochondrial
proteins using TMT-based MS analysis. Mitochondria were
isolated from control, HD-het, and HD-homo striatal cells (n=5
independent experiments) and subjected to multiplex TMT
relative quantitative proteomics analyses (Fig. 7A). A total of
2471 protein groups were identified based on FDR of 1% (Data
Sheet 1), with significant differences observed in 490 of them
(Data Sheet 2), as determined by ANOVA analysis (Benjamini-
Hochberg, FDR < 0.05). As approximately 1000 to 1500
mitochondria-associated proteins are encoded in the nucleus
(44-46), this result is not surprising. Within the TMT data, we
found significant differences in approximately 43 mitochondrial
proteins (23 at p < 0.05 for HD-het versus control comparison
and 32 at p < 0.05 for HD-homo versus control comparison)
(Data Sheet 3), using mitocarta3 software (http:/www.
broadinstitute.org/mitocarta) (47). The fold changes and the p
values were used to contrast the 43 mitochondrial proteins
across het/control and homo/control comparison (Fig. 7B).
Mrpl12, a mitochondrial ribosomal protein, was significantly
lower only in HD-homo. However, peroxiredoxin like 2A, an
antioxidant; Ptcd3, a mitochondrial RNA-binding protein; and
Pck2, an important enzyme in gluconeogenesis, were lower in
both HD-het and HD-homo. In the same way, Nfs1 (an enzyme
that changes L-cysteine to L-alanine) and Scp2 (which moves
cytoplasmic lipid hydroperoxides to mitochondria) are only
upregulated in HD-het. On the other hand, Comt (which breaks
down catecholamines), Tmlhe (which makes carnitine), and
Mgst3 (which oxidizes hydroxy-fatty acids) are upregulated in
both HD-het and HD-homo. Thus, TMT-based proteomics for
the first time identifies mitochondrial proteins that are changed
in a mHTT allele-specific way (Fig. 7B, Data Sheet 3).

The highest ranking mitochondria-associated proteins,
based on STRING pathway analysis, exhibited a distinct cor-
relation that was both unique and significant, indicating that
these proteins collectively contributed to a similar biological
function (Fig. 7C and D). They revealed the top biological pro-
cesses (e.g., carnitine biosynthetic process, TCA cycle, and cell
redox homeostasis), molecular functions (e.g., long-chain fatty
acyl-CoA binding, NADPH activity, and ADP binding), and
cellular components (Uniplex complex, TCA complex, and
peroxisome) (Data Sheet 3) that are dysregulated in HD.

Overall, using TMT-MS, we discovered more widespread
changes in mitochondrial proteomics in HD cells.

Disparity Between the Continuous Translation of
Mitochondrial mRNA and the Protein Levels in HD

We examined whether the Ribo-Seq data correlated with the
proteomics data by comparing the differences between ribo-
some occupancy (RPF/RNA) and protein presence (TMT-MS/
MS) for mitochondrial OXPHOS proteins. The mitochondria-
encoded OXPHOS protein mt-nd1 showed high ribosome oc-
cupancy in HD-het and HD-homo cells; however, the protein
level was unaltered in HD-het cells but was significantly
diminished in the HD-homo cells compared to the control cells
(Fig. 8A). Mt-Nd2 and mt-Nd5 exhibited a substantial increase
in ribosome occupancy in the HD-het cells but showed no
notable variations in their protein levels between the three
groups (Fig. 8, B and C). One point to note is that TMT MS/MS
analysis was unable to identify all the mitochondrial OXPHOS
proteins (e.g., mt-Nd3, mt-Nd4, mt-Nd4l, mt-Co1, and
mtATP8). This limitation could reflect the low abundance of
these proteins and the inherent bias of data-dependent
acquisition analysis toward more abundant proteins.

We also determined the protein levels of nuclear-encoded
OXPHOS proteins. The mitochondrial complex 1 proteins
Ndufa2 and Ndufa6 showed no differences in ribosome oc-
cupancy or protein levels between the control and HD cells
(Fig. 8, D and E). In the HD-homo cells, the Ndufb10 subunit
displayed a slight decrease in ribosome occupancy
compared to the HD-het cells, but no change was evident in
the protein levels between the 2 cell types (Fig. 8F). Within
the subset of nuclear-encoded complex Il subunits, we
observed a notable inconsistency between ribosome occu-
pancy and TMT proteomics in the case of Sdha. Specifically,
we observed a large reduction in ribosome occupancy in HD
cells, whereas the protein levels were unchanged (Fig. 9A).
By contrast, no statistically significant alterations were
detected for the ribosome occupancy of sdhb. However, a
discernible tendency toward a reduction in protein levels was
apparent in the HD-het and HD-homo cells (Fig. 9B). Inter-
estingly, among the complex Ill proteins, neither ugcrb nor
ugcrc1 showed alterations in ribosome occupancy, whereas
their protein levels were significantly reduced (Fig. 9, C and
D). Similarly, nuclear-encoded complex IV, cox7a2l, showed
no change in ribosome occupancy, but it demonstrated a
noteworthy reduction in protein level (Fig. 9E). By contrast,
the Cox7c subunit exhibited a significant decrease in ribo-
some occupancy in HD-het, although the protein levels were
unaffected (Fig. 9F). These comparative data provide the first
suggestion that a disparity exists between the ongoing
translation of mMRNA and the levels of proteins observed in
HD. Examining the processes behind this disparity and its

average individual raw reads for RPF and RNA and the ratio of RPF/RNA from the triplicate experiments for Ndufv1 (A), Sdha (B), Cyc1 (C), Ugcrb

(D), Cox5a (E), Atp5o0 (F) extracted from UCSC Genome Browser. Error bar represents mean + SEM (n = 3 independent experiments),

Hekkk

p <

0.0001, **p < 0.001, **p < 0.01, *p < 0.05, one-way ANOVA followed by Dunnett’s multiple comparison test. RPF, ribosome protected fragment;

