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Altered tRNA expression profile associated with codon-specific
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Suicide is a major public health concern, and the number of deaths by suicide has been increasing in recent years in the US. There
are various biological risk factors for suicide, but causal molecular mechanisms remain unknown, suggesting that investigation of
novel mechanisms and integrative approaches are necessary. Transfer (t)RNAs and their modifications, including cytosine
methylation (m5C), have received little attention regarding their role in normal or diseased brain function, though they are dynamic
mediators of protein synthesis. tRNA regulation is highly interconnected with proteomic and metabolomic outcomes, suggesting
that investigating these multiple levels of molecular regulation together may elucidate more information on neural function and
suicide risk. In the current study, we used an integrative ‘omics’ approach to probe tRNA dysregulation, including tRNA expression
and tRNA m5C, proteomics, and amino acid metabolomics in prefrontal cortex from 98 subjects who died by suicide during an
episode of major depressive disorder (MDD) and neurotypical controls. While no changes were detected in amino acid content,
results showed increased tRNAGly

GCC expression in the suicide brain that is not driven by changes in m5C. Proteomics revealed
increased expression of proteins with high glycine codon GGC content, demonstrating a strong association between isoacceptor-
specific tRNA expression and proteomic outcomes in the suicide brain, which is in line with previous work linking tRNAGly with
alterations in glycine-rich proteins in a translational rodent model of depression. Further, we confirmed using a rodent model that
tRNAGly

GCC overexpression was sufficient to increase the expression of proteins with high glycine codon GGC content that were
upregulated in the suicide brain. By characterizing the effects of MDD-suicide in human PFC tissue, we now begin to elucidate a
novel molecular signature with downstream consequences for psychiatric outcomes.
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INTRODUCTION
Suicide significantly contributes to mortality among younger age
groups, and the number of suicide deaths has been increasing in
the past 20–30 years [1]. While most often associated with
diagnoses of Major Depressive Disorder (MDD), the etiology of
suicidal behavior is still unknown, although various molecular
mechanisms have been investigated throughout the years in post-
mortem brains of subjects who died by suicide [2, 3], including
genetic and epigenetic underpinnings [2, 4, 5], neurotransmitter
abnormalities [6], and alterations in neural circuitry [2]. However,
no single mechanism has been sufficient to explain the complex
cause of suicidal behavior, suggesting that novel types of
molecular pathways should be investigated.
Transfer (t)RNAs are small 70–90 nucleotide clover-leaf shaped

RNAs that serve as mediators of protein translation through
complementary binding to mRNA molecules and subsequent
deposition of an amino acid onto the growing peptide chain
during protein synthesis. In addition to canonical functions in
protein synthesis, tRNAs have been linked to several non-

canonical functions mostly related to smaller RNA molecules
derived from full length tRNAs, named tRNA fragments (tRFs),
which have been linked to translational inhibition, gene silencing,
and retroelement control, regulation of the immune response and
cell death, and other functions [7]. Notably, tRNAs are unique in
that they contain abundant epitranscriptomic modifications that
exhibit dynamic patterns of regulation that contribute to tRNA
stability and formation of tRFs.
One unexpected and surprising finding emerging from clinical

genome sequencing is that many deleterious mutations affecting
tRNAs and their structural and functional regulators are associated
with predominantly neurological and even psychiatric phenotypes
[8]. For example, some patients with heterozygous mutations in
AARS2 alanyl-tRNA-synthetase initially develop symptoms including
frontal lobe dysfunction, depression, and other psychiatric features
while in their 20s and 30s [9]. Therefore, exploration of the tRNA
regulome could open radically new avenues and treatment options
for common mood and psychosis spectrum disorders. While tRNA
modifications have not been explored in the human brain, even
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studies of full-length tRNA expression have been sparse and
inconsistent, due to large input requirements and lack of specialized
techniques for tRNA sequencing library preparations [10].
Our group recently identified a role for an abundant tRNA

modification, cytosine methylation (m5C), in brain function and
neuropsychiatric phenotypes using a mouse model. Specifically,
knockout of the main mammalian tRNA methyltransferase, Nsun2,
in the adult mouse brain reduced mature glycine tRNA (tRNAGly)
expression and impaired translation of glycine-rich synaptic
proteins while concurrently increasing glycine amino acid levels
[11]. These findings align with previous work that identifies Nsun2-
mediated tRNA methylation as a metabolic sensor of external
cellular stress, providing signals to tightly regulate translation
during oxidative stress [12–14]. Patients with a history of suicidal
ideation show increased peripheral markers for oxidative stress
[15] and proteomic abnormalities in the periphery [16, 17] and in
the postmortem suicide brain [18–20] Our previous study also
identified a bidirectional link between prefrontal cortex tRNA m5C
levels, tRNA expression, and depressive-like behavior in mice [11],
suggesting that there may be detectable changes to m5C and
tRNA expression in brains of patients who died by suicide during
an episode of MDD. Therefore, the current study aimed to
elucidate the role of the tRNA regulome on proteomic outcomes
associated with suicide by integrating multiple approaches of
tRNA quantification, proteomics, and metabolomics to identify
molecular changes in post-mortem dorsolateral prefrontal cortex
(PFC) of subjects who died by suicide during an episode of MDD
and healthy comparison subjects (see Fig. 1 for schematic).

