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ABSTRACT Mutations in the tRNA methyltransferase 1 (TRMT1) gene have been
identified as the cause of certain forms of autosomal-recessive intellectual disability
(ID). However, the molecular pathology underlying ID-associated TRMT1 mutations is
unknown, since the biological role of the encoded TRMT1 protein remains to be de-
termined. Here, we have elucidated the molecular targets and function of TRMT1 to
uncover the cellular effects of ID-causing TRMT1 mutations. Using human cells that
have been rendered deficient in TRMT1, we show that TRMT1 is responsible for catalyz-
ing the dimethylguanosine (m2,2G) base modification in both nucleus- and mitochon-
drion-encoded tRNAs. TRMT1-deficient cells exhibit decreased proliferation rates, altera-
tions in global protein synthesis, and perturbations in redox homeostasis, including
increased endogenous ROS levels and hypersensitivity to oxidizing agents. Notably,
ID-causing TRMT1 variants are unable to catalyze the formation of m2,2G due to de-
fects in RNA binding and cannot rescue oxidative stress sensitivity. Our results un-
cover a biological role for TRMT1-catalyzed tRNA modification in redox metabolism
and show that individuals with TRMT1-associated ID are likely to have major pertur-
bations in cellular homeostasis due to the lack of m2,2G modifications.
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All cellular tRNAs undergo a multitude of posttranscriptional modifications catalyzed
by RNA modification enzymes (1–4). There are over 100 chemically distinct tRNA

modifications that range from addition of a single methyl group to complex molecular
transformations involving multiple enzymes and cofactors. Certain tRNA modifications
are required for the proper processing, folding, and stability of tRNA, while other
modifications are crucial for tRNA function in protein synthesis by modulating trans-
lation efficiency and fidelity (5–11). Consequently, organisms lacking certain tRNA
modifications exhibit major perturbations in tRNA biogenesis and protein expression
with downstream effects on cellular growth, metabolism, and development (12–16).
The critical role of tRNA modification is further underscored by the numerous muta-
tions in tRNA modification enzymes that have been linked to human diseases and
disorders, including neurodevelopmental, mitochondrial, and cancer-related patholo-
gies (17–22).

One of the most common modifications in tRNA is the methylation of the nitrog-
enous base or sugar residue of tRNA by S-adenosyl-methionine (SAM)-dependent
methyltransferases (23, 24). The yeast Saccharomyces cerevisiae tRNA methyltransferase
1 (Trm1p) represents one of the first tRNA methyltransferases discovered, with ho-
mologs identified in archaea and all known eukaryotes (25–32). Yeast Trm1p has been
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found to be imported into the nucleus and mitochondria, where it catalyzes the
methylation of a specific guanosine residue at position 26 in numerous tRNAs to yield
the N2,N2-dimethylguanosine (m2,2G) modification (33–40). While Trm1p is nonessen-
tial for yeast viability, Trm1-null strains exhibit temperature sensitivity and defects in
tRNA stability that are exacerbated in combination with deletion of either the Trm4p
tRNA methyltransferase or the La RNA binding protein (41, 42). These observations
suggest that Trm1p-catalyzed m2,2G modifications act in concert with additional tRNA
modifications and RNA chaperones to assist in the proper folding and stability of tRNA
(43). Consistent with a function in tRNA structure, crystallographic and simulation
studies have shown that the m2,2G modification plays a key role in preventing
alternative tRNA conformations through the destabilization of certain base-pairing
interactions (44–48). Recent studies have also shown that the m2,2G modification is
dynamically regulated in response to environmental conditions such as nutrient avail-
ability and exposure to DNA-damaging agents, suggesting that the m2,2G modification
plays a role in the cellular stress response (12, 49, 50).

Two potential mammalian orthologs of yeast Trm1p have been identified by se-
quence homology that are encoded by the TRMT1 and TRMT1L genes (32, 51–54).
Intriguingly, genome-wide analyses have implicated frameshift mutations in human
TRMT1 as a novel cause for autosomal-recessive intellectual disability (ID) (55, 56).
Individuals with biallelic TRMT1 mutations display cognitive impairment, neurodevel-
opmental delays, and facial dysmorphism. TRMT1L has also been linked to neurological
development, since Trmt1l-deficient mice exhibit altered motor coordination and ab-
errant behavior without any major anatomical changes (32). While TRMT1 and TRMT1L
are predicted to catalyze the m2,2G RNA modification, methyltransferase activity has
been demonstrated only for recombinant TRMT1 on a single tRNA substrate in vitro
(57). Most critically, it remains to be shown whether either TRMT1 or TRMT1L plays a
role in RNA modification in vivo and, if so, which RNA targets are subject to modifica-
tion. Thus, the cellular role of the human Trm1p paralogs as well as the molecular
consequences of ID-associated TRMT1 mutations remain enigmatic.

Here, we focus on TRMT1 to gain understanding into its cellular targets and
functions along with the potential mechanism underlying ID-associated TRMT1 muta-
tions. Using CRISPR gene knockout (KO), we show that TRMT1 is required for catalyzing
the m2,2G modification in cytoplasmic and mitochondrial tRNAs of human cells.
Significantly, we find that TRMT1-deficient cells exhibit decreased global protein trans-
lation, perturbations in cellular ROS levels, and hypersensitivity to oxidizing agents.
Moreover, we demonstrate that ID-associated TRMT1 mutants exhibit defects in m2,2G
formation and lack the ability to rescue cellular translation or cell survival in response
to oxidative stress. Our results uncover a role for TRMT1-catalyzed tRNA modification in
redox homeostasis and provide insight into the cellular effects caused by ID-associated
TRMT1 mutations.