UCSC, University of California Santa Cruz.
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Fic. 7. TMT-MS/MS proteomics of isolated mitochondria from control and HD cells. A-D, TMT-MS/MS proteomics of isolated mito-
chondria from control and HD cells. A, a schematic flow chart of the TMT-MS/MS proteomics experiment. B, dot plots of 43 mitochondrial
proteins, that were differentially regulated in HD-het or HD-homo genotypes when compared to ctrl (control), were depicted where the size of the
dot was proportional to —log10 transformed p values and color of the dot indicated log2 fold change. C and D, the STRING network view of
mitochondrial proteins identified by TMT-MS/MS analysis shows a comprehensive overview of the anticipated relationships within a specific set
of proteins (C) and an enrichment of the biological process (D). TMT-MS/MS data acquired from n = 5 independent experiments. TMT-MS data
were analyzed with ANOVA, with multiple tests considered by controlling FDR with the Benjamini-Hochberg method (FDR < 0.05) in Scaffold.
FDR, false discovery rate; HD, Huntington disease; TMT-MS/MS, tandem mass tag-based mass spectrometry.
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Fic. 8. Comparison of ribosome occupancy (RPF/mRNA) and TMT-MS/MS of selected targets from control and HD cells. A-F,
comparison of ribosome occupancy (RPF/mRNA) and TMT-MS/MS of selected targets from control and HD cells. Representative graphs
showing overlay of indicated transcripts for ribosome occupancy (RPF/mRNA) (n = 3 experiments) extracted from UCSC Genome Browser and
corresponding TMT-MS ratio of fold change (n = 5 experiments) derived from Scaffold for mt-nd1 (A), mt-nd2 (B), mt-nd5 (C), Ndufa2 (D), Ndufa6

(E), Ndufa10 (F). Error bar represents mean +

SEM **p < 0.0001, *p < 0.01,

*p < 0.05, one-way ANOVA followed by Dunnett’s multiple

comparison test. RPF, ribosome protected fragment; TMT-MS, tandem mass tag-based mass spectrometry; UCSC, University of California

Santa Cruz.

involvement in the development of diseases has the potential
to provide new perspectives on the mechanisms and targets
for therapeutic interventions.

Widespread Proteome Alteration in HD Mitochondria

We also examined the six most prominent proteins, apart
from those associated with OXPHOS, that exhibited enrich-
ment in the mitochondrial fraction. These proteins were also

associated with mitochondrial activities, as indicated by the
MitoCarta3 annotations in the TMT-MS data (Data Sheet 2).
Cavini1, a protein that promotes mitochondrial function and
oxygen consumption and participates in HD, shows highly
increased levels in HD mitochondria (48, 49). We found an
enhanced Cavin1 protein level, but no change in ribosome
occupancy, in HD-homo cells (Fig. 10A). Ptcd3, a small sub-
unit of the mitochondrial ribosome required for efficient
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Fic. 9. Reduction in ribosome occupancy in HD cells with no change in protein levels. A-F, comparison of ribosome occupancy (RPF/
mRNA) and TMT-MS/MS of selected targets from control and HD cells. Representative graphs showing overlay of indicated transcripts for
ribosome occupancy (RPF/mRNA) (n = 3 experiments) extracted from UCSC Genome Browser and corresponding TMT-MS ratio of fold change
(n = 5 experiments) derived from Scaffold for Sdha (A), Sdhb (B), Ugcrb (C), Ugcrc1 (D), Cox7a2l (E) and Cox7c (F). Error bar represents mean =
SEM, **p < 0.01, *p < 0.05, one-way ANOVA followed by Dunnett’s multiple comparison test. HD, Huntington disease; RPF, ribosome protected
fragment; TMT-MS, tandem mass tag-based mass spectrometry; UCSC, University of California Santa Cruz.

translation (50), showed strong diminishment of both ribo-
some occupancy and protein levels (Fig. 10B). Bsg (aka,
CD147), which regulates mitochondrial complex | activity (51),
showed no significant alteration in ribosome occupancy, but
its protein levels were diminished in HD-het and HD-homo
cells (Fig. 10C).

Endothelin converting enzyme 1 (Ecel), which participates
in the proteolytic conversion of endothelin precursors to
physiologically active peptides, showed enhanced ribosome
occupancy in the HD-het cells, but its protein levels were
upregulated in both HD-het and HD-homo cells (Fig. 10D).
Peroxiredoxin like 2A (prk12a), a protein involved in redox

regulation, showed high Ribo-Seq in HD-het cells but a sub-
stantial reduction in the protein levels in both HD-het and HD-
homo cells (Fig. 10E). Phospholipid phosphatase 3 (plpp3), by
contrast, showed no alterations in Ribo-Seq, but its protein
levels were enhanced in mitochondria isolated from HD-het
and HD-homo cells (Fig. 10F).

Taken together, these results indicate that the ribosome
occupancy of mitochondria-associated transcripts is not
directly correlated with protein abundance. This is the first
evidence that ribosome occupancy estimated by translational
dynamics does not translate into protein-level changes in HD
mitochondria.

14 Mol Cell Proteomics (2024) 23(4) 100746

SASBMB



Mitochondrial Translation Defects in HD

A Cavin-1
3_ 25_ *kkk
' A A
n
) 2.0
S _ 7 85
g 2 € o .
QZ S c 154
sk 2
o g_o
£Eg 22 1.0 .
@ =
S =
o 0.5+
0- 0.0-
3 X 3 x
P P
O O
C Bsg
84 2.0+
>
g 64 . T 9 _15- o
S - =)
5< E o
2z S c
S ol
O F 4 05 1.04
o - 2c
ea S5 *k ke
c X =35 n
@ == Add
3 2 = 0.51
[d
0- 0.0-
N N
Q\,\o <€ 0@0 Q\&o )2@\ 0@0
& ¥ S & X o
s RS
E PrxI2a
10 * 1.5
n
8_
1.0
6_

*kkk

*kkk

o
3
1

Ribosome occupancy
(RPF/RNA)
TMT proteomics
(fold change)

