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Huntington’s disease (HD) is caused by polyglutamine
(polyQ) repeat expansions in the huntingtin gene. HD-causa-
tive polyQ alleles lead to protein aggregation, which is a
prerequisite for disease. Translation fidelity modifies protein
aggregation, and several studies suggest that mutating one
or two glutamine (Gln) residues in polyQ reduces aggrega-
tion. Thus, we hypothesized that missense suppression of
Gln codons with other amino acids will reduce polyQ
aggregate formation in cells. In neuroblastoma cells, we as-
sessed tRNA variants that misread Gln codons with serine
(tRNASer

C/UUG) or alanine (tRNAAla
C/UUG). The tRNAs with

the CUG anticodon were more effective at suppressing the
CAG repeats in polyQ, and serine and alanine mis-incorpora-
tion had differential impacts on polyQ. The expression of
tRNASer

CUG reduced polyQ protein production as well as
both soluble and insoluble aggregate formation. In contrast,
cells expressing tRNAAla

CUG selectively decreased insoluble
polyQ aggregate formation by 2-fold. Mass spectrometry
confirmed Ala mis-incorporation at an average level of
�20% per Gln codon. Cells expressing the missense suppres-
sor tRNAs showed no cytotoxic effects and no defects in
growth or global protein synthesis levels. Our findings
demonstrate that tRNA-dependent missense suppression of
Gln codons is well tolerated in mammalian cells and signifi-
cantly reduces polyQ levels and aggregates that cause HD.

INTRODUCTION
Huntington’s disease (HD) is one of nine hereditary neurodegenera-
tive diseases caused by an expansion of CAG (glutamine, Q) trinucle-
otide repeats.1 Exon 1 of the Huntingtin gene (HTTexon1) normally
encodes a polyglutamine (polyQ) tract ranging from 10 to 35 CAG
codons, while mutant HTT (mHTTexon1) generates an expanded
HTT protein with >35Q.2 Longer polyQ stretches encoded by unin-
terrupted CAG repeats are associated with an earlier age of onset
and increase in disease severity; however, the relationship between
polyQ length and health outcomes is variable.3,4

The HTT protein is most abundant in striatal neurons and glial cells.5

Although the cellular function of full-length HTT is not entirely un-
derstood, in neurons, HTT is associated with vesicle transport, axonal
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trafficking, and apoptotic signaling.6 HTT-containing polyQ tracts in
the pathological range exhibit a propensity to aggregate into high-
molecular-weight protein complexes enriched in b sheet structures.7

Normal cellular proteins may become tangled in the aggregates, and
their presence initiates further disruption of protein homeostasis.8

Neuronal degeneration in HD typically begins in neurons of the basal
ganglia, resulting in motor, cognitive, and psychiatric symptoms that
worsen over time due to the progressive nature of HD.9 There is
currently no cure or treatment for HD beyond those that attempt
to relieve the symptoms. Antisense oligonucleotides (ASOs) are nu-
cleic-acid-based therapeutic approaches to HD that aim to reduce
polyQ-containing protein production and aggregation.10 IONIS-
HTTRX is a non-selective total HTT-lowering ASO that recently pro-
gressed to phase 3 clinical trials. The ASO reduced mutant HTT pro-
tein levels by 20%–42% in the central nervous system, with no serious
adverse effects observed in patients. Although this trial was discontin-
ued after a patient risk/benefit assessment,10,11 the same ASO (tomi-
nersen) is now in phase 2 trials (ClinicalTrials.gov: NCT05686551) to
assess dosage levels and target patients with early-stage HD. In addi-
tion, several silencing RNA therapies are advancing through phase
1/2 clinical trials,12 and these approaches have shown reductions in
wild-type andmutant polyQ levels to 20% of those found in untreated
HD mice.13

Studies on amino acid interruptions in polyQ and the development of
peptide inhibitors to disrupt and reduce polyQ aggregation14 point
toward potential HD therapies. Biophysical studies showed that
amino acid substitutions in polyQ can reduce aggregation, while
work in mammalian cells found that proline (Pro) interruptions in
polyQ blocked aggregate formation.15,16 In another polyQ disease,
spinocerebellar ataxia type 1 (SCA1), interruptions with two histidine
(His) residues led to significant delays in the age of onset for patients
and reduced aggregation kinetics in cells.17 Fascinatingly, in the
context of reduced transfer RNA (tRNA)GlnCUG levels, cells produce
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Figure 1. Mechanisms of polyQ aggregation and

tRNA-dependent missense suppression of

huntingtin

(A) Wild-type huntingtin less than 35 glutamine repeats

does not aggregate. (B) Mutant huntingtin with an

expanded polyQ tract leads to protein aggregation and

disease. (C) Anticodon mutations in tRNAAla cause mis-

incorporation of alanine at glutamine sites in polyQ tracts.
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a higher level of +1 trans-frame species from the CAG repeat, which
contains poly-Ser peptides that modulate aggregation.18,19 Knock-
down of the tRNA modification enzyme TRMT2A in human embry-
onic kidney (HEK)293T cells caused a reduction of 103Q aggregation,
and the polyQ aggregates were less toxic than in cells with normal
TRMT2A levels.20 Elevated levels of glutamate mis-incorporation at
Gln codons were detected in TRMT2A-knockdown cells using a lucif-
erase missense reporter assay, and insoluble polyQ aggregates were
reduced in flies with TRMT2A silenced.21 Together, these studies re-
affirm that reducing polyQ aggregation is an important goal for HD
therapeutics22,23 and that mistranslation of glutamine codons may
reduce polyQ protein aggregation.

Translation fidelity relies on the accurate ligation of each tRNA with
its cognate amino acid. The aminoacyl-tRNA synthetases (aaRSs)24

select their cognate tRNA by recognizing nucleotide identity elements
in the tRNA structure.25,26 The anticodon sequence in the tRNA anti-
codon loop is commonly an identity element, yet many tRNAs
require additional or sometimes distinct identity elements for recog-
nition.25,26 For example, seryl-tRNA synthetase (SerRS), leucyl-tRNA
synthetase (LeuRS), and alanyl-tRNA synthetase (AlaRS) do not
recognize the anticodon.25,26 The major identity element for AlaRS
is the G3:U70 base pair in tRNAAla, while nucleotides in the acceptor
stem, especially the discriminator base at position 73, and the long
variable arms in serine (tRNASer) and leucine (tRNALeu) tRNAs serve
as major identity elements for their cognate aaRSs.26 Thus, single-
nucleotide substitutions in the anticodon of tRNASer, tRNALeu, or
tRNAAla genes can result in mistranslation across the entire proteome
in mammalian cells.27–29

Indeed, human genomes include both rare and surprisingly common
human tRNA variants that cause mistranslation.30 We have character-
ized natural variants found in tRNASer,27,31 tRNAAla,28 tRNAGly,28 and
tRNALeu 29 that all cause amino acidmis-incorporationwhen the tRNA
is expressed in human or murine cells. Genetic interactions between
naturally occurring human missense suppressor tRNAs and neurode-
generative alleles revealed the potential for tRNAs to impact protein ag-
2 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
gregation. In one example, a tRNASer
AGA G35A

(tRNASer
AAA) variant that occurs in 2% of indi-

viduals27 causes mis-incorporation of Ser at
phenylalanine (Phe) codons in multiple
mammalian cell lines, inhibits protein produc-
tion, and exhibits synthetic toxicity with protea-
some inhibition. In cells expressing the mutant tRNASer
AAA and

HTTexon1 74Q, polyQ aggregates were slower to form compared to
polyQ aggregates in cells expressing thewild-type tRNASer.27 In amodel
of amyotrophic lateral sclerosis (ALS), we found that the expression of
tRNASer

AAA caused synthetic or super-additive toxicity with an
ALS-causative allele but not with a wild-type variant of the fused in
sarcoma (FUS) protein in mammalian cells.31