RESULTS
Human TRMT1 is a nucleus-encoded protein that is imported into mitochon-

dria and the nucleus. The human TRMT1 gene is predicted to encode a 659-amino-
acid polypeptide containing a class I S-adenosyl-methionine (SAM) binding methyl-
transferase domain. In addition, sequence analysis revealed the presence of a
C-terminal bipartite nuclear localization signal (NLS) embedded within a C3H1-type zinc
finger motif, suggesting the nuclear import of TRMT1 (Fig. 1A; see also Fig. S1A in the
supplemental material). Moreover, TRMT1 is also predicted to contain a mitochondrial
targeting signal and mitochondrial protease cleavage sites at the amino terminus,
suggesting the import of nucleus-encoded TRMT1 into mitochondria (Fig. 1A; Fig. S1B
and C). In comparison, the predicted TRMT1 paralog, TRMT1L, also contains a putative
bipartite nuclear localization signal at the C terminus but no predicted mitochondrial
targeting signal (Fig. 1A; Fig. S1A).

To experimentally monitor the localization of the human Trm1 homologs, we
performed subcellular fractionation on human HeLa cervical carcinoma cells followed
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by immunoblotting of the different fractions for TRMT1 or TRMT1L. Consistent with
subcellular predictions, we detected the presence of TRMT1 in the nuclear and mito-
chondrial fractions of human cells (Fig. 1B). The TRMT1 found in the mitochondrial
fraction was present as a lower-molecular-weight isoform that comigrated with a
nonspecific protein band (Fig. 1B; arrows denote TRMT1, and the asterisk denotes the
nonspecific band). The presence of a truncated form of TRMT1 in mitochondria is
consistent with the predicted mitochondrial protease cleavage sites noted above and
N-terminal processing of the mitochondrial targeting sequence, a common occurrence
for many imported mitochondrial proteins. Using immunofluorescence in HeLa cells,
we detected uniform TRMT1 staining in the nucleus as well as a filamentous TRMT1
signal in the cytoplasm that colocalized with mitochondria (Fig. 1C). In addition, a
TRMT1 fusion protein with either a carboxyl-terminal FLAG or green fluorescent protein
tag also displayed pan-nuclear and mitochondrial localization (Fig. 1D; Fig. S1D).

In contrast to TRMT1, endogenous TRMT1L exhibited discrete nucleolar localization
without any cytoplasmic accumulation in mitochondria, as evidenced by subcellular

FIG 1 Subcellular localization of TRMT1 and TRMT1L. (A) Schematic of TRMT1 and TRMT1L with predicted
domains and localization sequences. (B) TRMT1 is highly enriched in purified mitochondrial and nuclear
fractions indicative of mitochondrial import and processing. IN, input; CM, cytoplasmic and mitochondrial
fractions; C, cytoplasm; M, mitochondrial fraction; Mx5, 5-fold more mitochondrial equivalents loaded; NE,
nuclear extract. Arrows indicate TRMT1 isoforms. *, nonspecific band detected by anti-TRMT1 antibody.
Lamin B1, tubulin, and NADH:ubiquinone oxidoreductase core subunit S7 (NDUFS7) served as nuclear,
cytoplasmic (Cyto), and mitochondrial (Mito) markers, respectively. (C and D) Endogenous TRMT1 and
TRMT1-FLAG display nuclear and mitochondrial localization in HeLa cervical carcinoma cells. (E and F)
TRMT1L is localized primarily to the nucleus and colocalizes with the nucleolar marker nucleophosmin.
Mitochondria were identified using mitochondrion-targeted red fluorescent protein, and nuclear DNA was
stained with DAPI.

Cellular Role of TRMT1-Catalyzed tRNA Modification Molecular and Cellular Biology

November 2017 Volume 37 Issue 21 e00214-17 mcb.asm.org 3

http://mcb.asm.org


fractionation and microscopy (Fig. 1B and E). In addition, we confirmed the nucleolar
accumulation of TRMT1L through colocalization with the nucleolar marker nucleophos-
min (Fig. 1F). The accumulation of TRMT1 in both the mitochondria and nucleus
compared to the nucleus-only localization of TRMT1L is consistent with the sequence
predictions noted above. Moreover, the differential subcellular localization patterns of
human TRMT1 and TRMT1L suggest distinct targets and roles for each putative enzyme.
Here, we focus on TRMT1 and its potential role in the methylation of nuclear and
mitochondrial RNA transcripts.

TRMT1-deficient cells lack m2,2G modifications in tRNA. To investigate the
cellular role of TRMT1, we used CRISPR-mediated gene editing to abolish TRMT1
expression in 293T human embryonic kidney cells. We targeted the first exon of TRMT1
for CRISPR-induced mutagenesis using two different guide RNAs and generated single-
cell clones for further analysis (Fig. 2A). As a wild-type (WT) control, we generated a cell
line in which the AAVS1 gene locus was targeted for CRISPR mutagenesis (control-WT).
The AAVS1 locus is a validated genomic region that can be disrupted without any
known or discernible phenotypic effects in mammalian cells (58, 59). Genotyping of two
independent TRMT1-knockout (KO) clones revealed the presence of indel frameshift
mutations that are predicted to generate truncated polypeptides less than 70 amino
acid residues in length (TRMT1-KO1 and -KO2) (Fig. 2A). Indeed, immunoblotting
revealed the absence of detectable TRMT1 protein in both TRMT1-KO cell lines com-