0 -
& 0’2@\ <\°&O o’eg} <\°&0
() 9 %
By R Ny R

B Ptcd3
0.8 1.5
- L]
S 06" R
s< *x £ §1.01
QZ o C
o - 2a *kkk
O = 04_ o < *kkk
e 5o R
g% S 205+
a 0.24 =
E *kkk
0.0- 0.0-
3
o&@ O%éx\o&o 0&«0 O’zg\\\o&o
< % [« %
T AR
D Ece1 *kkk
5 * 6 .
. Lo
3 4- .-
g 8~
23 EB4-
QZ 34 S c
o4 L
o 5 C
™ = 0O *kk
EL 24 oo
gc T 5821 it
e =
2 14
) j
0- 0- .
3
Fo\@ ogg,\ Q@O (,éo 0323}.00@0
[$ 5 [ 5
RN AR
F Plpp3
3+ 34 *k
m KRk
L]
? L3 n “
O —~
iz 2{ T .« f f3 o =
oz S c
S L@
o 5 C
™ =]
28 sz |
2= 17 =€ 17
__8 =
14
0- > X 0- > X
0&@ Ogg) ~<\°@o o“\\0 Ogg) ~o°@°
[ X S X
TR TR

Fic. 10. Widespread proteome alteration in HD mitochondria. A-F, comparison of ribosome occupancy (RPF/mRNA) and TMT-MS/MS of
selected targets from control and HD cells. Representative graphs showing overlay of indicated transcripts for ribosome occupancy (RPF/
mRNA) (n = 3 experiments) extracted from UCSC Genome Browser and corresponding TMT-MS ratio of fold change (n = 5 experiments) derived
from Scaffold for Cavin-1 (A), Ptcd3 (B), Bsg (C), Ece1 (D), PrxlI2a (E) and Plpp3 (F). Error bar represents mean + SEM ***p < 0.0001, **p < 0.01,
*p < 0.05, one-way ANOVA followed by Dunnett’s multiple comparison test. HD, Huntington disease; TMT-MS, tandem mass tag-based mass

spectrometry; UCSC, University of California Santa Cruz.

DISCUSSION

The inquiry into whether alterations in protein levels are
primarily attributed to variations in protein synthesis rate,
mRNA abundance, or protein turnover has been a long-
standing topic of investigation in biology. In yeast, the current
notion is that the proportion of ribosome-bound mRNA mol-
ecules, which signifies actively translated species, is a more
reliable indicator of protein abundance than mRNA levels in
isolation (52-54). Here, we integrated ribosome profiling and
mass spectrometry-based protein discovery techniques to
provide a comprehensive analysis of the proteome in

mammalian mitochondria. Our findings offer novel insights
into the relationship between ribosome occupancy and the
protein levels of mitochondrial proteins in HD cells.

Multiple aspects of mitochondrial dysfunction are linked to
numerous brain diseases, particularly neurodegenerative dis-
eases (55-65). Perturbed mitochondrial functions and dis-
rupted protein synthesis have been reported in HD (3, 16,
66-74), but a detailed molecular and biochemical under-
standing is lacking. This report presents compelling evidence
for the existence of a distinct dichotomy in the expression
patterns of proteins linked to mitochondria. We found defects
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in translational regulation involving the enhanced loading of
ribosomes onto mitochondrially encoded mRNAs that control
mitochondrial energy production, cell signaling, and cell death
functions (75, 76). Notably, this regulation was absent from the
most nuclear-encoded mitochondrial mRNAs, revealing an
intriguing mechanistic dichotomy in the translational process
operating between the cytoplasm and the mitochondria in the
HD context. This dichotomy has the potential to contribute to
the observed decrease in mRNA translation in HD mitochon-
dria (Fig. 1).

An enormous pressure appears to exist for mitochondria-
encoded transcripts to increase translational efficiency; how-
ever, for unknown reasons, this pressure is not translated into
protein production. As reported here, there is a general
decrease in protein production in HD mitochondria and
mitochondrial OXPHOS transcripts. The reason for this mis-
regulated translation efficiency in HD is unclear. One possi-
bility is that the ribosomal proteins that translate
mitochondria-encoded OXPHOS transcripts are present at
suboptimal levels. Consistent with this notion, of the 38
mitochondrial ribosomal proteins found in our TMT-MS data,
11 were significantly downregulated in HD cells. However,
whether this downregulation is the cause or a consequence of
enhanced ribosome occupancy is unclear because the stalled
ribosomes and mMRNA may be subject to no-go degradation
(77), resulting in diminished mitochondrial ribosomal protein
levels.

Previous studies have indicated that both wtHTT and mHTT
are localized in the mitochondria, but whether they reside in
the mitochondrial intermembrane space or in the outer
membrane remains controversial (18, 23, 26, 27, 78, 79). Our
TMT-MS experiment revealed HTT interacting protein-1, but
not the HTT protein itself, in the mitochondrial fractions. Even
if this mitochondrial localization is transient, it raises the
intriguing possibility that mHTT/wtHTT can induce cellular
signaling from the inner or outer membrane surface to regulate
ribosome occupancy and cotranslational events involving
mitochondria encoded OXPHOS mRNA (Fig. 11). Alternatively,
wtHTT/mHTT fragments might directly bind to the polysomes
and ribosomal proteins in the cytoplasm, thereby impeding the
speed of ribosome translocation and protein synthesis (35).

As most (>95%) of the mitochondrial proteins are produced
in the nucleus, one possibility is that HTT/mHTT may activate
signals in the nucleus and cytoplasm, and these then
communicate messages to the mitochondrion for its own
mRNA translation (Fig. 11). Recent studies in yeast have
shown that cytosolic translational regulators control mito-
chondrial OXPHOS mRNA translation (80, 81). In particular,
some evidence indicate that a nuclear-encoded protein
involved in OXPHOS might impede the assembly process of
the nascent chain complex of mitochondrial OXPHOS proteins
(82). These discoveries suggest the existence of a functional
and physical connection involved in the assembly of mito-
chondrial proteins. Whether or how such mechanisms impacts

HD remains to be discovered (Fig. 11). Identifying the molec-
ular nature of the cellular signals and ribosome stalling
mechanisms in HD cells will provide new insights that could
help curtail mitochondrial translation defects for a potential
therapeutic impact on HD.