METHODS
All methods were performed in accordance with the relevant guidelines
and regulations.

Ethics approval and consent to participate
For human tissue, written informed consent for post-mortem brain donation
was provided to the brain bank from the donors’ families. Samples were
deidentified before being transferred to Icahn School of Mount Sinai and
therefore exempt from the purview of the Institutional Review Board.
For animals, tRNAGly-high mice were generated at the Radboud University

(Nijmegen, Netherlands) and all work was approved by the national Dutch
ethics committee ‘Centrale Commissie Dierproeven’ (AVD1030020184826/
2017-0067).

Human samples
Postmortem brain tissue was obtained from the Douglas-Bell Canada Brain
Bank (Montreal, Canada). A total of 98 fresh frozen brain samples from the
dorsolateral prefrontal cortex (Brodmann area 9) were received (n= 49
MDD suicide, 49 healthy comparison). Preliminary data from our lab for
human brain cytosine methylation was initially used for statistical power
calculations using G*power software. 28 samples per group was sufficient
to provide an effect size (d) of 0.77 (from means and SDs of control and
experimental groups), with alpha= 0.05 with a power of 0.8. Because we
already obtained 49 samples per condition to further separate the suicide
group by antidepressant treatment and/or childhood trauma for additional
effects, we confirmed sufficient power for molecular analyses. Sample
characteristics are presented in Table 1. We note that sample sizes differ
slightly for each assay (presented in Results) as quality of RNA, protein, or
sequencing library determined exclusion of certain samples from analysis.
During all molecular assay preparation and initial data analysis, experi-
menter was blind to condition. Age, PMI, and pH between the cohort of
suicide and control samples were compared using the Mann–Whitney U
test. Gender, antidepressant use, and childhood abuse between the suicide
and control groups were compared with the binomial test (Table 1).

RNA isolation
Fresh frozen post-mortem tissue was homogenized with a vibrating pestle
and total RNA was extracted using Trizol reagent according to standard
protocols. Total RNA was eluted in nuclease-free water, quantified with the

Fig. 1 Schematic of experimental design. Dorsolateral prefrontal cortex (DLPFC) was dissected from fresh frozen human postmortem brains.
Samples included subjects who died by suicide during an episode of MDD (MDD suicide) and neurotypical comparison subjects. Tissue was
used for four molecular assays, including tRNA sequencing, tRNA methylation profiling, proteomics, and amino acid metabolomics.

Table 1. Demographic information for postmortem brain samples.

MDD Suicide n= 49 Comparison n= 49 MDD Suicide vs. Comparison p value

Male/female 45/4 35/14 Binomial test 0.004

Age (years) 52.7 ± 2.0 55.0 ± 2.3 Mann–Whitney test U= 1088 0.424

PMI (h) 61.4 ± 2.3 55.8 ± 3.5 Mann–Whitney test U= 994.5 0.144

pH 6.3 ± 0.2 6.3 ± 0.3 Mann–Whitney test U= 902.5 0.127

Childhood abuse 21/49 (42%) 7/49 (14%) Binomial test 1.00E-05

Mood disorder 49/49 (100%) 0/49 (0%) N/A N/A

Alcohol/drug abuse disorder 14/49 (29%) 0/49 (0%) N/A N/A

Antidepressant treatment 20/49 (41%) 3/49 (6%) Binomial test 9E-10

Data are presented as mean ± SEM
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Qubit fluorometer (Invitrogen, Carlsbad, CA), and stored at −80 °C for later
processing.

tRNA bisulfite sequencing
tRNA bisulfite sequencing was performed as described in Blaze et al. [11, 21]
and previously adapted from Bormann et al [22]. Total RNA was bisulfite
converted with the EZ RNA Methylation kit (Zymo Research) according to
manufacturer’s instructions but including an additional 2 PCR cycles to
denature tRNAs completely, as previously reported [14]. We then performed
cDNA synthesis on bisulfite-treated RNA using the reverse primer for the
tRNA isodecoder of interest, GlyGCC-1 [11, 12, 21] followed by PCR
amplification with the forward primer. tRNA amplicons were run on a 4%
agarose E-gel (Invitrogen) and appropriately sized bands were extracted and
purified (Qiaquick Gel Extraction Kit, Qiagen). Amplicon libraries were
indexed (Nextera XT, Illumina) and pooled at equimolar concentrations
followed by sequencing with 75 bp paired-end reads on the MiSeq (Illumina).