Synthetic missense suppressor tRNAs are an emerging therapeutic
avenue that can ameliorate disease-causing mutations by incorpo-
rating a wild-type or tolerable amino acid at the mutation site.32–35

Since anticodon variants of tRNAAla and tRNASer are efficiently ami-
noacylated, they are ideal candidates for effective missense suppres-
sion. Indeed, a human tRNASer engineered to decode isoleucine
(Ile) was able to suppress translation and inhibit tumor formation
in xenograft mouse models.36 Missense suppressors can also be
used to rescue disease-causing missensemutations. In HEK293T cells,
a tRNAArg suppressor capable of misreading glutamine codons
partially corrected a pathogenic Arg-to-Gln mutation in Ca2+-acti-
vated cysteine protease calpain 3 (CAPN3) that causes limb-girdle
muscular dystrophy type 2A.33

Together, these studies suggest that missense suppressor tRNAs and
translational fidelity can impact protein production and protein ag-
gregation that causes disease. To test our hypothesis that mis-incor-
poration of different amino acids in the polyQ tract of HTT will
reduce aggregation, we designed four missense suppressor tRNAs
that cause the mis-incorporation of serine or alanine at glutamine co-
dons (Figures 1 and S1). We found that the expression of tRNASer

CUG

reduced both 23Q and 74Q protein levels and eliminated nearly all
polyQ aggregation in murine neuroblastoma cells. In contrast, cells
expressing tRNAAla

CUG reduced insoluble, but not soluble, polyQ
aggregate formation in cells. The missense suppressor tRNAs caused
no significant cytotoxic effects, changes in cell growth rate, or defects
in global protein synthesis. Our findings demonstrate that glutamine
missense suppressor tRNAs are well tolerated and inhibitory of HTT
protein production and aggregation in cells.



Table 1. Human tRNA activity-level predictions for tRNA genes

tRNAscan-SE score Average phyloP score CpG density Probability of activity Expression of ARM/CHIP

Average of active tRNAs 76.2 0.86 0.0430 92.1%

tRNA-Ala-AGC-8-1 59.7 1.63 0.0595 97.2% +/+

tRNA-Ser-AGA-2-3 89.6 0.649 0.0435 98.5% +/+

Human tRNA gene activity predictions and gene properties are derived from Thornlow et al.34 ARM, AlkB RNA methylation sequencing (ARM-seq) of tRNAs indicated expression
(+)38,41; CHIP, chromatin immunoprecipitation sequencing (CHIP-seq) data also supported expression from the indicated genomic loci (+).42,43
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RESULTS
Identifying tRNA genes used in this study

The aaRSs selective for tRNASer and tRNAAla do not use the anti-
codon sequence as an identity element. Nonsynonymous anticodon
mutations in tRNASer and tRNAAla change codon recognition
without affecting aminoacylation by the cognate aaRS. Thus, these
anticodon variants incorporate Ser or Ala at codons intended for
other amino acids, leading to mistranslated proteins.27,28 We gener-
ated missense suppressor tRNAs to mis-incorporate Ser or Ala at
Gln codons and determined their impact on polyQ protein produc-
tion and aggregation. Based on our previous experience showing
that the G35A variant of the tRNA-Ser-AGA-2-3 gene is an effective
missense suppressor of Phe codons,27 we created synthetic variants
with CUG or UUG glutamine anticodons (Figure S1). Both antico-
dons are known to decode the CAG codon37 like those in our polyQ
constructs. Since the CUG anticodon is more efficient in CAG de-
coding, we anticipated that tRNAs with the CUG anticodon may
have a greater impact on polyQ aggregation relative to missense
suppressors with the UUG anticodon. By searching the genomic
tRNA database,34,38 tRNA-Ala-AGC-8-1 was selected to create mis-
senses suppressors with glutamine anticodons (C/UUG) based on a
confident prediction of constitutive activity (97.2%; Table 1; Fig-
ure S1) and documented expression of the tRNA in human
cells.38–40

Production of polyQ proteins in normal and missense-

suppressing cells

Given the need to easily quantify polyQ protein production and ag-
gregation, we used GFP-tagged HTT alleles that are well-established
models of HD.27,44 We conducted experiments in murine Neuro2a
(N2a) neuroblastoma cells due to their long-standing use as models
of HD,27,45,46 because they are easily transfected to high efficiency,
and because they are a neuronal-like cell line similar to the native tis-
sues where HD pathology occurs.

To assess the effect of glutamine missense suppressor tRNAs on
polyQ protein production, wild-type (EGFP-23Q) or polyQ-
expanded (EGFP-74Q) and fluorescently tagged HTT alleles were
co-expressed in N2a cells from the same plasmid also expressing no
additional tRNA, wild-type tRNASer

AGA, or a tRNASer or tRNAAla

variant with UUG or CUG anticodons. We used fluorescence micro-
scopy to observe EGFP-23Q and -74Q production in live cells. At 72 h
after transfection, in comparison with cells expressing no tRNA, the
expression of wild-type tRNASer leads to a minor but significant
1.2-fold increase in 74Q and no change in 23Q levels in cells.
In contrast, in cells expressing the Gln-decoding tRNASer

CUG,
we observed significant decreases in EGFP-23Q (20-fold) and -74Q
(2-fold) fluorescence per cell (Figures 2A and 2B) relative to cells ex-
pressing no additional tRNA. The reduction in fluorescence of EGFP-
tagged 23Q and 74Q proteins in cells expressing tRNASer

CUG was
confirmed to result from reduced protein levels by western blotting
(Figures 3A and 3B). Cells expressing tRNASer

UUG showed a small
but significant 1.1-fold increase in EGFP-74Q fluorescence per cell
(Figures 2A and 2B), while cells expressing tRNAAla

CUG showed mi-
nor 1.2-fold reductions of EGFP-23Q and -74Q fluorescence per cell
(Figures 2A and 2B). The minor changes (1.1- to 1.3-fold) observed in
the fluorescence microscopy were not sufficiently different to be dis-
cernably changed in the western blot, as no significant changes in
EGFP-23Q or -73Q protein levels were seen in the western blot
from cells expressing no additional tRNA or any of the wild-type
or missense suppressor tRNAs (Figures 2C and 2D) except for
tRNASer

CUG.

To ensure that the impact on fluorescence is related to mis-incorpo-
ration in the polyQ tracts, we conducted a control experiment in
N2a cells that were transfected with a GFP-mCherry fusion protein
encoded on the same plasmid with no additional tRNA, wild-type
tRNAAla, or tRNAAla

CUG. Relative to the condition with no addi-
tional tRNA, we observed a modest but significant increase in
GFP and mCherry fluorescence per cell in cells expressing the
mutant tRNAAla and a greater increase in GFP and mCherry fluo-
rescence in cells with wild-type tRNAAla (Figure S2). Thus, the
Gln-decoding tRNAAla mutant does not diminish GFP fluorescence
and even increases GFP production in a construct lacking the polyQ
tract.

We27–29 and others47 have observed that missense suppressor tRNAs
lead to different impacts on protein homeostasis that depend on the
amino acid substitution and the anticodon sequence. Reduced protein
production efficiency is a hallmark response to mistranslation
in mammalian cells. Thus, we were not surprised to observe that
tRNASer

CUG reduces the ability of transfected cells to produce the
EGFP-polyQ constructs, while the other tRNA variants show more
minimal perturbations to protein production. To confirm these effects
on polyQ synthesis in a human cell model of HD, each tRNA suppres-
sor was next expressed in human neuroblastoma (SH-SY5Y) cells. As
in the N2a cells, EGFP fluorescence was reduced in 74Q cells express-
ing tRNASer

CUG (1.8-fold) and tRNAAla
CUG (1.4-fold) (Figures 3A
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Figure 2. EGFP-polyQ protein levels in wild-type

and mistranslating murine neuroblastoma (N2a)

cells

(A) Bright-field and fluorescent images showing EGFP-

polyQ production in cells co-expressing 23Q or 74Q and

the indicated tRNA anticodon variants 72 h post-trans-

fection. (B) Quantification of mean EGFP fluorescence per

cell shows the level of GFP-23Q or -74Q production in

individual cells. (C) Western blot and (D) quantation of the

blot for EGFP with a vinculin loading control shows that

the Gln-decoding tRNASer with the CUG anticodon re-

duces production of 23Q and 74Q, while other tRNA

variants did not substantially affect total polyQ protein

levels 72 h post-transfection. Error bars show ±1 stan-

dard deviation of the mean of n = 4 biological replicates.