FIG 2 TRMT1 is required for the formation of m2,2G in cellular tRNA. (A) CRISPR/Cas9 gene knockout (KO) strategy depicting sequence
guide RNAs (sgRNAs) targeting exon 1 of the human TRMT1 gene. Indel mutations in the genomic sequence of the TRMT1-KO strains used
in this study are noted below. (B) Immunoblot of TRMT1 and TRMT1L levels in the wild-type control (control-WT) and TRMT1 knockout
cell lines (TRMT1-KO1 and -KO2). An asterisk denotes a nonspecific band detected by the TRMT1 antibody. (C) Molar percentage of m2,2G
or m2G modification in tRNA isolated from control-WT or TRMT1-KO cell lines. (D) Fold change in tRNA modification levels of the indicated
TRMT1-KO strain relative to the control-WT cell line. Quantification for panels C and D was based on 3 independent RNA samples from
each cell line.
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pared to the control-WT cell line (Fig. 2B). Moreover, loss of TRMT1 expression has no
significant effect on TRMT1L levels (Fig. 2B, TRMT1L).

We next directly measured the levels of 20 different tRNA modifications in the
human cell lines through quantitative mass spectrometry of modified ribonucleosides
(60). Focusing on m2,2G and using absolute quantification of modified nucleosides, we
found that the m2,2G modification percentage per tRNA molecule was �50% in the
control-WT strain, which decreased to near background levels in both TRMT1-KO cell
lines (Fig. 2C). Comparing the relative change between cell lines, both TRMT1-KO cell
lines displayed a �100-fold decrease in m2,2G modification levels relative to the
control-WT strain (Fig. 2D). Interestingly, no other modification displayed a statistically
significant change between the control versus TRMT1-KO cell lines, including the similar
methyl modification, N2-monomethylguanosine (m2G) (Fig. 2C and D). These results
indicate that TRMT1 is required for the formation of nearly all detectable m2,2G
modifications in the tRNA of human cells.

TRMT1 catalyzes the formation of m2,2G in cytoplasmic and mitochondrial
tRNAs. To identify the tRNAs that are modified by TRMT1, we used the PHA (for positive
hybridization in the absence of modification) assay (50). This Northern blot-based assay
relies on differential probe hybridization to tRNA caused by the presence or absence of
m2,2G, which impairs base pairing (47, 61, 62). Thus, a decrease in m2,2G modification
leads to an increase in PHA probe signal that can be normalized against the probe
signal from a different region of the same tRNA as an internal control (Fig. 3A). We

FIG 3 TRMT1 is necessary for the formation of m2,2G in cytoplasmic and mitochondrial tRNAs. (A) Assay of positive hybridization in
the absence (PHA) of G26 modification to monitor m2,2G formation in tRNA. PHA probe spans position G26 between the D-AC
stem-loops, while the T-loop probe was used for signal normalization. (B) Northern blot PHA assays with the indicated probes using
RNA extracted from control-WT or TRMT1-KO cell lines. (C) Schematic of primer extension assay to monitor the presence of m2,2G at
position 26 of tRNA. (D and E) Primer extensions with the indicated nucleus- or mitochondrion-encoded tRNA probes. RT, reverse
transcriptase; Um, 2=-O-methyluridine; D, dihydrouridine; m1A, 1-methyladenosine; m1G, 1-methylguanosine; m2G, 2-methylguanos-
ine; �, pseudouridine; *, nonspecific signal; �, labeled oligonucleotide used for primer extension.
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tested a panel of PHA probes against nucleus-encoded tRNA isoacceptors that have
been shown to contain an m2,2G modification at position 26 (63–65). As negative
controls for differential hybridization, we probed for tRNAs that are known to lack
m2,2G (tRNA-Gly-CCC and Val-CAC) (66–68). Using this assay, we find that the steady-
state levels of all tested tRNAs remained similar between the WT and TRMT1-KO cells
(Fig. 3B, T-loop signal). In contrast, we found that the PHA signal was increased for all
predicted m2,2G-containing tRNAs in the TRMT1-KO cells, indicating the loss of the
m2,2G modification (Fig. 3B, PHA). As expected, no change in PHA signal was detected
for any of the control tRNAs that normally lack m2,2G at position 26 (Fig. 3B, tRNA-
Gly-CCC and Val-CAC). These results demonstrate that TRMT1 is required for methylat-
ing at least 10 of the 12 tRNA isotypes containing G26. The remaining two tRNAs with
G26, tRNA-Tyr and tRNA-Val, have been shown to be modified by TRMT1 in vitro or
contain m2G at position 26, respectively (54, 69). Thus, TRMT1 is required for the
formation of m2,2G in the majority of nucleus-encoded tRNAs.

To precisely determine whether TRMT1 catalyzes the methylation of G26 in tRNA, we
used a primer extension assay that monitors RNA modification status at nucleotide
resolution. In this assay, the presence of m2,2G leads to a block of reverse transcriptase
(RT) at position 26 of tRNA, while a decrease in m2,2G allows for readthrough and an
extended product up to a subsequent RT-blocking modification, such as dihydrouridine
(D), 1-methyladenosine (m1A), or 1-methylguanosine (m1G) (Fig. 3C). As expected, we
identified an RT block at the expected position of each tested tRNA in control-WT cells,
indicative of the m2,2G modification (Fig. 3D, WT). In contrast, the RT block at position
26 of each tested m2,2G-containing tRNA was completely absent from both TRMT1-KO
cell lines (Fig. 2D, KO1 and KO2). These results show that m2,2G formation at position
26 in tRNA is due to TRMT1-catalyzed modification.