Data analysis. Raw fastq files from bisulfite sequencing data were analyzed
using BisAmp [22], a publicly available web server for quantification of
methylated reads after sequencing. For each cytosine site, methylation
percentages were calculated and analyzed using two approaches. First, a
t-test was applied to compare methylation proportions between control and
suicide groups. To account for multiple comparisons, the false discovery rate
(FDR) was controlled using the two-stage linear step-up procedure of
Benjamini, Krieger, and Yekutieli [23, 24]. To further assess the relationship
between suicide and cytosine methylation levels, a generalized linear model
(GLM) was employed using the following specification:

glm cytosine methylation � Conditionþ Genderþ Ageþ PMIð
þ pHþ Condition : Genderþ Condition : Ageþ Condition : PMI

þ Condition : pHÞ

Here, the model included fixed effects for condition (control vs. suicide),
gender, age, postmortem interval (PMI), and brain pH, along with
interaction terms between condition and these covariates. The GLM was
run using the default settings in R, which assume a Gaussian distribution
and treat methylation percentages as continuous variables.

YAMAT/UMI sequencing
Y-shaped Adapter MAture tRNA (YAMAT) sequencing with unique
molecular identifiers (UMIs) was performed as previously described
[11, 21] and originally adapted from Shigematsu and colleagues [25].
10 μg of total RNA was deacylated to remove amino acids from 3′ ends and
pre-treated to remove m1A, m1C, and m3C modifications using a
proprietary demethylation mix (Arraystar, Inc). Pre-treated RNA was
purified and forked linkers were added followed by the addition of 10X
annealing buffer (50mM Tris HCl pH 8, 100mM MgCl2, 5 mM EDTA) and
incubated overnight with T4 RNA ligase 2. Linker-ligated RNA was
incubated with RT Primer (TruSeq Small RNA Library Prep Kit, Illumina)
and reverse transcribed with Superscript III RT (Invitrogen) followed by
bead purification. Libraries were amplified using Phusion Hotstart II
Polymerase (Thermo Scientific) with primers and indexes from the TruSeq
Small RNA kit (Illumina) followed by bead purification and quantification
on the Qubit Fluorometer (Invitrogen). Confirmation of library quality and
size was performed on the Agilent Bioanalyzer (Agilent Technologies) and
8–10 libraries were pooled at equimolar concentrations to sequence with
75 bp paired-end reads on the MiSeq (Illumina).

Data analysis. Raw sequencing reads were initially processed with
UMItools for UMI extraction, followed by Cutadapt to trim adapter
sequences, and then deduplication based on the extracted UMIs [26].
Paired-end reads were subsequently merged using PEAR [27] and aligned
against a human tRNA reference genome via Bowtie2 [28]. For down-
stream analyses, only tRNA isodecoders with a minimum summed read
count of 30 from all samples were considered. Differential expression
between the control and suicide groups was analyzed using limma [29],
controlling for confounding variables such as gender, age, post-mortem
interval, and pH. The False Discovery Rate (FDR) was estimated using
bootstrap resampling, performed 10,000 times. tRNA isodecoders were
identified as significantly differentially expressed with a raw or adjusted
p-value of less than 0.1 and an absolute fold change of at least 1.5.
To analyze the effect of each confounding variable, log-transformed

counts per million (CPM) values for each tRNA isodecoder were calculated

to normalize the data. Permutational multivariate analysis of variance using
the adonis function in R was employed to assess the effects of gender, age,
postmortem interval (PMI), pH, antidepressant use, and childhood abuse
on tRNA expression levels. The analysis was conducted with the following
model:

adonis logCPM � Conditionþ Genderþ Ageþ PMIþ pHð
þ antidepressant useþ childhood abuse;method

¼ 00euclidean00;permutations ¼ 10; 000Þ

The Euclidean distance metric was used, and 10,000 permutations were
applied to ensure robust statistical inference.

Amino acid metabolomics
Unbiased metabolomic profiling of amino acids was performed as
described previously [11]. Briefly, fresh frozen post-mortem tissue was
homogenized with a vibrating pestle on ice in 80% methanol with heavy
amino acid mix standards (Cambridge Isotope Laboratories MSK-A2-1.2
mix). After centrifugation, supernatant was placed into a new tube and
dried using a SpeedVac before storage at -80 °C for later processing. Amino
acid metabolomics and data analysis were performed at the Rockefeller
Proteomics Resource Center (New York, NY) as previously described [11].