One important observation from this study is the differential
influence of ribosome occupancy on mitochondrially coded
mRNA by one copy of mHTT (HD-het) versus two copies of
mHTT (HD-homo). When compared to HD-homo cells, the
HD-het cells display a significantly higher ribosome occu-
pancy on the mt-OXPHOS genes, with a minority of nu-
coded OXPHOS transcripts exhibiting diminished occu-
pancy (Figs. 3-5). This observation suggests that the com-
bined presence of wtHTT and mHTT may lead to the
emergence of an additive risk for translation regulatory phe-
notypes that readapt to ongoing HD-related cellular de-
mands. In addition, as wtHTT plays a key role as a negative
regulator of ribosome translocation (83), the loss of normal
HTT in HD-het may lead to enhanced loading of ribosomes
on mitochondrial OXPHOS transcripts. Alternatively, mHTT
may exert a gain of function, so that the presence of two
copies of mHTT in HD-homo cells further enhances the de-
gree of ribosome occupancy in mitochondrial OXPHOS
transcripts, leading to the collision of ribosomes and eventual
no-go degradation of the transcripts. This notion is supported
by the significantly reduced amounts of mitochondrial mRNA
transcripts in the HD-homo versus the HD-het or control cells
(Figs. 3-5). This type of process may also be responsible for
the much greater diminishment of protein synthesis in HD-
homo cells than in HD-het cells (Fig. 1, A-C). Future
studies should investigate the poly-Q-dependent mecha-
nisms of HTT that might induce a decay of ribosome-stalled
mitochondrial transcripts and how this could lead to dimin-
ished protein synthesis in HD.

A previous study using two-dimensional difference gel
electrophoresis indicated reduced levels of nuclear-encoded
matrix mitochondrial proteins in HD-homo cells (27). Consis-
tent with this previous report, we also observed a significant
reduction in the Idh3a, Slc25a24, and Pck2 protein levels,
while Clpp and Me2 showed a decreasing trend that did not
reach statistical significance. Thus, independent studies have
validated the occurrence of defective mitochondrial pro-
teomes in HD. Nevertheless, our high-throughput methodol-
ogy has now further advanced the characterization of
mitochondrial transcript-specific changes to uncover dynamic
translational modifications in HD. For simplicity, the altered
transcripts could be grouped into two broad categories
comparing control versus HD cells: (1) transcripts that had
high ribosome occupancy but a diminished or similar protein
content (e.g., mt-nd1 and prkl12a) and (2) transcripts that had
similar ribosome occupancy but diminished or higher protein
levels (e.g., Cox7a2l, Cavin1, and plpp3).

Taken together, our study findings demonstrate an unex-
pected dichotomy of ribosome occupancy and proteomes

16 Mol Cell Proteomics (2024) 23(4) 100746
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Altered ribosome occupancy of mitochondrially-encoded OXPHOS genes in HD

Widespread ribosome stalling
in the cytoplasm of HD cells
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Fic. 11. Model for mHTT-mediated ribosome stalling of mitochondrially encoded OXPHOS genes. We reported widespread ribosome

stalling in HD cells (35). Our model has predicted that HTT hinders the movement of ribosomes, while mHTT acquires this capability and further
obstructs ribosome mobility, leading to the inhibition of protein synthesis. Here, we report an intriguing observation regarding the ribosome
occupancy of OXPHOS mRNA transcripts in HD cells. Almost all mitochondrially encoded OXPHOS transcripts, but not the nuclear-encoded
OXPHOS transcripts, show a higher ribosome occupancy in HD cells compared to control cells. We hypothesize that the signaling mecha-
nisms by which HTT or mHTT induce ribosome loading of mt OXPHOS transcripts may originate from either the cytoplasm or the inner or outer
mitochondrial membrane. The underlying molecular process and its role in HD onset and progression remain unknown. HD, Huntington's

disease; HTT, huntingtin; mHTT, mutant huntingtin; OXPHOS, oxidative phosphorylation.

among nuclear and mitochondrially coded OXPHOS tran-
scripts due to mHTT. Defining the underlying mechanisms that
create this dichotomy of OXPHOS mRNA translation and
proteome changes, and determining their influence on mito-
chondrial structure and function, will provide a new under-
standing of HD pathogenesis and identify new therapeutic
targets.

DATA AVAILABILITY

All the data are available in the main text or the

Supplementary materials.

Supplemental Data—This article contains supplemental
data.

Funding and Additional Information—This research was
supported by funding from National Institutes of Health/National
Institute of Neurological Disorders and Stroke grant RO1-
NS087019-01A1, National Institutes of Health/National Institute of
Neurological Disorders and Stroke grant R01-NS094577-01A1,
and a grant from Cure Huntington Disease Initiative (CHDI) foun-
dation, a grant from NIH/NINDS 3R01NS128225-02S1 and a grant
from NIH/NINDS 1R21NS128564-01.

Author contributions—S. D., M. S.,G. T.,,C.S.T.,, G.C., P.
S. J., and S. S. investigation; S. D. writing—original draft; S. D.,
M.S.,G.T,C.S. T.,,G.C.,P.S. J.,, N. S,, and S. S. writing-
review and editing; N. S. and S. S. conceptualizations; N. S.
data curation; N. S. formal analysis; S. S. methodology.

Mol Cell Proteomics (2024) 23(4) 100746 17



Mitochondrial Translation Defects in HD

Conflict of

interest—Authors declare no competing

interests.

Abbreviations—The abbreviations used are: CHX, cyclo-

heximide; FDR, false discovery rate; HD, Huntington's dis-
ease; HTT, huntingtin; mHTT, mutant huntingtin; OXPHOS,
oxidative phosphorylation; RPF, ribosome-protected frag-
ment; TMT-MS, tandem mass tag-based mass spectrometry;
UCSC, University of California Santa Cruz.

Received September 21, 2023, and in revised form, February 22,

2024 Published, MCPRO Papers in Press, March 5, 2024, https://
doi.org/10.1016/j.mcpro.2024.100746

1.

10.

11.

12.

13.

14.

15.