The localization of TRMT1 in both the nucleus and mitochondria suggests a dual role
for TRMT1 in the modification of nucleus- and mitochondrion (mt)-encoded tRNAs. In
human cells, seven mitochondrial tRNAs contain G at position 26, with mt-tRNA-Ile
being the only one known to contain m2,2G (68, 70). Testing all seven mt-tRNAs, we
detected an increase in PHA signal for mt-tRNA-Ile in both TRMT1-KO cells, while the
PHA status of all other mt-tRNAs remained the same (Fig. S2). Using primer extension
as additional confirmation, we detected the presence of m2,2G at position 26 in
mt-tRNA-Ile, which was absent from the TRMT1-KO cell lines (Fig. 3D, mt-Ile-UAU).
These results indicate that TRMT1 catalyzes the formation of m2,2G in cytoplasmic
tRNAs as well as mitochondrial tRNA-Ile.

Even though mt-tRNA-Ile is the only known mitochondrial tRNA in human cells to
contain m2,2G, certain mitochondrion-encoded tRNAs can also contain m2G at position
26 (70–72). While we detected no change in PHA signal for any human mt-tRNA besides
mt-tRNA-Ile, the hybridization-based PHA assay does not provide information on the
presence or absence of m2G, since m2G can form canonical base-pairing interactions
and maintain duplex stability (62, 73). However, the presence of m2G does inhibit
RT-catalyzed primer extension leading to a pause signal (74–76). Thus, we used primer
extension to test whether m2G was present in mt-tRNA-Ala and mt-tRNA-Arg, which
both contain a G at position 26. We detected a primer extension pause at position 26
for both mitochondrial tRNAs from control-WT cells that was absent from the
TRMT1-KO cell lines (Fig. 3E). Moreover, TRMT1 is specific for the methylation of G at
position 26, since the m2G present at position 10 in mt-tRNA-Ala was maintained in
TRMT1-KO cells (Fig. 3E, upper gel). While we detected no major change in m2G levels
by mass spectrometry (Fig. 2C), this is likely due to the small fraction of TRMT1-
catalyzed m2G present in only a subset of mitochondrial tRNAs compared to the
abundant m2G at other tRNA positions. Altogether, these studies uncover TRMT1 as the
human enzyme responsible for catalyzing the formation of m2,2G at position 26 in
nucleus-encoded tRNAs as well as m2,2G and m2,G in certain mitochondrial tRNAs.

TRMT1 mutations that cause intellectual disability result in defective tRNA
modification activity. The TRMT1-deficient human cell lines generated in this study
provide a system to investigate TRMT1 variants found in the human population
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through functional complementation. In this assay, we transiently transfected the
TRMT1-KO1 cell line with expression constructs expressing wild-type TRMT1 or variants
thereof, followed by primer extension assay to monitor m2,2G formation. We generated
two known TRMT1 variants that are predicted to arise from point mutations in the
TRMT1 gene of individuals diagnosed with ID (55, 56). The ID-associated TRMT1 variants
encode truncated proteins lacking all of the C3H1 zinc finger motif while retaining all or
a portion of the SAM-MT domain (Fig. 4A, Q219fs and Y445fs). In addition, we engi-
neered a TRMT1 variant lacking the first 36 amino acid residues constituting the MTS
sequence to investigate the mitochondrial role of TRMT1 (TRMT1ΔMTS). As a control,
we also generated a TRMT1 variant containing a single point mutation of a conserved
cysteine residue in the SAM catalytic site that has been shown to abrogate activity in
tRNA methyltransferases (Fig. 4A, C348R) (54). Each TRMT1 variant was transiently
expressed as untagged proteins with expression confirmed by immunoblotting. All
TRMT1 variants exhibited levels of accumulation similar to that of WT-TRMT1 (Fig. 4B).

FIG 4 Intellectual disability-causing mutations in TRMT1 abrogate tRNA modification activity and RNA binding. (A) Schematic of TRMT1 domains
and variants. WT, wild type; ΔMTS, deletion of mitochondrial targeting signal; C348R, catalytic-inactive variant (an asterisk denotes point
mutation); Q219fs and Y445fs, TRMT1 variants encoded by ID frameshift mutations in the TRMT1 gene. (B) Immunoblot of whole-cell extracts
prepared from each human cell line transfected with the indicated constructs. (C) Primer extension assay to monitor the presence of m2,2G in
tRNA from cell lines transfected with the indicated TRMT1 constructs. �, labeled oligonucleotide used for primer extension. (D) Immunoblot for
TRMT1 of input (2%) or FLAG affinity purifications (6%) from 293T cells transfected to express the FLAG tag alone (vector) or FLAG-tagged TRMT1
variants. (E) Nucleic acid stain of RNAs extracted from the indicated input or purified samples after denaturing PAGE. The migration pattern of
tRNAs, 5.8S rRNA, and 5S rRNA are denoted. (F) Northern blot hybridization analysis of TRMT1-associated RNAs with the indicated probes.
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Through primer extension analysis of m2,2G-containing tRNAs, we found that
expression of wild-type TRMT1 in TRMT1-KO cells is necessary and sufficient to restore
the presence of m2,2G in all tested cytoplasmic and mitochondrial tRNAs (Fig. 4C, WT).
In contrast to wild-type TRMT1, expression of TRMT1 containing a point mutation in the
SAM-MT catalytic site was unable to restore m2,2G formation in any tRNA (Fig. 4C,
C348R). While expression of TRMT1ΔMTS can restore formation of m2,2G in cytoplasmic
tRNAs, this TRMT1 variant was severely impaired in rescuing m2,2G formation in
mitochondrial tRNAs (Fig. 4C, TRMT1ΔMTS). This result provides functional evidence
that the predicted MTS sequence in TRMT1 is an active mitochondrial import signal that
is necessary for TRMT1 to catalyze mitochondrial tRNA modification. Strikingly, we find
that neither ID-associated TRMT1 variant was able to restore m2,2G modification in
cytoplasmic or mitochondrial tRNAs of TRMT1-KO cells (Fig. 4C, Q219fs or Y445fs). The
lack of tRNA modification activity is not due to TRMT1 expression levels, since the
ID-associated variants accumulated to levels similar to that of wild-type TRMT1 (Fig. 4B).
Our results demonstrate that nearly all m2,2G modifications in tRNA are catalyzed by
TRMT1 and that ID-associated TRMT1 variants are defective in tRNA modification
activity.