LC-MS/MS
Digestion. Fresh frozen postmortem tissue was homogenized with a
vibrating pestle in buffer containing SDS, HEPES, sucrose, and protease
inhibitors and quantified using a BCA assay (ThermoFisher). LC-MS/MS was
performed at the Rockefeller Proteomics Resource Center (New York, NY)
as previously described [11].

Data analysis. Raw data was searched using MaxQuant v. 1.6.6.0 using
standard settings. Spectra were queried against the Homo sapien
proteome (obtained from uniprot.org) with a false discovery rate (FDR)
of 1% applied on PSM, peptide and protein level. Ratio-compression from
co-fragmention was minimized by requiring a minimum peptide
interference factor (PIF) of 0.75. Further data analysis was performed
within the Perseus framework. Raw intensity data underwent differential
analysis using limma [29]. Confounding variables including gender, age,
post-mortem interval, and pH were accounted for when assessing
differential expression between the control and suicide groups. The False
Discovery Rate (FDR) was calculated using bootstrap resampling,
conducted 10,000 times. Proteins were considered significantly differen-
tially expressed if they had an adjusted p-value of less than 0.1 and an
absolute fold change of at least 1.2.

Codon content analysis: A generalized linear model (GLM) was applied
to assess the impact of codon usage on changes in protein expression:

logðfold changeÞ � codonusage

Here, log(fold change) represents the log-transformed protein expression
fold change between suicide and control groups, after controlling for
gender, age, postmortem interval (PMI), and pH. Codon usage was defined
as the frequency of each codon, calculated as the codon count divided by
the total protein length. All codons, except the start and stop codons, were
included as predictor variables in the model. For codons not present in a
protein, a value of zero was assigned. The GLM was run using the default
settings in R, assuming that the log-transformed fold change follows a
normal distribution. All analyses were conducted in R.

tRNAGly-high mice
tRNAGly-high mice were generated by the Storkebaum lab as described
previously [30]. Briefly, to generate this mouse line, a 1798 base-pair
genomic DNA fragment containing the chr8.trna383-Gly-GCC and
chr8.trna384-Gly-GCC genes was PCR amplified, cloned, purified, and
microinjected into C57BL/6 zygotes. Mice with this allele express ~27
copies a genomic transgene containing two tRNA-GlyGCC genes and were
compared to wild-type mice without the transgene. Genotype was
confirmed with copy number assays using Taqman probes and
quantitative real-time PCR as described previously [30]. For the current
experiment, 10-month old mice (n= 3 male/3 female/genotype) were
sacrificed with carbon dioxide and brains were immediately removed and
flash frozen for later analysis. No experimental blinding was done.
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Western blot
Mouse cortical tissue was homogenized using a vibrating pestle in buffer
containing SDS, HEPES, sucrose, and protease/phosphatase inhibitors
(Roche, cat# 04693159001 and cat# 04906845001) to obtain whole cell
lysate and quantified using a BCA assay. Purified protein was denatured at
95 °C for 10min and then electrophoresed on 4–12% NuPAGE Bis-Tris
protein gels (Invitrogen) in Novex SDS running buffer (Invitrogen). Gels
were transferred to nitrocellulose membranes using the Trans-blot Turbo
Transfer system (Bio-Rad). Membranes were then incubated with blocking
buffer (5% milk) followed by overnight incubation at primary antibody in
blocking buffer. Primary antibodies were REEP1 (Proteintech, 1:500) and
actin (Cell Signaling Technology, 1:5000). Membranes were washed three
times and incubated with a fluorescent secondary antibody (Alexa Fluor
647-conjugated anti-rabbit IgG #711-605-152, Jackson ImmunoResearch
Laboratories Inc.) for 1 h at room temperature, followed by another three
washes. Bands were imaged on a ChemiDoc (BioRad) before quantification
with NIH ImageJ software. An unpaired t-test was used to compare
conditions and significance was denoted at p < 0.05.