Asterisks indicate p values from independent sample

t tests (n.s., no significant difference, *p < 0.05,

**p < 0.01, and ***p < 0.001).
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and 3B). However, in SH-SY5Y cells, the decrease in EGFP-23Q fluo-
rescence in cells with tRNAAla

CUG was greater (1.5-fold) than in N2a
cells (Figures 3A and 3B). In contrast, the decrease of 1.6-fold in 23Q
production caused by co-expression with tRNASer

CUG was less sub-
stantial in human relative to mouse cells.

To determine whether the tRNASer
CUG and tRNAAla

CUG glutamine
suppressors affect global protein synthesis, we used the surface
sensing of translation (SUnSET) method48 to measure protein syn-
thesis levels in SH-SY5Y cells. The SUnSET assay utilizes the amino-
acyl-tRNA analog puromycin, which is incorporated into nascent
peptide chains, to quantify global protein levels in cells through the
immunodetection of puromycin incorporated in the proteome.48

Compared to a vinculin loading control, no changes were seen in pu-
romycin levels in any of the tested cell lines. Global protein produc-
tion levels were not significantly different in cells expressing 23Q,
74Q, or the Ala or Ser missense suppressors (Figure S3). Thus, the
glutamine codon missense-suppressing tRNAs had greater impacts
on EGFP-polyQ production than on global protein levels.
4 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
To determine if the tRNA mutants induce the
integrated stress response, we next examined
phosphorylation of eukaryotic initiation factor
2a (eIF2a) (Figure S4). Increased phosphory-
lated eIF2a (p-eIF2a) levels are a hallmark of
proteotoxic stress and a signal that slows trans-
lation by inhibiting translation initiation.49,50

Mistranslation, of a sufficient kind and level,
can stimulate phosphorylation of eIF2a at
Ser51.47 We transfected SH-SY5Y cells with a
plasmid bearing GFP-23Q and no additional
tRNA or the tRNASer or tRNAAla CUG anti-
codon variants. We observed no changes in
eIF2a or p-eIF2a levels (Figure S4). We also
confirmed the tRNAs caused no significant in-
crease in the stoichiometry eIF2a phosphoryla-
tion (Figure S4E). The data suggest that the Gln-decoding tRNASer

and tRNAAla variants do not stimulate the integrated stress response
branch of the unfolded protein response (UPR) pathway in human
cells.

Missense suppression reduces polyQ aggregates in cells

To characterize the impact of Gln codon suppression with Ser or Ala
on polyQ aggregate levels, we applied an automated thresholding
approach established previously.27,51 The algorithm counts the area
and number of intensely bright foci that represent polyQ aggregates
in each transfected cell. In this approach, the intensely bright foci
(see the materials and methods) are clearly differentiated from
diffusely localized GFP-polyQ protein (Figure S5). Images were ac-
quired at 72 h after transfection of N2a cells with plasmids co-ex-
pressing the EGFP-HTTexon1-23Q or -74Q and tRNAAla or tRNASer

Gln suppressors or controls lacking additional tRNA or with wild-
type tRNA. As expected, no aggregates were observed in cells express-
ing EGFP-23Q with any of the tRNAs. In cells expressing EGFP-74Q
and no additional tRNA, tRNASer

AGA, tRNA
Ser

UUG, and tRNA
Ala

UUG



Figure 3. GFP-polyQ levels in human neuroblastoma cells

(A) Fluorescent images showing EGFP-polyQ production in cells co-expressing 23Q

or 74Q and the indicated tRNA anticodon variants 72 h post-transfection in human

SH-SY5Y cells. (B) Quantification of mean EGFP fluorescence per cell shows the

level of GFP-23Q or -74Q production in individual cells. Error bars show ±1 standard

deviation of the mean of n = 4 biological replicates. Asterisks indicate p values from

independent sample t tests (n.s., no significant difference, **p < 0.01, and

***p < 0.001).
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all showed an average 0.60–0.70 aggregates per cell with no significant
differences between their levels (Figure 4A). A �2-fold decrease to
0.36 aggregates per cell was observed in cells expressing Gln-decoding
tRNAAla

CUG compared to cells expressing 74Q and no additional
tRNA (Figure 4A). While tRNASer

CUG reduced 74Q protein levels
by 2-fold (Figures 2C and 2D), the mis-incorporation of Ser had an
even greater impact on aggregate levels. Indeed, in N2a cells express-
ing tRNASer

CUG and 74Q (Figure 2), there were no bright foci above
the background fluorescence level. Thus, tRNASer

CUG both reduces
74Q levels and nearly eliminates aggregation, while tRNAAla

CUG

acts more selectively to reduce 74Q aggregation.

To assess the missense suppressors in a homologous human cellular
context, we also observed the number of aggregates formed in hu-
man SH-SY5Y cells co-expressing the tRNA controls or missense
suppressors and EGFP-23Q or -74Q over a 72 h time course.
Between 24 and 48 h, we observed a significant increase in the
number of 74Q aggregates per cell in cells expressing tRNASer

AGA,
tRNASer

UUG, and tRNAAla
UUG, which increased from 0.1 to 0.2 to

�1.1 aggregates per cell (Figure 5). Interestingly, cells expressing
74Q and no additional tRNA did not develop as many aggregates un-
til after 48 h and then reached 1.1 aggregates per cell at 72 h
(Figures 4B and 5). In contrast, cells expressing 74Q and
tRNASer

CUG or tRNAAla
CUG showed significantly reduced levels of

polyQ aggregates at 48 h (0.2 aggregates per cell) that remained sup-
pressed at 72 h (0.4 aggregates per cell) (Figure 5A). Cells expressing
the Ala or Ser tRNAs with the CUG anticodon showed significantly
slower rates of aggregate formation compared to any other condition
(Figure 5B). Thus, both Ser and Ala missense suppressors with the
CUG anticodon inhibited 74Q aggregate formation in human and
murine neuroblastoma cells.

PolyQ aggregation produces a range of different kinds of soluble olig-
omers and insoluble aggregates. We used amembrane detergent assay
to measure the levels of insoluble polyQ aggregates in each cell line
expressing EGFP-74Q.We imaged N2a cells at 72 h after transfection,
before and immediately following treatment with Triton X-100. After
the addition of the detergent, the soluble polyQ proteins and aggre-
gates diffuse into the media and are no longer visible,52 while the
remaining fluorescent foci represent large and insoluble polyQ aggre-
gates. To measure the fraction of insoluble polyQ aggregates and the
number of insoluble aggregates remaining in cells following detergent
treatment, we applied a thresholding analysis27 to identify and
quantify aggregates in each transfected cell. Cells expressing the
non-aggregating EGFP-23Q following Triton X-100 treatment
showed no fluorescence or evidence of insoluble aggregate formation
as anticipated (Figure 6). While 74Q readily forms insoluble
aggregates, cells expressing tRNASer

CUG did not form any insoluble
74Q aggregates (Figure 6).