To decipher the molecular basis by which ID-associated mutations disrupt TRMT1
activity, we examined the interaction between TRMT1 and tRNA substrates by RNA
immunoprecipitation. We expressed a FLAG-tagged version of each TRMT1 variant in
293T HEK cells, followed by affinity purification and analysis of copurifying RNAs.
Immunoblotting confirmed the expression and purification of each TRMT1 variant on
anti-FLAG resin (Fig. 4D). While no RNAs were found in the control purification from
vector-transfected cells, we detected RNAs of �70 nucleotides that copurified with
WT-TRMT1 and TRMT1-ΔMTS (Fig. 4E). By Northern blotting, we identified the TRMT1-
associated RNAs as m2,2G-containing tRNAs (Fig. 4F). Moreover, the TRMT1 interaction
was specific to m2,2G-containing tRNAs, since tRNA-Glu-UUC lacking m2,2G as well as
U6 snRNA displayed only background binding to TRMT1. In contrast to WT-TRMT1,
neither of the ID-associated TRMT1 mutants copurified with any tRNA species (Fig. 4F,
Q219fs or Y445fs). These results demonstrate that ID-associated TRMT1 variants are
abrogated in their ability to modify tRNA due to RNA binding defects and indicate that
individuals homozygous for ID-associated TRMT1 alleles will be deficient in m2,2G tRNA
modifications.

Loss of TRMT1-catalyzed tRNA modifications perturbs cellular protein synthe-
sis. We next investigated the molecular role of TRMT1-catalyzed tRNA modifications to
provide insight into the potential biological effects caused by ID-associated TRMT1
mutations. Due to the prevalence of tRNAs containing the m2,2G modification and its
predicted role in modulating tRNA structure, we tested whether the presence or
absence of m2,2G could influence the biological activity of tRNA in cellular translation.
Global de novo protein synthesis in the control-WT and TRMT1-KO cell lines was
monitored via the incorporation of puromycin into nascent polypeptides, followed by
detection of puromycin-labeled proteins through immunoblotting (77). The puromycin-
labeling method has been shown to be a sensitive measure of global protein synthesis
rates in multiple cell types and conditions, including changes that affect the translation
machinery (78, 79).

By monitoring puromycin incorporation over time and normalization against total
protein loaded, we found that both TRMT1-KO cell lines displayed a notably lower rate
of puromycin incorporation than control-WT cell lines (Fig. 5A). The reduction in
puromycin incorporation exhibited by TRMT1-KO cells could be detected starting at 30
min postincubation, with an eventual plateau as the labeling became saturated (Fig. 5B;
Fig. S3). Most critically, reexpression of WT-TRMT1 but not the ID-associated TRMT1
variants could increase the levels of nascent polypeptides labeled by puromycin in the
TRMT1-KO1 strain (Fig. 5C and D). Thus, the tRNA modification activity of TRMT1 is
required for rescuing global protein synthesis in the TRMT1-KO cell lines. As a control,
the formation of puromycin conjugates was diminished to near background levels if
protein synthesis was inhibited by cycloheximide, indicating that translating ribosomes
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are required for puromycin incorporation into nascent polypeptide chains (Fig. S3).
These results are consistent with a role for TRMT1-catalyzed tRNA modifications in
maintaining basal levels of global translation and suggest that the steady-state accu-
mulation of numerous proteins and their downstream functions are impacted in
individuals with ID-causing TRMT1 mutations.