RESULTS
Increased levels of tRNAGly

GCC are present in the MDD-suicide
DLPFC but not associated with site-specific m5C
We first sought to determine if there were any changes in the tRNA
regulome in the brains of subjects who died by suicide during an
episode of MDD (MDD suicide) vs. healthy comparison subjects. To
perform an unbiased screen of the tRNAome, we performed
YAMATseq on total RNA from the DLPFC (Brodmann Area 9) of
MDD suicide (n= 33) vs. neurotypical comparison subjects (n= 32).
We reliably detected 138 isodecoders, which are tRNAs with the
differing body sequences but the same anticodon, in all samples, and
found one differentially expressed tRNA isodecoder: Gly-GCC-3 after
FDR correlation (adjusted p < 0.1, abs (FC) ≥ 1.5) (Fig. 2; Supplemen-
tary Table 1). Due to the exploratory nature of this work, we also
lowered the stringency of the analysis by identifying differentially
expressed tRNAs using an unadjusted (raw) p value < 0.1 and found
two additional differentially expressed tRNA isodecoders Gly-GCC-5,
and Lys-TTT-3 (raw p < 0.1, abs (FC) ≥ 1.5) (Supplementary Fig. 1;
Supplementary Table 1). While Gly-GCC-3 and Gly-GCC-5 were both
significantly increased in suicide vs. comparison brains, Lys-TTT-3 was
significantly decreased. This data was obtained after controlling for
age, sex, post-mortem interval (PMI), and pH. We also employed
permutational multivariate analysis of variance to check effects of
each covariate including suicide, gender, age, PMI, pH, childhood
abuse, and antidepressant at time of death on global tRNA expression
(Supplementary Table 2), and only found a global effect of age on the
tRNAome.
Our previous study in mouse cerebral cortex [11] showed a

selective alteration in tRNAGly after the neuronal loss of Nsun2-

mediated m5C, therefore we wondered whether the observed
increase in tRNAGly

GCC isodecoders in the MDD-suicide PFC was
perhaps driven by alterations in the level of m5C at the five known
tRNAGly m5C sites (Fig. 2b, left; Supplementary Table 3). To
explore, we performed bisulfite tRNA sequencing specifically at
the tRNAGly

GCC locus and found no significant differences between
MDD suicide (n= 49) and comparison (n= 48) brains after
controlling for gender, age, PMI, and pH (Fig. 2b, right),
suggesting another mechanism outside of cytosine methylation
may be driving the increase in tRNAGly

GCC.

No change in glycine amino acid levels in the MDD
suicide brain
We showed previously in mouse cerebral cortex that a change in
glycine tRNA expression driven by Nsun2 deficit was associated
with a dramatic, >2-fold increase in glycine amino acid levels [11].
Therefore, we hypothesized that the observed increase in
tRNAGly

GCC in the PFC of MDD-suicide subjects may be accom-
panied by changes in glycine amino acid levels. To explore, we
used an unbiased metabolomic approach and reliably detected 16
of the 20 canonical amino acids in all samples, including glycine.
We found no significant changes in glycine amino acid levels
between groups (n= 49/group) after controlling for confounding
variables (p= 0.742) (Supplementary Fig. 2a, b; Supplementary
Table 4). We likewise found no significant change in other amino
acids after FDR correction. However, when lowering the stringency
threshold (raw p values < 0.1), we still found no changes in glycine
but found significant decreases in levels of phenylalanine
(p= 0.039), tyrosine (p= 0.040), and alanine (p= 0.032), and a
significant increase in aspartate (p= 0.0002) in MDD suicide brains
vs. comparison (Supplementary Fig. 2a, b; Supplementary Table 4).

Proteomic changes in the MDD suicide brain are associated
with glycine codon usage
To assess whether the significant increase in tRNAGly

GCC levels in
the MDD-suicide PFC was associated with altered proteomic
outcomes, we performed LC-MS/MS on MDD suicide and
comparison DLPFC samples and detected 2188 proteins. Among
the detected proteins, 36 proteins were significantly altered in the
MDD suicide group (n= 43) vs. neurotypical comparison (n= 41),
including 2 proteins decreased and 34 increased (adj. p < 0.1, abs
(FC) ≥ 1.2) (Fig. 3a; Supplementary Table 5). We conclude that our
diseased PFC specimens are not affected by gross abnormalities in
the bulk proteome. Of the differentially expressed proteins,
we identified the top 10 gene ontology categories using
Ingenuity Pathway Analysis which included some involved in
immune function, cell signaling, and amino acid degradation

Fig. 2 tRNA profiling in MDD suicide brains. a YAMATseq was performed in DLPFC tissue, and we detected 138 unique isodecoders in MDD
suicide (n= 33) vs. healthy comparison subjects (n= 32). Note the differentially expressed tRNA isodecoder, Gly-GCC-3, after FDR correction
and controlling for gender, age, PMI, and pH (adj. p < 0.1, abs (FC) ≥ 1.5). b Bisulfite tRNA sequencing performed at the tRNAGly