By comparing the ratio of fluorescence after to before detergent treat-
ment, we quantified the fraction of insoluble polyQ aggregates in each
cell line (Figure 6B). We observed no significant changes in insoluble
aggregate levels in cells expressing no additional tRNA, wild-type
tRNA, or missense suppressors with the UUG anticodons. In these
cells, insoluble aggregates account for 95%–98% of the total fluores-
cence observed in the cells prior to detergent treatment. We observed
a significant 2-fold reduction in insoluble polyQ aggregates in cells ex-
pressing tRNAAla

CUG and a nearly total elimination of insoluble ag-
gregates in cells expressing tRNASer

CUG. We then characterize the
Molecular Therapy: Nucleic Acids Vol. 36 March 2025 5
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A B Figure 4. EGFP-polyQ aggregate levels in wild-type

and missense-suppressing neuroblastoma cells

The average number of fluorescent polyQ aggregates per

cell is plotted at 72 h post-transfection of (A) murine N2a

and (B) human SH-SY5Y cells with plasmids bearing GFP-

23 or -74Q and no tRNA (�) or the indicated tRNASer or

tRNAAla anticodon mutant. Aggregates are identified as

intensely bright foci, defined as 18 standard deviations

above the mean fluorescent pixel value, and quantitated

using an automated image processing algorithm, as

described before.27 Error bars show ±1 standard

deviation of the mean of (A) n = 5 or (B) n = 3 biological

replicates. Asterisks indicate p values from independent

sample t tests (n.s., no significant difference, *p < 0.05,

**p < 0.01, and ***p < 0.001).
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mean number of insoluble aggregates per cell remaining after deter-
gent treatment (Figure 6C). We observed significant reductions
in the number of insoluble aggregates visible after detergent treat-
ment in cells expressing tRNASer

UUG (70%), tRNASer
CUG (0%),

tRNAAla
UUG (77%), and tRNAAla

CUG (55%) compared to the aggre-
gates observed in cells without additional tRNA or with wild-type
tRNA. Thus, the tRNA missense suppressors can reduce both the
fraction of insoluble polyQ protein and the number of insoluble
polyQ aggregates in cells.

In the context of N2a cells expressing either 23Q or 74Q, the Gln-de-
coding missense suppressors showed no significant cytotoxic effects
(Figure S6).We previously found that expression of 46Q or 74Q alone
is not cytotoxic in N2a cells,27 and this finding is in agreement with
observations from others showing that HTT alleles up to 150Q are
not toxic to N2a cells.53 We had also found that co-expression of
46Q with tRNASer that decodes Phe codons was not cytotoxic; how-
ever, 46Q promoted synthetic or super-additive toxicity in cells ex-
pressing a tRNA that mis-incorporates Ser at proline (Pro) codons.27

Thus, the level and kind of mis-incorporation generated by our Gln
missense suppressors was not sufficient to induce toxicity with polyQ
aggregates in N2a cells. We also measured proliferation over a 72 h
time course in SH-SY5Y cells and found that none of the polyQ or
tRNA variants impacted cell viability (Figure S7A) or the rate of
A B
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cell growth (Figure S7B). The data suggest that that levels of Ser
and Ala mis-incorporation at Gln codons are well tolerated under
the conditions tested.

Estimating soluble polyQ aggregate levels

Although most of the 74Q aggregates are insoluble (Figure 6), we
also characterized the impact of each tRNA variant on soluble polyQ
aggregate levels using semi-denaturing detergent agarose gel electro-
phoresis (SDD-AGE). SDD-AGE is a semi-quantitative method used
to visualize protein aggregates from soluble protein lysates as high-
molecular-weight products, represented by smears above a defined
band that is the monomeric or non-aggregating protein fraction.
In the cells expressing 23Q, there are no significant levels of high-
molecular-weight products as expected (Figure S8A). We again
observed significantly less polyQ protein produced by cells express-
ing tRNASer

CUG, in agreement with fluorescence microscopy (Fig-
ure 2) and western blotting (Figure 3). We observed that the 74Q
protein made in cells expressing tRNASer

CUG migrated further in
the gel, perhaps due to a higher Ser content. To estimate the level
of high-molecular-weight soluble aggregates, we used densitometry
to quantify the intensity of the 74Q smear (Figure S8B) as well as
the level of the 74Q high-molecular-weight products relative to the
level of the 74Q monomer band (Figure S8C). Similar to our obser-
vations with insoluble aggregates using microscopy (Figure 6), cells
Figure 5. Rate of polyQ aggregate formation in

human neuroblastoma cells

(A) Mean number of 74Q aggregates per cell in trans-

fected SH-SY5Y cells at 24 h intervals and (B) the rate of

74Q aggregate formation (mean number of aggregates

per cell per hour) over 72 h was calculated from the

slope of each curve in (A). Error bars show ±1 standard

deviation of the mean of n = 3 biological replicates.

Asterisks indicate p values from independent sample

t tests (n.s., no significant difference and ***p < 0.001).
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Figure 6. Suppression of insoluble 74Q aggregation

in neuroblastoma cells

N2a cells were (A) imaged 72 h after transfection with a

plasmid bearing wild-type (23Q) or deleterious (74Q)

huntingtin alleles and no additional tRNA, wild-type

tRNASer
AGA, or the Gln-decoding tRNASer or tRNAAla

before and after Triton X-100 (TX100) treatment. (B)

To estimate the fraction of total aggregates that

are insoluble, we plotted the ratio of EGFP-74Q

fluorescence from insoluble aggregates (+TX100)

compared to the fluorescence prior to detergent

treatment (�TX100). (C) The mean number of insoluble

aggregates per cell remaining following detergent

treatment was plotted. Error bars show ±1 standard

deviation of the mean of at least n = 3 biological

replicates. Asterisks indicate p values from independent

sample t tests (n.s., no significant difference, *p < 0.05,

**p < 0.01, and ***p < 0.001).
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expressing tRNASer
CUG and tRNASer

UUG displayed lower overall
levels of soluble polyQ aggregates (Figure S8B). In contrast, the
tRNAAla

CUG did not affect soluble polyQ aggregate levels (Fig-
ure S8B). We found a significant change in soluble aggregate relative
to 74Q monomer levels only in cells expressing tRNASer

UUG that
showed a reduced fraction of soluble aggregates (Figure S8C). Inter-
estingly, there was no significant change in the level of soluble 74Q
aggregates relative to monomeric 74Q protein in cells expressing
tRNASer

CUG or tRNAAla
CUG (Figure S8C). Together with our obser-

vations above, the data suggest that tRNAAla
CUG exclusively disrupts

insoluble, but not soluble, polyQ aggregates. In contrast, mis-incor-
poration with Ser shows the potential to modify both soluble and
insoluble polyQ aggregation.

tRNAAla
CUG mis-incorporates alanine into polyQ

We used liquid chromatography-tandem mass spectrometry (LC-
MS/MS) to validate tRNA-dependent mis-incorporation of Ala in
the polyQ tract produced in cells expressing EGFP-23Q (Figures 7
and S9; Tables 2 and S1). EGFP-23Q was isolated from N2a cells
expressing tRNAAla

CUG as well as from cells expressing no addi-
tional tRNA as a control. In cells expressing no additional tRNA,
we identified no peptides that corresponded to Ala mis-incorpora-
tion in the polyQ tract (Figure 7A). We found one peptide that sug-
gests Ala at two adjacent Gln residues in the EGFP portion of the
molecule (Figure S9B), which is at low abundance (Figures 7C and
7D). In contrast, MS/MS analysis of immunoprecipitated GFP-23Q
Molecular
purified from cells expressing the missense
suppressor tRNA identified multiple peptides
corresponding to Ala mis-incorporation at
nearly all of the Gln codons (17/23) in the
polyQ tract (Figure 7; Table 2) as well as in
Gln codons in the EGFP portion of the mole-
cule (Figures 7 and S9A; Table S1). To high-
light sites with relatively abundant mis-incor-
poration, Gln sites with Ala mis-incorporation
of >2% ion intensity were annotated on the peptide coverage maps
(Figures 7 and S9).