FIG 5 TRMT1-catalyzed tRNA modifications are required for basal levels of protein synthesis. (A) Protein synthesis assay based upon translation-dependent
puromycin (puro) incorporation. Endogenous nascent polypeptide chains were labeled with puromycin for the indicated times in control-WT or TRMT1-KO cell
lines, followed by fractionation and immunoblot detection with antipuromycin antibodies. Representative blots are shown with total protein serving as a
loading control. (B) Quantification of relative puromycin incorporation for TRMT1-KO cells compared to control-WT for each puromycin time point. The means
and standard deviations represent the puromycin signal of each cell line relative to that of control-WT after normalization to total protein at each time point
from three independent labeling experiments. (C) Rescue of protein synthesis by reexpression of TRMT1-WT but not ID-associated mutants. Immunoblot of
puromycin-labeled polypeptides from cell lines transfected with the indicated TRMT1 expression constructs. (D) Quantification of relative de novo protein
synthesis from panel C as measured by the accumulation of puromycin-labeled polypeptides from two independent labeling experiments after transfection.
*, P � 0.05; **, P � 0.01. (E and F) Mitochondrial protein translation analysis. Control-WT and TRMT1-KO cells were incubated with [35S]methionine-cysteine in
the presence of the cytoplasmic translation inhibitor emetine alone or with the mitochondrial translation inhibitor chloramphenicol (Cam). Whole-cell extracts
were resolved by SDS-PAGE and stained with Coomassie (E) and 35S-labeled proteins were visualized by phosphorimaging (F), with putative assignments noted
on the left. *, nonspecific labeling. (G) Quantification of the fold difference in translation of the indicated mitochondrion-encoded proteins relative to control-WT
cells. Measurements represent the averages from three independent labeling wells.
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In addition to cytoplasmic protein synthesis, we tested if mitochondrial translation
was affected by TRMT1-catalyzed tRNA modifications. We used [35S]methionine-
cysteine to metabolically label nascent mitochondrial polypeptides while inhibiting
cytoplasmic translation using emetine (80). Based upon this assay, we detected an array
of 35S-labeled products that matched the expected pattern of mitochondrion-encoded
proteins (Fig. 5E, total protein, and F, 35S-labeled proteins). As a control, incubation of
cells with both emetine and the mitochondrial translation inhibitor chloramphenicol
blocked the formation of 35S-labeled mitochondrial proteins (Fig. 5F, Cam). All pre-
dicted mitochondrion-encoded proteins were observed except for MT-ND4 and ATP8,
which could not be resolved on the gel due to their low molecular masses (�10 kDa).
Mitochondrion-encoded proteins that displayed detectable signal were compared
between cell lines either individually or paired depending on the resolution of the
protein bands. No significant or consistent change in translation was detected for
cytochrome b (CYB) or ATP synthase subunit 6 (ATP6) between the cell lines (Fig. 5G,
CYB and ATP6). However, increased mitochondrial translation was detected for ND5/
COI, ND4, ND2, ND1, and CO2/CO3 (Fig. 5G). Intriguingly, the mitochondrion-encoded
proteins that displayed increased translation are all subunits of complex I or IV. The
increased translation of particular mitochondrion-encoded proteins contrasts with the
decreased cytoplasmic translation in the TRMT1-KO cells and suggests that TRMT1-
catalyzed tRNA modifications play differential roles in the cytoplasm versus the mito-
chondria. Moreover, the increased mitochondrial translation exhibited by TRMT1-KO
cells represents a unique phenotype that differs from the mitochondrial protein
synthesis defects caused by deficiencies in other mitochondrial tRNA modifications
(81–87).

TRMT1-catalyzed tRNA modifications are required for proper cell proliferation
and redox homeostasis. Previous studies have linked tRNA modification-dependent
translation with cellular growth and survival in response to stress stimuli (11, 88–91).
However, the role of TRMT1-catalyzed tRNA modifications in human cell physiology is
unknown. While no overt differences in morphology or size were detected between any
of the cell lines based upon microscopy or flow cytometry (Fig. 6A and B), we found that
TRMT1-deficient cells displayed noticeably slower proliferation than the control-WT
strain under standard growth conditions of serum and oxygen (Fig. 6C). The slow
growth was not due to increased cell death in the TRMT1-KO cell lines, since viability
remained �95% for each cell line across all time points (Fig. 6D). Based upon cell cycle
analysis, we found that TRMT1-KO cell lines exhibited an increase in the percentage of
cells in G2/M phase concomitant with a decrease in cells in G1/G0 phase relative to
control-WT cells (Fig. 6E and F). These results suggest that loss of TRMT1 expression and
tRNA modification leads to slower progression through G2/M phase and decreased
cellular proliferation.

Since TRMT1 is required for the formation of m2,2G in mitochondrial tRNA-Ile, we
investigated whether changes in mitochondrial physiology could account for the
slow-growth phenotype of TRMT1-KO cells. However, no major differences in mito-
chondrial membrane potential or mitochondrial reactive oxygen species (ROS) were
detected between any of the cell strains, even though TRMT1-KO cells lack m2,2G in
mitochondrial tRNA-Ile and altered mitochondrial translation (Fig. S4A to D). The
absence of any significant mitochondrial defects in TRMT1-KO cells is consistent with
the clinical observation that individuals with ID-associated TRMT1 mutations exhibit
cognitive deficits without the pathological features commonly associated with mito-
chondrial tRNA disorders, such as myopathy or stroke (84, 92–95).

While no major changes in mitochondrial function were detected, we were surprised
to find that TRMT1-KO cells exhibited increased levels of total ROS, as determined by
flow cytometry analysis with the oxidation-sensitive probe dihydroethidium (DHE) (Fig.
7A, compare red and green outlines of TRMT1-KO cells to gray outline of control-WT).
In both populations of TRMT1-KO cell lines, the mean fluorescence intensity of DHE was
increased by 20 to 30% relative to that of control-WT cells (Fig. 7B). As an independent
measure of ROS levels, we also used the cytoplasmic ROS probe CellROX to quantify the
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number of cells with increased superoxide. In agreement with ROS measurements
using DHE, we detected an increase in CellROX mean fluorescence intensity along with
the number of cells with increased ROS for TRMT1-KO cells relative to control-WT cells
(Fig. S4E and F). In addition, we confirmed that the increase in DHE signal of TRMT1-KO
cell lines was due to ROS, since growth in the antioxidant N-acetylcysteine (NAC) was
sufficient to decrease the DHE signal specifically in TRMT1-KO cells (Fig. 7B, �NAC).
Most significantly, growth in NAC could partially alleviate the slow-growth phenotype
of TRMT1-KO cells (Fig. 7C). These results uncover an unexpected role for TRMT1 in
redox homeostasis and indicate that the growth defect observed in TRMT1-KO cells is
due in part to elevated levels of oxidative stress.