REFERENCES

Sorbi, S., Bird, E. D., and Blass, J. P. (1983) Decreased pyruvate dehy-
drogenase complex activity in Huntington and Alzheimer brain. Ann.
Neurol. 13, 72-78

. Parker, W. D., Jr., Boyson, S. J., Luder, A. S., and Parks, J. K. (1990) Evi-

dence for a defect in NADH: ubiquinone oxidoreductase (complex I) in
Huntington's disease. Neurology 40, 1231-1234

. Gu, M., Gash, M. T., Mann, V. M., Javoy-Agid, F., Cooper, J. M., and

Schapira, A. H. (1996) Mitochondrial defect in Huntington's disease
caudate nucleus. Ann. Neurol. 39, 385-389

. Arenas, J., Campos, Y., Ribacoba, R., Martin, M. A., Rubio, J. C., Ablanedo,

P., et al. (1998) Complex | defect in muscle from patients with Hunting-
ton's disease. Ann. Neurol. 43, 397-400

. Aidt, F. H., Nielsen, S. M. B., Kanters, J., Pesta, D., Nielsen, T. T., Ngrremglle,

A., etal. (2013) Dysfunctional mitochondrial respiration in the striatum of the
Huntington's disease transgenic R6/2 mouse model. PLoS Curr. 5. https://
doi.org/10.1371/currents.hd.d8917b4862929772c5a2f2a34ef1c201

. Damiano, M., Diguet, E., Malgorn, C., D'Aurelio, M., Galvan, L., Petit, F.,

et al. (2013) A role of mitochondrial complex Il defects in genetic models
of Huntington's disease expressing N-terminal fragments of mutant
huntingtin. Hum. Mol. Genet. 22, 3869-3882

. Pandey, M., Mohanakumar, K. P., and Usha, R. (2010) Mitochondrial

functional alterations in relation to pathophysiology of Huntington's dis-
ease. J. Bioenerg. Biomembr. 42, 217-226

. Weydt, P., Pineda, V. V., Torrence, A. E., Libby, R. T., Satterfield, T. F.,

Lazarowski, E. R., et al. (2006) Thermoregulatory and metabolic defects in
Huntington's disease transgenic mice implicate PGC-1alpha in Hunting-
ton's disease neurodegeneration. Cell Metab. 4, 349-362

. Polidori, M. C., Mecocci, P., Browne, S. E., Senin, U., and Beal, M. F. (1999)

Oxidative damage to mitochondrial DNA in Huntington's disease parietal
cortex. Neurosci. Lett. 272, 53-56

Zheng, J., Winderickx, J., Franssens, V., and Liu, B. (2018) A mitochondria-
associated oxidative stress perspective on Huntington's disease. Front.
Mol. Neurosci. 11, 329

Sawa, A., Wiegand, G. W., Cooper, J., Margolis, R. L., Sharp, A. H., Lawler,
J. F., et al. (1999) Increased apoptosis of Huntington disease lympho-
blasts associated with repeat length-dependent mitochondrial depolari-
zation. Nat. Med. 5, 1194-1198

Panov, A. V., Gutekunst, C. A., Leavitt, B. R., Hayden, M. R., Burke, J. R,,
Strittmatter, W. J., et al. (2002) Early mitochondrial calcium defects in
Huntington's disease are a direct effect of polyglutamines. Nat. Neurosci.
5, 731-736

Bezprozvanny, I., and Hayden, M. R. (2004) Deranged neuronal calcium
signaling and Huntington disease. Biochem. Biophys. Res. Commun.
322, 1310-1317

Shirendeb, U. P., Calkins, M. J., Manczak, M., Anekonda, V., Dufour, B.,
McBride, J. L., et al. (2012) Mutant huntingtin's interaction with mito-
chondrial protein Drp1 impairs mitochondrial biogenesis and causes
defective axonal transport and synaptic degeneration in Huntington's
disease. Hum. Mol. Genet. 21, 406-420

Haun, F., Nakamura, T., Shiu, A. D., Cho, D. H., Tsunemi, T., Holland, E. A.,
et al. (2013) S-nitrosylation of dynamin-related protein 1 mediates mutant
huntingtin-induced mitochondrial fragmentation and neuronal injury in
Huntington's disease. Antioxid. Redox Signal. 19, 1173-1184

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kim, J., Moody, J. P., Edgerly, C. K., Bordiuk, O. L., Cormier, K., Smith, K.,
et al. (2010) Mitochondrial loss, dysfunction and altered dynamics in
Huntington's disease. Hum. Mol. Genet. 19, 3919-3935

Guo, X., Disatnik, M. H., Monbureau, M., Shamloo, M., Mochly-Rosen, D.,
and Qi, X. (2013) Inhibition of mitochondrial fragmentation diminishes
Huntington's disease-associated neurodegeneration. J. Clin. Invest. 123,
5371-5388

Guo, X., Sun, X., Hu, D., Wang, Y. J., Fujioka, H., Vyas, R., et al. (2016)
VCP recruitment to mitochondria causes mitophagy impairment and
neurodegeneration in models of Huntington's disease. Nat. Commun. 7,
12646

Khalil, B., El Fissi, N., Aouane, A., Cabirol-Pol, M. J., Rival, T., and Liévens,
J. C. (2015) PINK1-induced mitophagy promotes neuroprotection in
Huntington's disease. Cell Death Dis. 6, 1617

Hwang, S., Disatnik, M. H., and Mochly-Rosen, D. (2015) Impaired GAPDH-
induced mitophagy contributes to the pathology of Huntington's disease.
EMBO Mol. Med. 7, 1307-1326

Hamilton, J., Brustovetsky, T., Sridhar, A., Pan, Y., Cummins, T. R., Meyer,
J. 8., et al. (2020) Energy metabolism and mitochondrial superoxide anion
production in pre-symptomatic striatal neurons derived from human-
induced pluripotent stem cells expressing mutant huntingtin. Mol. Neu-
robiol. 57, 668-684

Hamilton, J., Brustovetsky, T., and Brustovetsky, N. (2019) Mutant hun-
tingtin fails to directly impair brain mitochondria. J. Neurochem. 151, 716—
731

Orr, A. L., Li, S., Wang, C. E., Li, H., Wang, J., Rong, J., et al. (2008) N-
terminal mutant huntingtin associates with mitochondria and impairs
mitochondrial trafficking. J. Neurosci. 28, 2783-2792

Ratovitski, T., Chighladze, E., Arbez, N., Boronina, T., Herbrich, S., Cole, R.
N., et al. (2012) Huntingtin protein interactions altered by polyglutamine
expansion as determined by quantitative proteomic analysis. Cell Cycle
11, 2006-2021

Wang, X., Zhu, S., Pei, Z., Drozda, M., Stavrovskaya, |. G., Del Signore, S. J.,
et al. (2008) Inhibitors of cytochrome c release with therapeutic potential
for Huntington's disease. J. Neurosci. 28, 9473-9485

Choo, Y. S., Johnson, G. V. W., MacDonald, M., Detloff, P. J., and Lesort, M.
(2004) Mutant huntingtin directly increases susceptibility of mitochondria
to the calcium-induced permeability transition and cytochrome c release.
Hum. Mol. Genet. 13, 1407-1420