GCC locus (left).
Right, no significant differences between MDD suicide (n= 49) and comparison (n= 48) brains were found at any m5C site.
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(Supplementary Fig. 3a). However, it has been established that
tRNA abundance is a key determinant for translational elongation
rates during protein biogenesis, including codon-specific variabil-
ities in ribosome speed along mRNAs [31–33]. Therefore, we
hypothesized that the increase in tRNAGly

GCC in the PFC of MDD-
suicide brains, as reported here, could be associated with an
increase in glycine codon usage and altered expression of Gly-rich
proteins. To explore, we quantified proteome-wide codon usage
(defined as the usage frequency of each codon or usage count/
protein length) in our diseased and control brains. Thus, from a
total of 61 anticodons, 12 showed significant disease-associated
alterations in codon-usage (FDR adj. p < 0.05, Generalized linear
model), with two out of four glycine codons showing a significant
increase in codon usage (Fig. 3b). These included codon GGC,
which codes for the tRNAGly

GCC anticodon, and codon GGG which
codes for the tRNAGly

CCC anticodon (p= 0.043 and p= 0.018
respectively; Generalized linear model) (Fig. 3b; Supplementary
Table 6). Given these findings, we hypothesized that transcripts
with high GGC codon content may be particularly affected by the
abnormal elevation of tRNAGly

GCC levels in the MDD-suicide PFC.
Indeed, proteins in the 5th percentile as it pertains to GGC codon
content showed a significant increase in expression in the MDD
suicide group compared to the rest of the proteome (Mann-
Whitney U test, one-tailed due to a priori hypothesis of GGC codon
usage in this cohort, p= 0.03) (Fig. 3c). A representative example
would be the REEP1 protein, a regulator of adrenergic receptor
cell surface expression [34] and encoded by a gene ranking in the
top 1% for GGC codon usage (GGC codon usage frequency >0.08
(Fig. 3a, d). We therefore performed a correlation of tRNAGly-GCC-
3 expression vs. REEP1 expression for each subject (Supplemen-
tary Fig. 3b). We showed a weak positive correlation (r2= 0.033,
p= 0.186) which was strengthened when we excluded one
statistical outlier detected using Grubb’s test (r2= 0.056,
p= 0.089). While we note that this relationship would likely also

be strengthened by increasing the sample size, we now provide
preliminary integration of tRNA and protein data confirming
codon-specific changes in protein content relating to tRNA
expression.
We note that significantly increased proteins in the suicide brain

were also enriched for codon AAA, which is associated with the
decreased tRNA-Lys-TTT isodecoder (Fig. 3b; Supplementary
Table 6). This is the opposite pattern we would expect, as loss
of tRNA expression has been associated with depletion of proteins
associated with specific tRNA isodecoders [11, 35, 36]. However,
tRNALys

TTT has 11 total isodecoders, so it likely that there may be
compensation for the one dysregulated isodecoder. Conversely,
tRNAGly

GCC has 5 total isodecoders, and increased expression of
two out of five isodecoders seems to have a more potent effect on
protein dysregulation in the suicide brain.

tRNAGly
GCC overexpression increases the expression of protein

with high glycine GGC codon content, REEP1
In the postmortem human suicide brain, we identified increased
expression of proteins with high glycine codon GGC content
which was associated with increased expression of tRNAGly

GCC, but
we were thus far unable to identify if the tRNA change could be
causally related to translational efficiency. Therefore, to infer a
causal role of tRNA expression on expression of codon-biased
proteins, we used a mouse model of tRNAGly

GCC overexpression in
which mice harbor ~27 copies of a transgene expressing two
tRNA-Gly-GCC genes, leading to an additional ~54 copies of tRNA-
Gly-GCC (tRNAGly-high) compared to wild-type controls lacking the
transgene [30] (Fig. 4a, b; n= 6 tRNAGly-high/6 WT; unpaired t-test,
t(10)= 18.96, p < 0.0001, two-tailed; ****p < 0.0001). We then
sought to determine whether mice with overexpression of
tRNAGly

GCC have higher levels of REEP1, the protein that was
increased in the human suicide brain and is in the top 1% of
proteins for GGC codon content. Indeed, we identified a

Fig. 3 Codon-specific proteomic changes in the MDD suicide brain. a LC-MS/MS on MDD suicide (n= 43) and healthy comparison (n= 41)
DLPFC samples. Among the 2188 detected proteins, 2 proteins were significantly decreased and 34 were significantly increased in the MDD
suicide vs. comparison group (adj. p < 0.1, abs (FC) ≥ 1.2). b Proteome-wide codon usage in MDD suicide vs. comparison brains. 12 out of 61
total codons were significantly associated with MDD suicide (FDR adj. p < 0.05, Generalized linear model), including two glycine codons
(codon GGC (p= 0.043) which codes for the tRNAGly