We then used the area under the monoisotopic peaks of the mis-
incorporated peptides compared to the area under the peak for the
matching properly translated peptides to estimate the level of
mistranslation observed by MS at each Gln codon. In cells expressing
EGFP-23Q and tRNAAla

CUG, we observed Ala mis-incorporation
levels of 10%–20% on average (Figure 6C). We found that the fraction
of mistranslated peptides in the polyQ tract compared to the EGFP
segment of the construct was not significantly different. The data
also show that the level of Ala mis-incorporation in the EGFP-23Q
construct is significantly greater in cells expressing tRNAAla

CUG

compared to cells expressing no additional tRNA (Figures 7C and
7D). We attempted to analyze the EGFP-74Q protein in a similar
fashion; however, due to the aggregating nature of this protein,
coverage was low, and we were not able to identify peptides covering
the polyQ tract. We successfully identify peptides representing about
half of the EGFP portion of the EGFP-74Qmolecule, including 2 sites
and 3 independent peptide hits, confirming Ala mis-incorporation at
Gln codons in the EGFP-74Q protein (Figure S10).

DISCUSSION
PolyQ protein synthesis in mistranslating cells

Our data show that missense suppressor tRNAs affect polyQ aggrega-
tion and production to different extents, depending on the cell type, the
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Table 2. Summary of peptides identified by tandem mass spectrometry

showing Gln and Ala incorporation at Gln codons in the polyQ portion of the

EGFP-23Q protein

PolyQ residue Maximal �10log10(p) Ion counts, Ala (A)/Gln (Q)

Q258 61.55 6/78

Q259 60.41 3/81

Q260 73.94 4/80

Q261 65.77 6/76

Q262 82.46 6/72

Q263 80.66 7/67

Q264 62.49 3/66

Q265 74.41 6/56

Q266 73.17 3/52

Q267 51.20 2/51

Q268 71.72 4/36

Q269 77.70 2/33

Q270 73.55 1/26

Q271 75.07 2/21

Q272 62.42 1/24

Q273 38.62 1/21

Q277 56.84 1/6

Q292a 91.14 1/7

aGln residue downstream of the poly-23Q and within HTTexon1.
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nature of the mis-incorporated amino acid, and the anticodon
sequence of the suppressor tRNA. Inmammalian cells, reducedprotein
production is a characteristic of tRNA-dependentmistranslation.5,35,47

Studies in HEK293 cells showed that the expression of a variety of
tRNASer anticodon variants reduced the level of a GFP reporter protein
in cells to different degrees.47 TheGln-decoding tRNASer led to aminor
(�10%) decrease in GFP production, while missense suppressors of
other codons, including histidine, aspartate, and isoleucine, caused
reduced GFP production by >1.5-fold.47 Here, we found that in both
murine and human neuroblastoma cells, the Gln-decoding tRNASer-

CUG significantly inhibited 23Q and 74Q production and reduced
74Q aggregation. This finding is consonant with our previous studies
on the interaction of polyQ alleles with a natural human tRNASer

AGA

G35A variant that decodes Phe codons with Ser.31,38 Mistranslation
generated by tRNASer

AAA slowed 74Q aggregation, but these cells
reached the same level of 74Q aggregation at 72 h relative to a control
cell line expressing wild-type tRNA.27 In contrast, tRNASer

CUG and
tRNAAla

CUG were able to maintain suppression of polyQ aggregates
over the entire 72 h time course. While the tRNASer

UUG and Gln-de-
coding tRNAAla variants did not impact polyQproduction inN2a cells,
we did observe reduced levels of EGFP-23Q and 74Q in human neuro-
blastoma cells expressing tRNAAla

CUG. Fascinatingly, none of the Gln-
decoding missense suppressors impacted puromycin incorporation
(Figure S3), suggesting a limited impact on global protein synthesis
levels and a relatively greater andmore selective impact on polyQ pro-
tein production and aggregation.
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Differential impacts of tRNAAla
CUG in human as compared to

mouse cells may relate to differences in the expression level of the
tRNA in the specific genetic background. In future studies, beyond
the scope of this work, we will use quantitative tRNA sequencing
approaches, as before,29 to determine the level of each suppressor
tRNA in each cell line. Since our mutant tRNAs differ by only 1
or 2 bases from the host background, tRNA sequencing methods
emerged as the definitive method to quantify tRNA variants.
Outside of the internal A and B box promoter sequences in the
tRNA gene body, upstream and downstream extragenic sequences
contain important transcriptional regulatory elements.54 Indeed,
detailed studies revealed sequences in the region 18–66 bases up-
stream of the tRNA body that were critical for efficient expression
and activity of a tRNASer nonsense suppressor in mammalian
cells.55 Sequences flanking the tRNA body are generally not well
conserved, even among tRNA isodecoder groups.54 Differences be-
tween the mouse and human tRNA gene sequences, both in the
tRNA gene body and in the up- and downstream regions (Fig-
ure S11), may contribute to differential expression and maturation
of the tRNAs through a mechanism that is dependent on the host
expression system.

Missense tRNA suppressors differentially impact soluble and

insoluble polyQ aggregation

HTT is a large protein of 3,144 amino acid residues and a mass of
�350 kDa. Aggregation of HTT is a prerequisite to disease and linked
to HD pathology.56 In mice expressing a 102Q allele, initial neuropa-
thology of HD stems from axonal transport dysfunction and degen-
eration linked to aggregate formation.57 Changes in the size and num-
ber of dendrites in the striatum and cortex were observed in HD
mouse models,58,59 and neutrophil aggregates large enough to disrupt
dendritic transport were also observed in the same tissues.60 In HTT-
138Q flies, the reduction of aggregation increased the lifespan, and no
occurrences of reduced aggregation without improved viability were
identified, suggesting aggregates as the toxic species in this model.61

Moreover, quantitative analysis of aggregation kinetics in neurons re-
vealed a connection between the biophysics of polyQ aggregation and
age of onset and disease progression.62,63 Interestingly, mice express-
ing full-length HTT with 140Q crossed with mice with a polyQ dele-
tion experienced reduced aggregation and enhanced lifespan and
showed only a mild HD phenotype compared to uncrossed 140Q
mice.64

In normal cells and disease pathology, numerous studies have
demonstrated that proteolytic cleavage of full-length HTT yields
several amino-terminal fragments, the smallest of which is exon 1
that contains the pathogenic polyQ stretch associated with
HD.65–68 Furthermore, the HTT mRNA transcript can be subject
to aberrant splicing, leading to the translation of the disease-causing
HTTexon1 protein in HD human fibroblasts and mouse models.69

Indeed, the insertion of HTTexon1-116Q in the genome triggers a
progressing HD phenotype in transgenic mice within just 3 weeks.70

HTTexon1 constructs also readily recapitulate the HD polyQ
aggregation phenotype.71 Thus, our studies employed fluorescently
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Figure 7. Tandemmass spectrometry reveals tRNA-

dependent mis-incorporation of alanine in polyQ

Peptide coverage maps of tandem mass spectrometry

analysis that were used to detect alanine mis-incorpora-

tion at glutamine sites in GFP-tagged HTTexon1-23Q

isolated from N2a cells expressing (A) no additional tRNA

or (B) tRNAAla
CUG at 72 h post-transfection. (C) For all

mistranslated peptides identified, the level of missense

suppression was estimated by calculating the ratio of

area under the isotopic peak for the mis-incorporated a

peptide (mistranslation) relative to that of a corresponding

wild-type peptide (accurate translation). (D) Logarithmic

plot of the percentage of mistranslated peptides relative

to properly translated peptides at glutamine codons in the

EGFP sequence and the polyQ tract. (E) Example mirror y

and b ion spectra comparing mistranslated (top) to a

corresponding properly translated peptide (bottom).