Yablonska, S., Ganesan, V., Ferrando, L. M., Kim, J., Pyzel, A., Baranova, O.
V., et al. (2019) Mutant huntingtin disrupts mitochondrial proteostasis by
interacting with TIM23. Proc. Natl. Acad. Sci. U. S. A. 116, 16593-16602

Fisher, K. E., Bradbury, S. P., and Coates, B. S. (2020) Prediction of mito-
chondrial genome-wide variation through sequencing of mitochondrion-
enriched extracts. Sci. Rep. 10, 19123

Wolstenholme, D. R. (1992) Genetic novelties in mitochondrial genomes of
multicellular animals. Curr. Opin. Genet. Dev. 2, 918-925

Reinecke, F., Smeitink, J. A., and van der Westhuizen, F. H. (2009) OXPHOS
gene expression and control in mitochondrial disorders. Biochim. Bio-
phys. Acta 1792, 1113-1121

Trettel, F., Rigamonti, D., Hilditch-Maguire, P., Wheeler, V. C., Sharp, A. H.,
Persichetti, F., et al. (2000) Dominant phenotypes produced by the HD
mutation in STHdh(Q111) striatal cells. Hum. Mol. Genet. 9, 2799-2809

Pryor, W. M., Biagioli, M., Shahani, N., Swarnkar, S., Huang, W. C., Page,
D. T., et al. (2014) Huntingtin promotes mTORC1 signaling in the patho-
genesis of Huntington's disease. Sci. Signal. 7, ra103

Guo, H., Ingolia, N. T., Weissman, J. S., and Bartel, D. P. (2010) Mammalian
microRNAs predominantly act to decrease target mRNA levels. Nature
466, 835-840

Miettinen, T. P., and Bjorklund, M. (2015) Modified ribosome profiling re-
veals high abundance of ribosome protected mRNA fragments derived
from 3' untranslated regions. Nucleic Acids Res. 43, 1019-1034

Eshraghi, M., Karunadharma, P. P., Blin, J., Shahani, N., Ricci, E. P., Michel,
A., et al. (2020) Mutant Huntingtin Stalls ribosomes and represses protein
synthesis in a cellular model of Huntington disease. Nat. Commun. 12,
1461

Martin, M. (2011) Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet J. 17, 10-12

Li, B., and Dewey, C. N. (2011) RSEM: accurate transcript quantification
from RNA-Seq data with or without a reference genome. BMC Bioinfor-
matics 12, 323

18 Mol Cell Proteomics (2024) 23(4) 100746

SASBMB


http://doi.org/https://doi.org/10.1016/j.mcpro.2024.100746
http://doi.org/https://doi.org/10.1016/j.mcpro.2024.100746
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref1
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref1
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref1
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref2
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref2
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref2
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref3
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref3
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref3
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref4
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref4
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref4
https://doi.org/10.1371/currents.hd.d8917b4862929772c5a2f2a34ef1c201
https://doi.org/10.1371/currents.hd.d8917b4862929772c5a2f2a34ef1c201
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref6
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref6
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref6
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref6
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref7
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref7
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref7
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref8
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref8
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref8
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref8
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref9
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref9
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref9
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref10
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref10
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref10
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref11
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref11
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref11
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref11
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref12
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref12
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref12
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref12
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref13
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref13
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref13
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref14
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref14
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref14
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref14
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref14
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref15
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref15
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref15
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref15
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref16
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref16
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref16
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref17
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref17
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref17
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref17
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref18
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref18
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref18
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref18
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref19
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref19
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref19
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref19
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref20
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref20
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref20
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref21
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref21
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref21
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref21
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref21
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref22
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref22
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref22
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref23
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref23
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref23
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref24
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref24
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref24
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref24
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref25
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref25
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref25
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref26
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref26
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref26
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref26
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref27
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref27
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref27
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref28
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref28
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref28
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref29
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref29
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref30
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref30
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref30
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref31
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref31
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref31
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref32
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref32
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref32
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref33
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref33
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref33
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref34
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref34
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref34
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref35
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref35
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref35
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref35
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref36
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref36
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref37
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref37
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref37

Mitochondrial Translation Defects in HD

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

Quinlan, A. R., and Hall, I. M. (2010) BEDTools: a flexible suite of utilities for
comparing genomic features. Bioinformatics 26, 841-842

Love, M. I., Huber, W., and Anders, S. (2014) Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15,
550

Ting, L., Rad, R., Gygi, S. P., and Haas, W. (2011) MS3 eliminates ratio
distortion in isobaric multiplexed quantitative proteomics. Nat. Methods
8, 937-940

Kall, L., Storey, J. D., and Noble, W. S. (2008) Non-parametric estimation of
posterior error probabilities associated with peptides identified by tandem
mass spectrometry. Bioinformatics 24, i42—-i48

Nesvizhskii, A. I, Keller, A., Kolker, E., and Aebersold, R. (2003) A statistical
model for identifying proteins by tandem mass spectrometry. Anal.
Chem. 75, 4646-4658

Oberg, A. L., Mahoney, D. W., Eckel-Passow, J. E., Malone, C. J., Wolf-
inger, R. D., Hill, E. G., et al. (2008) Statistical analysis of relative labeled
mass spectrometry data from complex samples using ANOVA. J. Pro-
teome Res. 7, 225-233

Nunnari, J., and Suomalainen, A. (2012) Mitochondria: in sickness and in
health. Cell 148, 1145-1159

Friedman, J. R., and Nunnari, J. (2014) Mitochondrial form and function.
Nature 505, 335-343

Calvo, S. E., and Mootha, V. K. (2010) The mitochondrial proteome and
human disease. Annu. Rev. Genomics Hum. Genet. 11, 25-44

Rath, S., Sharma, R., Gupta, R., Ast, T., Chan, C., Durham, T. J., et al. (2021)
MitoCarta3.0: an updated mitochondrial proteome now with sub-
organelle localization and pathway annotations. Nucleic Acids Res. 49,
D1541-D1547