We further investigated the function of TRMT1 in redox homeostasis by comparing
ROS levels between control-WT and TRMT1-KO cell lines after treatment with menadi-
one, a naphthoquinone vitamin K analog that induces the formation of endogenous
ROS by futile redox cycling (96, 97). As expected, treatment of control-WT or TRMT1-KO

FIG 6 TRMT1-deficient cell lines display decreased cellular proliferation and altered cell cycle dynamics
without significant changes in cell morphology or size. (A) Phase-contrast images of control-WT versus
TRMT1-KO cell lines. (B) Representative flow cytometry histogram plots of control-WT versus TRMT1-KO cell
lines, with the x axis representing forward scatter (FSC), which is indicative of cell size. (C and D) Cell
proliferation and viability plots of control-WT versus TRMT1-KO cell lines. Cell count and viability were
measured by flow cytometry at the indicated time points after plating. Cell count and deviation represent
measurements from three independent cultures. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
(E and F) Cell cycle analysis of control-WT versus TRMT1-KO cell lines. (E) Representative flow cytometry
histograms of cell cycle content are shown as overlays relative to control-WT. (F) Relative percentages of
G0/G1, S, and G2/M-phase cells measured by flow cytometry analysis were quantified and plotted.
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cells with menadione led to a shift in cell population with elevated levels of ROS (Fig.
7D). Remarkably, the fold increase in ROS between untreated and treated TRMT1-KO
cells was significantly higher than the fold increase detected between untreated and
treated control-WT cells (Fig. 7D and E, compare menadione-treated populations of
control-WT versus TRMT1-KO1 or -KO2). In other words, menadione further exacerbated
the already elevated levels of ROS in the TRMT1-KO cell lines. Since ROS formation by
menadione is dependent upon metabolism by one-electron reducing enzymes, these
results suggest that TRMT1 modulates redox homeostasis through regulation of the
levels or activity of reductive enzymes present in the cytosol or mitochondria.

To determine the cellular consequences of perturbations in TRMT1-dependent
redox homeostasis, we tested whether TRMT1-KO cells exhibited any changes in

FIG 7 TRMT1-deficient cell lines exhibit defects in ROS homeostasis and oxidative stress survival. (A) Flow cytometry plots of cells
stained with the superoxide detection probe dihydroethidium (DHE). Intensity values are shown on the x axis with cell counts on the
y axis. (B) Quantification of relative ROS levels based on DHE signal of the indicated cell lines in the absence or presence of the
antioxidant N-acetylcysteine (�NAC). (C) Cell proliferation curves of control-WT versus TRMT1-KO cell lines in the absence or presence
of NAC. Cell count and deviations represent measurements from independent cultures. (D) Flow cytometry plots of DHE-stained cells
after growth in the absence or presence of 100 �M menadione (�Men). (E) Relative levels of ROS were quantified as described for
panel A. (F) Dose-response curve of control-WT or TRMT1-KO cell lines after exposure to tert-butyl-hydroperoxide (t-bu-OOH). (G)
Viability of control-WT or TRMT1-KO cell lines after incubation with the indicated chemical agent. (H) Viability of control-WT or
TRMT1-KO1 cell lines transfected with the indicated TRMT1 plasmid after treatment with t-bu-OOH. Error bars for ROS measurements
and viability assays represent the standard deviations from two to four independent experiments. *, P � 0.05; **, P � 0.01; ***, P �
0.001; ****, P � 0.0001.
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sensitivity when challenged with additional forms of stress or damage. Consistent with
a defect in the redox homeostasis, we found that TRMT1-KO cells displayed hypersen-
sitivity to multiple oxidizing agents, including tert-butyl-hydroperoxide (t-bu-OOH),
hydrogen peroxide (H2O2), and arsenic trioxide (As2O3) (Fig. 7F and G). Moreover, the
sensitivity defect exhibited by TRMT1-KO cells was specific to oxidizing agents, since no
significant difference in viability or cell growth was found for an alkylating agent
(methylmethane sulfonate [MMS]) or the topoisomerase inhibitor etoposide. Intrigu-
ingly, previous studies have shown that loss of Trm1p in S. cerevisiae confers sensitivity
to MMS but not H2O2, even though m2,2G levels increase in response to H2O2 (49, 98).
Thus, these findings reveal differential contributions of the m2,2G modification in stress
survival between yeast and human cells.

Focusing on the cellular response to t-bu-OOH due to its chemical stability and
consistent lethal dose (99, 100), we found that TRMT1-KO cells exhibited a dose-
dependent hypersensitivity to t-bu-OOH that resulted in loss of plasma membrane
integrity and severely diminished viability (Fig. 7F and G; Fig. S5A and B). Importantly,
the sensitivity to oxidative stress exhibited by TRMT1-KO cells could be partially rescued
by transient reexpression of TRMT1 (Fig. 7H). Due to heterogeneous TRMT1 expression
caused by incomplete transfection efficiency, oxidative stress survival was increased but
not completely restored to the level of the control-WT cell line. In contrast to WT
TRMT1, neither ID-associated TRMT1 variant displayed any rescue of the oxidative stress
sensitivity phenotype in the TRMT1-KO cell strain despite being expressed to levels
similar to that of WT-TRMT1 (Fig. 7H, Q219fs and Y445fs; Fig. S5C). Moreover, the partial
rescue of t-bu-OOH sensitivity by TRMT1 reexpression is linked to TRMT1 catalytic
activity, since transfection with the TRMT1-C348R catalytic-dead mutant had no de-
tectable effect on t-bu-OOH sensitivity in the TRMT1-KO cell line (Fig. 7H, C348R).
Altogether, these results implicate a key role for TRMT1 and TRMT1-catalyzed tRNA
modifications in cell proliferation and ROS homeostasis that are abrogated by ID-
associated mutations in TRMT1.