Lowercase q’s in purple boxes indicate sites of alanine

mis-incorporation at glutamine codons. Error bars

show ±1 standard deviation of the mean of n = 3 bio-

logical replicates. Asterisks indicate p values from inde-

pendent sample t tests (n.s., no significant difference and

**p < 0.01).
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labeled polyQ alleles to enable the quantitation of HTT aggregates in
live cells. We demonstrated that the co-expression of 74Q and
missense suppressor tRNAAla

CUG is sufficient to decrease insoluble
polyQ aggregation by 2-fold without a significant impact on 74Q
levels in murine N2a cells. MS validated Ala mis-incorporation in
the polyQ tract in cells expressing tRNAAla

CUG, confirming that
the inhibition of insoluble polyQ aggregates was caused by mis-
incorporation of Ala in polyQ. In contrast, the tRNAAla

UUG variant
showed little ability to alter total polyQ aggregation. In human neu-
roblastoma cells, we also observed that the rate of aggregate forma-
tion was significantly slower and consistently reduced over a 72 h
time course in cells expressing the tRNAAla

CUG or tRNASer
CUG sup-

pressors. Since the polyQ construct contains repeating CAG codons,
we were not surprised to find that the CUG anticodon is more im-
pactful than the UUG anticodon for both Ser and Ala missense
suppressors.

Related studies have identified other routes to impact polyQ aggre-
gation through reducing translation fidelity. Deletion of a tRNA-
modifying enzyme was shown to significantly reduce polyQ protein
aggregates. In tRNAs, U54 is converted to 5-methyl uridine (m5U)
by TRMT2A.72 HEK293T cells with a TRMT2A knockdown had a
lower abundance of 103Q insoluble aggregates. Studies using a sen-
sitive luminescent reporter showed elevated mis-incorporation of
Glu at Gln codons in the cells. Like our suppressor tRNAs, the
TRMT2A-silenced cells displayed no obvious phenotypic defects
and cell growth was similar to wild-type cells.20,21 Thus, mis-incor-
Molecular
poration generated by a tRNA or by other ge-
netic modifications can reduce translational fi-
delity at Gln codons to suppress polyQ
aggregation. Our future studies will investigate
the potential for synergy between suppressor tRNAs and TRMT2A
silencing in resolving polyQ aggregation.

Although tRNAAla
CUG was able to decrease the total aggregate level

and insoluble aggregates specifically, the effect of Ala mis-incorpo-
ration on soluble polyQ aggregation was negligible. Conversely,
the tRNASer

UUG suppressor was able to modestly reduce insoluble
and soluble aggregates with no impact on the production of the
wild-type EGFP-23Q. Although both insoluble fibrils and soluble
polyQ aggregates in HD interact with a wide range of proteins, it
is still debated which class of aggregates is the major cause of HD
pathology.73 Neurons expressing HTTexon1-97Q showed reduced
cell viability and enhanced cytotoxicity compared to neurons ex-
pressing HTTexon-25Q.74 The same study investigated polyQ aggre-
gation kinetics and found that expanded polyQ generates a domi-
nant fraction of large amyloid-like insoluble aggregates that
steadily accumulate over days, while smaller polyQ oligomers
form rapidly and then decay to exceedingly low levels after a period
of hours.74 Conversely, other studies suggest that the insoluble ag-
gregates sequester more toxic soluble oligomers.53,75–77 In future
work, our missense suppressor tRNAs may be able to provide
more insight on the role of soluble and insoluble polyQ aggregates
in clinically relevant model systems. Since tRNASer

CUG reduces
polyQ and aggregate levels, tRNASer

UUG moderately inhibits both
soluble and insoluble polyQ aggregation, and tRNAAla

CUG sup-
presses just insoluble polyQ aggregation, expressing each suppressor
in differentiated and patient-derived neurons or animal models will
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enable the definition of the role of soluble and insoluble aggregates
in neurodegeneration and HD pathology.

Therapeutic potential of tRNA missense suppressors

Although there is no cure for HD yet, current promising therapeutic
approaches include ASOs and small interfering RNAs (siRNAs)
that target the HTT mRNA. ASOs are DNA oligomers that bind
HTT pre-mRNA and block translation or target the polyQ mRNA
for degradation. In undifferentiated cells expressing EGFP-53Q and
differentiated neurons expressing EGFP-102Q, transfection of an
ASO targeting the first 20 bases following the translation initiation
site of HTT was able to inhibit EGFP-polyQ protein production.
Moreover, the frequency of cells expressing EGFP-53Q aggregates
was reduced from 8.3% to 0%.78 In a related study, an ASO consisting
of seven CUG repeats complementary to the polyQ mRNA was effec-
tive at inhibiting HTT transcript levels by 81% in patient-derived
fibroblasts.79 Similarly, siRNAs designed to target mHTT were suc-
cessful in reducing aggregation in the HEK293T cells expressing
mHTT-Q66.80 Protein aggregation was reduced by �7-fold of that
observed in the cells treated with a scrambled control.80 In compari-
son, we found that the tRNAAla

CUG suppressor inhibited aggregation
by 2-fold and the tRNASer

CUG suppressor reduced 74Q production by
2-fold and nearly eliminated polyQ aggregation in murine cells and
significantly inhibited aggregation kinetics in human cells.

Our work demonstrates that missense suppressor tRNAs are leads to-
ward urgently needed HD therapies and represent a new direction in
the emerging field of tRNA medicine.34,35,81 Indeed, nonsense-sup-
pressor tRNAs are being harnessed to ameliorate the phenotypes of
several genetic disorders caused by premature termination co-
dons.82,83 Although the application of missense suppressor tRNAs
to therapeutics is a novel route to tRNA medicine, recent studies
have already demonstrated their ability to restore partial function
of a CAPN3 R490Q pathogenic variant that causes limb-girdle
muscular dystrophy.33 Determining a therapeutic window wherein
the level of suppression produces enough wild-type protein from a
disease-causing allele is critical for the efficacy of tRNA-based thera-
pies. Moreover, tRNAs must confer clinical benefits without inducing
proteotoxic stress that overwhelms the protein quality control ma-
chinery in the cell. Our data show that tRNAs can inhibit polyQ pro-
tein production and aggregation that causes HD with no cytotoxic ef-
fects or impact on cell growth. Because the tRNASer

CUG variants
inhibited both polyQ production and aggregation without inhibiting
global protein synthesis, this tRNA will be an important lead toward
novel HD therapies. The tRNAAla

CUG variant is also an excellent
candidate for further development of missense-suppressor therapies,
and Ala mis-incorporation may be less toxic or damaging to the pro-
teome compared to others forms of missense suppression.29 While
our studies in neuroblastoma cell models of HD are promising, future
studies will focus on clinically relevant patient-derived and animal
models of HD. Therein, we will reassess the potential for Gln-
misreading tRNAs to cause toxic effects or phenotypic defects since
tRNA expression or missense-suppression levels may differ across
model systems.
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Crucial areas for further exploration of tRNA medicine involve
elucidating tissue-specific expression and efficient delivery methods
for suppressor tRNAs. We recently reviewed tRNA delivery ap-
proaches, which include viral vectors and lipid nanoparticles.35

There is particular interest in the delivery of non-integrating
tRNA genes with adeno-associated viral vectors (AAVs). Indeed,
AAV9 was already successfully used to deliver nonsense-suppressor
tRNA to the mouse, which showed efficacy up to 6 months.84 AAV9
was also used to deliver a gene therapy for spinal muscular atrophy
that was effective in producing wild-type protein for up to 6 years in
humans, eliminating the need for ventilation.85 AAV efficacy was
shown for up to 10 years in humans86 and 15 years in primates.87

Other AAVs, such as AAV-PHP.eB, demonstrated enhanced deliv-
ery to the brain in C57BL/6J mice,88 making HD an accessible dis-
ease for tRNA therapy. Indeed, mHTT-targeting siRNAs can also be
delivered to the brain with exosomes,89 and ASOs for HD have
reached clinical trials.10 Promising HD therapies currently in clin-
ical trials (e.g., AMT-130 and tominersen), including silencing
RNAs or ASOs, cannot discriminate the normal from the expanded
polyQ proteins; however, the ability to reduce expanded polyQ
levels has clinical benefit12 despite off-target effects. Similar to our
tRNA approach, we anticipate that the off-target impacts will be
tolerable to cells and that the therapeutic benefit of suppressing
expanded HTT will outweigh potential toxicity from off-target
mis-incorporation.