Simon, L., Campos, A., Leyton, L., and Quest, A. F. G. (2020) Caveolin-1
function at the plasma membrane and in intracellular compartments in
cancer. Cancer Metastasis Rev. 39, 435-453

Trushina, E., Canaria, C. A., Lee, D. Y., and McMurray, C. T. (2014) Loss of
caveolin-1 expression in knock-in mouse model of Huntington's disease
suppresses pathophysiology in vivo. Hum. Mol. Genet. 23, 129-144

Borna, N. N., Kishita, Y., Kohda, M., Lim, S. C., Shimura, M., Wu, Y., et al.
(2019) Mitochondrial ribosomal protein PTCD3 mutations cause oxidative
phosphorylation defects with Leigh syndrome. Neurogenetics 20, 9-25

Luo, Z., Zeng, W., Tang, W., Long, T., Zhang, J., Xie, X., et al. (2014) CD147
interacts with NDUFS6 in regulating mitochondrial complex | activity and
the mitochondrial apoptotic pathway in human malignant melanoma
cells. Curr. Mol. Med. 14, 1252-1264

Ingolia, N. T., Ghaemmaghami, S., Newman, J. R. S., and Weissman, J. S.
(2009) Genome-wide analysis in vivo of translation with nucleotide res-
olution using ribosome profiling. Science 324, 218-223

Greenbaum, D., Colangelo, C., Williams, K., and Gerstein, M. (2003)
Comparing protein abundance and mRNA expression levels on a
genomic scale. Genome Biol. 4, 117

Blevins, W. R., Tavella, T., Moro, S. G., Blasco-Moreno, B., Closa-Mos-
quera, A., Diez, J., et al. (2019) Extensive post-transcriptional buffering of
gene expression in the response to severe oxidative stress in baker's
yeast. Sci. Rep. 9, 11005

Rothman, S. M. (1999) Mutations of the mitochondrial genome: clinical
overview and possible pathophysiology of cell damage. Biochem. Soc.
Symp. 66, 111-122

Krieger, C., and Duchen, M. R. (2002) Mitochondria, Ca2+ and neurode-
generative disease. Eur. J. Pharmacol. 447, 177-188

Swerdlow, R. H., and Khan, S. M. (2004) A “mitochondrial cascade hy-
pothesis” for sporadic Alzheimer's disease. Med. Hypotheses 63, 8-20

Poole, A. C., Thomas, R. E., Andrews, L. A., McBride, H. M., Whitworth, A.
J., and Pallanck, L. J. (2008) The PINK1/Parkin pathway regulates mito-
chondrial morphology. Proc. Natl. Acad. Sci. U. S. A. 105, 1638-1643

Magrane, J., and Manfredi, G. (2009) Mitochondrial function, morphology,
and axonal transport in amyotrophic lateral sclerosis. Antioxid. Redox
Signal. 11, 1615-1626

Ramonet, D., Perier, C., Recasens, A., Dehay, B., Bové, J., Costa, V., et al.
(2013) Optic atrophy 1 mediates mitochondria remodeling and dopami-
nergic neurodegeneration linked to complex | deficiency. Cell Death
Differ. 20, 77-85

Lane, D. J., Huang, M. L. H,, Ting, S., Sivagurunathan, S., and Richardson,
D. R. (2013) Biochemistry of cardiomyopathy in the mitochondrial disease
Friedreich's ataxia. Biochem. J. 453, 321-336

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Von Stockum, S., Nardin, A., Schrepfer, E., and Ziviani, E. (2016) Mito-
chondrial dynamics and mitophagy in Parkinson's disease: a fly point of
view. Neurobiol. Dis. 90, 58-67

Camilleri, A., Ghio, S., Caruana, M., Weckbecker, D., Schmidt, F., Kamp, F.,
et al. (2020) Tau-induced mitochondrial membrane perturbation is depen-
dent upon cardiolipin. Biochim. Biophys. Acta Biomembr. 1862, 183064

Wertz, M. H., Mitchem, M. R., Pineda, S. S., Hachigian, L. J., Lee, H., Lau,
V., et al. (2020) Genome-wide in vivo CNS screening identifies genes that
modify CNS neuronal survival and mHTT toxicity. Neuron 106, 76-89.e8

Winquist, R. J., and Gribkoff, V. K. (2020) Targeting putative components of
the mitochondrial permeability transition pore for novel therapeutics.
Biochem. Pharmacol. 177, 113995

Browne, S. E., Bowling, A. C., MacGarvey, U., Baik, M. J., Berger, S. C.,
Muaqit, M. M., et al. (1997) Oxidative damage and metabolic dysfunction in
Huntington's disease: selective vulnerability of the basal ganglia. Ann.
Neurol. 41, 646-653

Mann, V. M., Cooper, J. M., Javoy-Agid, F., Agid, Y., Jenner, P., and
Schapira, A. H. (1990) Mitochondrial function and parental sex effect in
Huntington's disease. Lancet 336, 749

Brennan, W. A., Jr,, Bird, E. D., and Aprille, J. R. (1985) Regional mito-
chondrial respiratory activity in Huntington's disease brain. J. Neuro-
chem. 44, 1948-1950

Shirendeb, U., Reddy, A. P., Manczak, M., Calkins, M. J., Mao, P., Tagle, D.
A., etal. (2011) Abnormal mitochondrial dynamics, mitochondrial loss and
mutant huntingtin oligomers in Huntington's disease: implications for
selective neuronal damage. Hum. Mol. Genet. 20, 1438-1455

Agrawal, S., Fox, J., Thyagarajan, B., and Fox, J. H. (2018) Brain mito-
chondrial iron accumulates in Huntington's disease, mediates mito-
chondrial dysfunction, and can be removed pharmacologically. Free
Radlic. Biol. Med. 120, 317-329

Browne, S. E. (2008) Mitochondria and Huntington's disease pathogenesis:
insight from genetic and chemical models. Ann. N. Y Acad. Sci. 1147,
358-382

Zarate, N., and Gomez-Pastor, R. (2020) Excitatory synapse impairment and
mitochondrial dysfunction in Huntington's disease: heat shock factor 1
(HSF1) converging mechanisms. Neural Regen. Res. 15, 69-70