GCC anticodon, and codon GGG (p= 0.018) which codes for the tRNAGly
CCC anticodon)

which showed a significant increase in codon usage in the MDD suicide group vs. comparison (Generalized linear model). c MDD suicide vs.
comparison changes in expression of proteins with codon GGC usage frequency in the top 5% vs. remaining proteins (Mann-Whitney U test,
one-tailed, p= 0.03). d Representative example REEP1 protein which ranks in the top 1% for GGC codon usage (GGC codon usage frequency
>0.08).
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significant increase in REEP1 protein in tRNAGly-high cortex
compared to wild-type controls (n= 6 tRNAGly-high/6 WT; unpaired
t-test, t(10)= 2.492, p= 0.0319, two-tailed) (Fig. 4c), demonstrat-
ing that increased expression of REEP1 in the human suicide brain
may be causally related to the selective increase in tRNAGly

GCC.

DISCUSSION
Here, we used an integrative ‘omics’ approach applying tRNA-seq
and tRNA methylation profiling together with proteomic and
metabolomic assessments to explore the tRNA regulome in the PFC
of MDD-suicide subjects and controls. Our study presents to the
best of our knowledge the first example of how in the human brain,
alterations in the tRNA pool could lead to codon-biased translation.
Similar principles may apply to the mouse brain, as we demonstrate
here that mice overexpressing tRNAGlyGCC show an enrichment of
REEP1 protein levels in brain, directly modeling the changes seen in
the suicide human brain. To our knowledge, aside from previous
reports of codon-based translation in human peripheral tissue in
cancer [37, 38], the only other investigation of this level of analysis in
the brain is in the mouse hippocampus. It has been reported that
deletion of tRNA-Arg-TCT-4-1 in mice, one out of four tRNAArgUCU
isodecoders in the mouse genome, decreases tRNAArg

UCU levels in
the brain and impairs translational processes specifically at the AGA
codon in brain ribosomes [35, 36], leading to altered neuronal
function in the hippocampus [36].
tRNAs, although considered ‘basic’ elements in a cell’s transla-

tional machinery, bear promise for mechanistic insights and

potential therapeutic options for neuropsychiatric disease. While
we note that to our knowledge no previous studies directly link
tRNA function with psychiatric outcomes as demonstrated here,
but there is increasing evidence for tRNA pathways, particularly
involving tRNA aminoacylation, being linked to psychopathology
in the clinical population [8]. For example, serum level genetic
determinants for 486 metabolites revealed a link between
aminoacyl-tRNA biosynthesis and common risk variants associated
with depression and ADHD [39], demonstrating that tRNAs are
implicated in psychiatric disease using functional analyses of
genome-wide association studies. Additionally, a recent study
exploring metabolomic profiles in rodent models for stress-
induced depression identified tRNA charging among the top 5
ranking pathways significantly affected in the depressed brain
[40]. Our study now adds to this growing body of literature
showing that tRNA function is involved in psychopathology and
adds the crucial component of direct measurement of the
tRNAome in the human brain.
The striking specificity of the tRNAGly

GCC alteration in our PFC
MDD-suicide samples is interesting from the perspective of recent
mouse work in which depletion of the tRNA methyltransferase
NSUN2 produced a specific deficit in expression of multiple
tRNAGly isodecoders, including tRNAGly

GCC, while the majority of
the tRNAome remained intact [11]. Mice with depleted tRNAGly

displayed decreased depressive-like behavior in tests of behavioral
despair [11], which when combined with our current study
suggests that depressive-like behavior in both human subjects
and mouse models may depend on a delicate balance of levels of

Fig. 4 tRNAGly
GCC overexpression in mouse increases the expression of protein with high glycine GGC codon content, REEP1. a Mouse

model of tRNAGly
GCC overexpression in which mice harbor ~27 copies of a transgene expressing two tRNA-Gly-GCC genes, leading to an

additional ~54 copies of tRNA-Gly-GCC (tRNAGly-high) compared to wild-type controls lacking the transgene. b Taqman copy number assay
demonstrated a significant increase in transgene copy number in tRNAGly-high mice compared to WT control mice (n= 6 tRNAGly-high/6 WT;
unpaired t-test, t(10)= 18.96, p < 0.0001, two-tailed; ****p < 0.0001). c Western blot for REEP1 protein expression in tRNAGly-high cortex
compared to wild-type controls and using actin as a loading control (n= 6 tRNAGly-high/6 WT; unpaired t-test, t(10)= 2.492, p= 0.0319, two-
tailed; *p < 0.05).
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tRNAGly. We note that mice with a selective deficit in tRNAGly show
an anti-depressant-like phenotype, while the MDD suicide brain is
linked to an increase in tRNAGly, providing a potentially interesting
inverse correlation of tRNAGly with depressive behavior in humans
and mice.
Of note, tRNA stability and function (including translation) in the

brain and other tissues are heavily regulated by a large number of
site- and residue-specific covalent modifications [41, 42]. There-
fore, while we did not detect any changes in methyl m5C levels at
tRNAGly