Our work represents a significant new approach toward realizing the
objectives of missense suppressor tRNA-based therapies by identi-
fying and characterizing missense suppressors that are well tolerated
and effective at inhibiting polyQ aggregation in mammalian cells.
This approach has the potential to alleviate the phenotypes of not
only HD but other polyQ diseases such as SCA1, -2, -6, -7, and -17,
Machado-Joseph disease (MJD/SCA3), and dentatorubral-pallidoluy-
sian atrophy (DRPLA), for which no cures exist.

Conclusion

We assessed Ser and Ala missense suppressor tRNAs to determine
their impact on polyQ protein production and aggregation. We
identified tRNAAla

CUG as an effective missense suppressor that
significantly reduced the formation of insoluble 74Q aggregates
without inducing cytotoxicity or impacting cell growth. Reduced
polyQ aggregation was achieved through mis-incorporation of Ala
into the expanded polyQ tract, which we confirmed by mass spec-
trometry. Our findings also revealed differential effects of missense
suppressor tRNAs on polyQ protein production and polyQ aggrega-
tion. Notably, tRNASer

CUG inhibited polyQ production in both mu-
rine and human neuroblastoma cells, and tRNAAla

CUG was some-
what more impactful in human as compared to murine cells,
indicating the importance of the cellular context in the application
of tRNA-based therapies. Furthermore, our study contributes to the
growing body of evidence supporting the therapeutic potential of
tRNAs for genetic diseases. Our findings hold promise for address-
ing a wide spectrum of genetic diseases caused by expanded polyQ
repeats or missense mutations.
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MATERIALS AND METHODS
Plasmids and cloning

pEGFP-derived HTTexon1 (MKAFESLKSF-[polyQ]-P11-QLPQPP)
expression plasmids were purchased from Addgene (pEGFP-Q23
#40261, pEGFP-Q74 #40262). The tRNA alanine and serine genes
were selected using tRNA activity-level predictions based on data
from human cells.34,38 The tRNA genes of interest were amplified
from the genomic DNA of HEK (HEK293T) cells via polymerase
chain reaction (PCR) following the PfuUltra II polymerase proto-
col (Agilent, CA, USA). Primers were designed to amplify �300
base pairs up- and downstream of the tRNA genes of interest.
Anticodon variants were introduced in PCR fragments using over-
lap extension PCR. PCR products were purified from a 1.5% Tris-
acetate-EDTA (TAE) agarose gel with ethidium bromide using the
GenepHlow Gel/PCR Extraction Kit (GeneAid, New Taipei City,
Taiwan). tRNA expression cassettes were inserted at the PciI
(New England Biolabs [NEB], Ipswich, MA, USA) restriction site
in pEGFP-Q23 or pEGFP-Q74-derived plasmids and ligated with
T4 DNA ligase (NEB). A WT-PAN plasmid90 (Addgene #99638)
encoding a GFP-mCherry fusion protein with no additional
tRNA or with the tRNAAla or tRNAAla

CUG mutant genes incorpo-
rated at the PciI site was used for studies of GFP-mCherry produc-
tion. Plasmid DNA for mammalian cell transfection was purified
by Midi-Prep (GeneAid) from 100 mL E. coli DH5a cultures
grown at 37�C for 16 h to A600 > 1.0. DNA concentrations were
measured using a Nanodrop 2000C (Thermo Fisher Scientific).
All plasmid sequences were verified by Sanger sequencing (Azenta
US, South Plainfield, NJ, USA), and PCR primers are listed in
Table S2.

Cell culture and fluorescence microscopy

Cell culture experiments were performed in mouse N2a neuroblas-
toma cells (ATCC #CCL-131) and human SH-SY5Y neuroblas-
toma cells (SH-SY5Y; ATCC #CRL-226) grown at 37�C with hu-
midity and 5% CO2. N2a and SH-SY5Y cells were cultured in
high-glucose Dulbecco’s modified Eagle medium (DMEM;
4.5 g/L glucose; Gibco by Life Technologies, Carlsbad, CA) con-
taining 10% fetal bovine serum (FBS; Gibco), and 1% penicillin-
streptomycin (P/S; P: 100 IU/mL; S: 100 IU/mL; Wisent Bio-
products, Montreal, QC, Canada). All plasmid transfections were
performed using Lipofectamine 3000 transfection reagent (Invitro-
gen) following the manufacturer’s instructions for the appropriate
plate size. Fluorescent images were taken on an EVOS FL auto-
fluorescent microscope (Thermo Fisher Scientific). GFP fluores-
cence was visualized using the EVOS LED GFP filter cube
(470 ± 22 nm excitation, 510 ± 42 nm emission) to capture green
fluorescence, and mCherry fluorescence was visualized using the
EVOS LED RFP filter cube (531 ± 40 nm excitation, 593 ±

40 nm emission). Images were captured at 24, 48, and/or 72 h after
transfection as indicated and quantitated by thresholding analysis
using a custom ImageJ/Fiji script.27 As we and others established
previously,27,51 the threshold to define protein aggregates (Fig-
ure S5) was set to 18 standard deviations above the mean fluores-
cent pixel value.
Cell harvest and lysis

Cells at 70% confluency were plated in 6-well plates and transfected as
above. At 72 h post-transfection, media were aspirated, and cells were
lifted in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl,
10mMNa2HPO4, 1.8mMKH2PO4 [pH7.4]) + 10mMethylenediami-
netetraacetic acid (EDTA) after 10 min of incubation at 37�C with hu-
midity and 5% CO2. Cells were resuspended and transferred to a sterile
1.5 mL Eppendorf tube and centrifuged at 500� g for 10 min at room
temperature. The supernatant was aspirated, and cell pellets were used
immediately or stored at�80�Cuntil cell lysis. Cell lysis was performed
on ice: each cell pellet was resuspended in 50mL ofmammalian cell lysis
buffer (50 mMNa2HPO4, 1 mMNa4P2O7, 20 mMNaF, 2 mM EDTA,
2mMEGTA, 1mMTritonX-100, 1mMdithiothreitol, 0.3mMphenyl-
methylsulfonyl fluoride, and 1 tablet/10 mL complete mini EDTA-free
Protease Inhibitor Cocktail). Resuspended cells were incubated on ice
for 5 min and then centrifuged at 21.1� g at 4�C for 20 min. Superna-
tants were transferred into fresh, sterile 1.5 mL Eppendorf tubes. The
Pierce bicinchoninic acid (BCA) assay (Thermo Fisher Scientific) was
used to determine lysate protein concentrations to calculate the appro-
priate loading volumes after dilution with 3� sodium dodecyl sulfate
(SDS) loading dye (0.5 M Tris-HCl [pH 6.8]; 1.12 M sucrose; 0.025%
bromophenol blue; 3.8% SDS) for western blotting.