Franco-Iborra, S., Plaza-Zabala, A., Montpeyo, M., Sebastian, D., Vila, M., and
Martinez-Vicente, M. (2020) Mutant HTT (huntingtin) impairs mitophagy in a
cellular model of Huntington disease. Autophagy 17, 672-689

Agrawal, S., and Fox, J. H. (2019) Novel proteomic changes in brain mito-
chondria provide insights into mitochondrial dysfunction in mouse
models of Huntington's disease. Mitochondrion 47, 318-329

Koc, E. C., and Koc, H. (2012) Regulation of mammalian mitochondrial
translation by post-translational modifications. Biochim. Biophys. Acta
1819, 1055-1066

Suen, D. F., Norris, K. L., and Youle, R. J. (2008) Mitochondrial dynamics
and apoptosis. Genes Dev. 22, 1577-1590

Morris, C., Cluet, D., and Ricci, E. P. (2021) Ribosome dynamics and mRNA
turnover, a complex relationship under constant cellular scrutiny. Wiley
Interdiscip. Rev. RNA 12, e1658

Hamilton, J., Brustovetsky, T., Khanna, R., and Brustovetsky, N. (2020)
Mutant huntingtin does not cross the mitochondrial outer membrane.
Hum. Mol. Genet. 29, 2962-2975

Yu, Z. X, Li, S. H., Evans, J., Pillarisetti, A., Li, H., and Li, X. J. (2003) Mutant
huntingtin causes context-dependent neurodegeneration in mice with
Huntington's disease. J. Neurosci. 23, 2193-2202

Couvillion, M. T., Soto, I. C., Shipkovenska, G., and Churchman, L. S. (2016)
Synchronized mitochondrial and cytosolic translation programs. Nature
533, 499-503

Ostojic, J., Panozzo, C., Bourand-Plantefol, A., Herbert, C. J., Dujardin, G.,
and Bonnefoy, N. (2016) Ribosome recycling defects modify the balance
between the synthesis and assembly of specific subunits of the oxidative
phosphorylation complexes in yeast mitochondria. Nucleic Acids Res. 44,
5785-5797

Richter-Dennerlein, R., Oeljeklaus, S., Lorenzi, I., Ronsor, C., Bareth, B.,
Schendzielorz, A. B., et al. (2016) Mitochondrial protein synthesis adapts
to influx of nuclear-encoded protein. Cell 167, 471-483.e10

Eshraghi, M., Karunadharma, P. P., Blin, J., Shahani, N., Ricci, E. P., Michel,
A., et al. (2021) Mutant Huntingtin stalls ribosomes and represses protein
synthesis in a cellular model of Huntington disease. Nat. Commun. 12,
1461

SASBMB

Mol Cell Proteomics (2024) 23(4) 100746 19


http://refhub.elsevier.com/S1535-9476(24)00036-7/sref38
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref38
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref39
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref39
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref39
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref40
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref40
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref40
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref41
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref41
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref41
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref42
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref42
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref42
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref43
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref43
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref43
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref43
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref44
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref44
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref45
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref45
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref46
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref46
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref47
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref47
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref47
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref47
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref48
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref48
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref48
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref49
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref49
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref49
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref50
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref50
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref50
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref51
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref51
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref51
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref51
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref52
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref52
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref52
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref53
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref53
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref53
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref54
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref54
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref54
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref54
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref55
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref55
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref55
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref56
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref56
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref57
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref57
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref58
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref58
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref58
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref59
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref59
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref59
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref60
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref60
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref60
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref60
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref60
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref61
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref61
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref61
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref62
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref62
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref62
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref63
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref63
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref63
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref64
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref64
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref64
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref65
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref65
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref65
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref66
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref66
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref66
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref66
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref67
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref67
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref67
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref68
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref68
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref68
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref69
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref69
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref69
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref69
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref70
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref70
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref70
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref70
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref71
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref71
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref71
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref72
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref72
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref72
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref73
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref73
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref73
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref74
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref74
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref74
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref75
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref75
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref75
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref76
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref76
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref77
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref77
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref77
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref78
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref78
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref78
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref79
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref79
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref79
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref80
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref80
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref80
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref81
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref81
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref81
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref81
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref81
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref82
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref82
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref82
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref83
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref83
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref83
http://refhub.elsevier.com/S1535-9476(24)00036-7/sref83

	Ribosome Profiling and Mass Spectrometry Reveal Widespread Mitochondrial Translation Defects in a Striatal Cell Model of Hu ...
	Experimental Procedures
	Experimental Design and Statistical Rationale
	Cell Culture
	Immunocytochemistry and Image Analysis

	Isolation of Ribosomes (Mitoribosomes and Cytoribosomes) for Profiling
	Generation of cDNA Libraries from Ribosome Protected mRNAs
	Generation of cDNA Libraries and Sequencing
	Generation of mRNA-Seq Libraries
	Ribo-Seq, RNA-Seq Quality Control, and Mapping the Reads to UCSC Browser
	TMT Quantitative Proteomics and Mass Spectrometry
	Proteomic Data Processing and Statistical Analysis
	STRING Analysis Parameters
	Isolation of Cytoplasm and Mitochondria
	Western Blot Analysis
	Statistical Analysis

	Results
	Mitochondrial Translation is Diminished in HD
	Ribosome Profiling of Ribosome-Protected Fragments from 55S and 80S Ribosomes
	Ribosome Occupancy on the Mitochondrially Encoded OXPHOS Genes is Increased in HD
	Ribosome Occupancy on the Nuclear-Encoded OXPHOS Genes Remains Largely Unaltered in HD
	Quantitative Mitochondrial Proteome Analysis of Control and HD Striatal cells
	Disparity Between the Continuous Translation of Mitochondrial mRNA and the Protein Levels in HD
	Widespread Proteome Alteration in HD Mitochondria

	Discussion
	Data Availability
	Supplemental Data
	Funding and Additional Information
	Author contributions
	References