GCC in the MDD suicide brain, it remains to be determined
whether there is a dysregulation for any other chemical
modifications at tRNAGly

GCC including m2G, pseudouridine, and
dihydrouridine [43]. It is noteworthy that brain function and
behavior could also be impacted by altered chemical modifica-
tions of additional, non-glycine tRNAs. For example, wybutosine
and 2′-O-methylation at the phenylalanine tRNA (tRNAPhe)
reportedly deplete the tRNAPhe tRNA pool and disrupts translation
efficiencies for phenylalanine codons, producing memory deficits
and increased anxiety in mice [44].
A surprising finding from our integrative ‘omics’ study was the

absence of glycine amino acid alteration in the MDD suicide brain.
Alterations in tRNA expression have been associated with large
changes in amino acid content [11, 36], suggesting that changes
in tRNAGly in the suicide brain may produce a change in glycine
amino acid, but no changes to glycine were detected. However,
there is evidence for considerable individual variation in amino
acid levels in various tissues (including the brain) among human
subjects [45], and concentrations of amino acids have been
primarily measured in depressed patients through peripheral
measures, including cerebrospinal fluid or interstitial fluid (CSF or
ISF) [46, 47] and blood [48–51]. We note a recent study, assessing
plasma in patients with suicidal ideation has revealed alterations
in amino acids including glycine [52].
Although we did not detect changes in glycine, our metabo-

lomics assay identified three other amino acids that were
decreased in the MDD suicide brain, including phenylalanine
and tyrosine. Interestingly, these changes are also linked to an
increase in PCBD1 in the suicide brain, a protein identified in our
unbiased LC-MS/MS screen. PCBD1 is an enzyme involved in
phenylalanine hydroxylation and its conversion to tyrosine [53],
and we demonstrate here a parallel between differential expres-
sion of the protein and its amino acid products in the MDD suicide
brain. Additionally, among the proteins differentially expressed in
the MDD suicide vs. comparison brain, we identified an increase in
CACNG8, a neurotransmitter receptor regulator protein, which is in
line with previous work from another group showing an increase
in CACNG8 gene expression in the dmPFC of subjects who died by
suicide [54].

Limitations
Although we show here a promising link between tRNA
expression and codon-specific proteomic outcomes in patients
with MDD who died by suicide, we note that there are some
limitations to the current work. First, we have a large cohort of
MDD suicide and comparison subjects, but there is the possibility
that the occurrence of a depressive episode in the absence of
suicide is of mechanistic importance. Along the same lines of
disentangling MDD from the act of suicide, there may likewise be
importance of subjects who died by suicide who were not
diagnosed with MDD but perhaps another psychiatric disorder
such as psychosis. There is a major difficulty in obtaining a
sufficient n of either of these cohorts (MDD without suicide or
suicide without MDD), especially when considering post-mortem
interval (PMI) and age of subjects compared to the MDD suicide
and comparison groups. Nevertheless, obtaining these extra
cohorts will be crucial in the future for disentangling the
molecular changes identified in the MDD suicide brain and
attributing these changes to suicidal behavior or MDD diagnosis.

Another limitation of the current study lies in use of hetero-
geneous cell types in the human brain tissue used for molecular
studies. Due to input restrictions for tRNA sequencing, we were
unable to isolate neurons and glia before performing ‘omics’
assays and therefore cannot make claims regarding cell-type
specificity or cell density of different cell types in the suicide vs.
comparison brain.

Conclusions
By using an integrative approach, we have now demonstrated a
link between neuropsychiatric disease, namely suicide with MDD,
and the tRNA regulome of the human brain, and provide here a
potential mechanism using an animal model of tRNA over-
expression. Future work will link the tRNA regulome, including
codon content and proteomics to translational efficiency in
diseased brain tissue, and aim to decipher the role of anti-
depressant medication as opposed to the primary disease process
(depression) and, separately, the risk for suicide. Nevertheless, the
current findings provide a new avenue for investigating the
pathophysiology of depression and suicide and potential novel
therapeutic targets via tRNA regulation.

CODE AVAILABILITY
Code for ‘omics’ data analysis available upon request.
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