Western blotting

Following cell harvest and lysis, 15 mg of protein from each lysate was
separated on SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
with 12% acrylamide and including protein standards (PM008-0500,
FroggaBio, Concord, ON, Canada) for size determination. After
SDS-PAGE, proteins were transferred to a polyvinylidene fluoride
(PVDF) membrane using a Trans-Blot Turbo Transfer System (25 V,
1.3 A constant for 20 min; Bio-Rad). Membranes were incubated in
blocking solution (5% bovine serum albumin [BSA], 0.1% Tween 20,
1� Tris-buffered saline [TBS]) for 1 h at room temperature. Mem-
branes were then incubated with primary antibodies at 1:500
(a-GFP, Abcam, ab32146; a-vinculin, NEB, E1E9V) in blocking solu-
tion overnight at 4�C. The following day, membranes were washed for
3 � 10 min in BSA wash solution (1% BSA, 0.1% Tween 20, 1% TBS)
and then incubated with IRDye 800CW donkey anti-rabbit (Li-Cor,
926-32213; 1:10,000 dilution) for GFP or IRDye 680RD goat anti-rab-
bit (Li-Cor, 926-68071; 1:5,000 dilution) for vinculin for 2 h at room
temperature. Membranes were washed for 3 � 10 min with 1� TBS
with 0.1% Tween 20, followed by one wash for 10 min in 1� TBS.
Membranes were imaged using fluorescence on a ChemiDoc MP
imager (Bio-Rad). For studies of GFP-mCherry production, cell
lysates were probed with specific antibodies for primary GFP and sec-
ondary IRDye800CW donkey anti-rabbit antibodies as above; the
vinculin (anti-vinculin produced in mouse, V9131, Sigma) loading
control was visualized using chemiluminescence as described before.31

Briefly, a secondary ECL anti-mouse immunoglobulin (Ig)G,
horseradish peroxidase-linked whole antibody (from sheep, GPR
NXA931V, GEHealthcare UK) was used for detection of anti-vinculin,
and chemiluminescence was conducted using the ClarityWestern Blot-
ting ECL Substrate (Bio-Rad) per the manufacturer’s instructions
and imaged using a ChemiDoc MP imager (Bio-Rad). To determine
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p-eIF2a levels, specific antibodies for eIF2a (Invitrogen, anti-EIF2a,
#AHO0802), p-eIF2a (Abcam, ab32157, anti-EIF2S51, phospho-
S51), and a vinculin loading control were used as above. The IRDye
800CW donkey anti-rabbit secondary antibody was used to detect
the eIF2a antibodies.

Protein synthesis assay

Protein synthesis was measured using the SUnSET method, which
measures the incorporation of puromycin in nascent peptide chains.
At 72 h after transfection, SH-SY5Y cells were incubated in puromy-
cin treatment media: 5 mg/mL puromycin in DMEM (10% FBS, 1%
P/S). After a 1 h incubation at 37�C, puromycin treatment was
removed and cells harvested with PBS for cell lysis as above. Samples
of 40 mg of protein were separated using 10% SDS-PAGE. Proteins
were transferred to a PVDF membrane using a Trans-Blot Turbo
Transfer System (25 V, 1.3 A, constant for 25 min; Bio-Rad) and sub-
sequently incubated in TBST buffer containing 5% BSA for 1 h at
room temperature. Membranes were then incubated at 4�C overnight
with a monoclonal puromycin antibody (clone 12D10, EMD Milli-
pore, Temecula, CA, USA, diluted 1:500 in TBST and 5% BSA w/v)
and then washed three times with TBST and 1% BSA for 10 min
each the following day. Membranes were incubated for 2 h in TBST
containing 3% skim milk plus a secondary mouse antibody (Sigma-
Aldrich, 1:5000) and then washed three times with TBST for
15 min each. Membranes were visualized on the Bio-Rad ChemiDoc
imaging system. The total lane density was analyzed using ImageJ.

SDD-AGE

N2a cells were transfected, harvested, and lysed as above. Cell lysate
containing 15 mg of protein was diluted in 3� loading dye and loaded
and separated on a 1.5% TAE agarose gel supplemented with 0.1%
SDS according to established protocols.91 Proteins were transferred
to a PVDF membrane by capillary electrophoresis overnight using
1� TAE (40 mM Tris-base, 20 mM acetic acid, 1 mM EDTA) with
0.1% SDS. EGFP-tagged polyQ aggregates were visualized by western
blotting with the anti-GFP antibody as above and imaged using fluo-
rescence on a ChemiDoc MP imager (Bio-Rad).

Triton X-100 assay

To quantify insoluble protein aggregates, a membrane detergent assay
with Triton X-100 was performed following established protocols.
Initial images were captured using the EVOS microscope 72 h after
transfection in a 96-well plate. Cells were then treated with DMEM
containing 0.25% Triton X-100 and incubated at 37�C with humidity
and 5%CO2. After 40 min, images were captured again from the same
location. The size of insoluble aggregates remaining was quantified in
ImageJ/Fiji using thresholding analysis.

Cytotoxicity and cell growth assays

The CytoTox-Glo assay (Promega, WI, USA) was used to measure
cytotoxicity in N2a cells according to the manufacturer’s instructions.
A 50 mL aliquot of assay reagent was added to each well, and an initial
luminescence reading was taken using the Synergy H1 Plate Reader
(BioTek, VT, USA). Then, 50 mL of assay buffer with digitonin was
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added to each well, and a final luminescence reading was taken.
The initial luminescence reading quantifies the population of dead
cells in each well, and the addition of digitonin determines the total
number of cells present in each well. Cell proliferation was measured
using the Cell Counting Kit (CCK)-8 (Sigma-Aldrich, 96992) assay,
which is based on the conversion of water-soluble tetrazolium salt,
WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-di-
sulfophenyl)-2H-tetrazolium, monosodium salt), to a water-soluble
formazan dye upon reduction in the presence of an electron carrier
by dehydrogenases in viable cells. SH-SY5Y cells were transfected
in 96-well plates with Lipofectamine 3000 (Invitrogen, Thermo Fisher
Scientific) according to the manufacturer’s protocol. At 6, 24, 48, and
72 h after transfection, cells were treated with 10 mL of the CCK-8 re-
agent and then incubated for 4 h at 37�C with 5% CO2 and humidity.
Absorbance was measured at A = 450 nm using the Cytation C10 im-
aging plate reader (Agilent BioTek).

MS

EGFP protein was immunoprecipitated from N2a cells expressing
EGFP-HTTexon1 23Q or 74Q with either no additional tRNA or
with tRNAAla

CUG co-expressed. At 72 h post-transfection, 10 cm
plates of transfected cells in n = 3 biological replicates were harvested
for each cell line and lysed with ice-cold lysis buffer (10 mM Tris/Cl
[pH 7.5], 150 mM NaCl, 0.5 mM EDTA, 0.5% nonidet P40 substitute
[pH 4]). EGFP-polyQ was purified through immunoprecipitation us-
ing the GFP-Trap Agarose kit (Chromotek, Munich, Germany) ac-
cording to the manufacturer’s instructions. Purified EGFP-polyQ
protein was diluted with 2� SDS-running buffer and separated using
SDS-PAGE with 10% acrylamide. Bands corresponding to EGFP-
polyQ were excised from the Coomassie-stained gel. Excised bands
were stored in 5% acetic acid and submitted for LC-MS/MS analysis
to Bioinformatics Solutions (Waterloo, ON, Canada). The protein
samples were digested with pepsin, and a trapped ion mobility spec-
troscopy time-of-flight (timsTOF) mass spectrometer (Bruker Dal-
tronics, Bremen, Germany) was used to identify alanine mis-incorpo-
ration in EGFP-23Q and EGFP-74Q proteins. Detailed MS methods
can be found in the supplemental information.

DATA AND CODE AVAILABILITY
Mass spectra were deposited in the PRIDE database. ProteomeXchange accession:
PXD053115; Project web page: http://www.ebi.ac.uk/pride/archive/projects/PXD053115;
FTP download: https://ftp.pride.ebi.ac.uk/pride/data/archive/2025/01/PXD053115.
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