TRMT1 is required for oxidative stress survival in human neural cells. The
increased levels of ROS and hypersensitivity of TRMT1-KO cells to oxidative stress
suggests that a deficiency in TRMT1-catalyzed tRNA modifications could perturb neural
tissue physiology in humans with ID-associated TRMT1 mutations. Thus, we investi-
gated TRMT1 function in the ReNcell VM human neural stem cell (NSC) system, which
is an established neural progenitor cell line derived from the ventral mesencephalon
region of human fetal brain (101). Due to the technical challenges of isolating single
mutant clones from NSC populations, we used two different lentiviral RNA interference
(RNAi) constructs targeting TRMT1 to generate polyclonal NSC lines depleted of TRMT1
(Fig. 8A, TRMT1-KD1 and -KD2). As a control, we generated an NSC cell line containing
a nonsilencing RNAi vector targeting enhanced green fluorescent protein (EGFP) (Fig.
8A, EGFP-KD). Validating the role of TRMT1 in m2,2G formation shown above, depletion
of TRMT1 in ReNcell NSCs decreases the extent of m2,2G modification in tRNA, as
detected by the increase in primer extension readthrough product for tRNA-Ile-UAU,
Met-CAU, and mt-Ile-GAU (Fig. 8B). Notably, we find that both NSC lines depleted of
TRMT1 display increased sensitivity to t-bu-OOH compared to the control NSC line (Fig.
8C). Thus, even partial depletion of TRMT1 and m2,2G modification in tRNA is sufficient
to alter the oxidative stress sensitivity of human neural cells. Collectively, our studies
reveal a function for TRMT1 and TRMT1-catalyzed tRNA modifications in protein
translation and ROS homeostasis to ensure proper cell proliferation and oxidative stress
survival.

DISCUSSION

While mutations in tRNA modification enzymes have been identified as the cause of
diverse neurodevelopmental disorders, the molecular basis for many of these pathol-
ogies remains unknown, including the etiology of TRMT1-associated ID. Here, we show
that TRMT1 plays a critical role in global protein synthesis and ROS metabolism through
a mechanism dependent upon the tRNA modification activity of TRMT1. Significantly,
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our studies suggest that a deficiency in redox homeostasis due to the loss of TRMT1-
catalyzed tRNA modifications could perturb the growth and viability of neurons within
individuals that are homozygous for ID-associated TRMT1 alleles (Fig. 7D). Consistent
with this expectation, certain neurons in the brain are exquisitely sensitive to changes
in the levels of reactive oxygen species, including neural stem cells that contribute to
neurogenesis and cognition (102–105). Moreover, elevated levels of oxidative stress
have been implicated in pathogenesis of neurological disorders such as Down syn-
drome and Parkinson’s disease (106, 107). Finally, our results suggest that treatment
with antioxidants could alleviate some of the cellular sensitivity to oxidative stress that
contributes to neurodevelopmental delays, as demonstrated in vivo using mouse
models of other neurological disorders (90, 108).

The loss of methyltransferase activity displayed by the ID-associated TRMT1 variants
shown here suggests that individuals homozygous for such alleles will be deficient in
m2,2G tRNA modifications. Based upon the proposed role for m2,2G modification in
tRNA folding and the prevention of alternative conformations (45, 47, 48), the loss of
m2,2G modification could have a significant effect on tRNA structure. In turn, the
change in tRNA folding could affect the steady-state levels of tRNAs by perturbing the
processing or stability of one or more tRNA species. In addition, the m2,2G modification
could be required for subsequent RNA modifications occurring in the nucleus or
cytoplasm. While we did not detect any significant changes in the accumulation or
processing of tRNAs in TRMT1-deficient cells, there could be subtle differences in tRNA
biogenesis that account for the phenotypic consequences in individuals with TRMT1
mutations. Moreover, different stress conditions could reveal differences in stability
associated with tRNAs lacking m2,2G modification, as shown previously in yeast (41,
42). Thus, a global analysis of tRNA levels and modification status under different
conditions will be the focus of future studies to uncover the potential tRNAs that are
functionally affected by loss of TRMT1-catalyzed modification.

FIG 8 TRMT1 contributes to oxidative stress resistance in human neural stem cells (NSC). (A) Immunoblot
analysis of TRMT1 levels in control or TRMT1-KD NSC lines. (B) Primer extension assay to monitor the
presence of m2,2G in the tRNAs of the indicated NSC lines. RT, reverse transcriptase; D, dihydrouridine;
�, labeled oligonucleotide for primer extension. (C) Viability of the indicated NSC line after treatment
with t-bu-OOH. Error bars for ROS measurements and viability assays represent the standard deviations
from at least two to six independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
(D) Proposed function for TRMT1-catalyzed tRNA modifications in translation, ROS homeostasis, and
neurodevelopment. See Discussion for details.
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In addition to tRNA biogenesis, the m2,2G modification could modulate one or more
aspects of translation by impacting molecular interactions between the tRNA and
ribosome. Indeed, previous studies have suggested that the m2,2G modification plays
a role in enhancing the activity of a nonsense suppressor tRNA in decoding the ochre
stop codon in fission yeast (109). Intriguingly, our results suggest that in human cells,
TRMT1-catalyzed m2,2G modifications are critical for ensuring the translational activity
of a broad spectrum of tRNAs to ensure the maintenance of proper protein synthesis
rates in the cytoplasm and mitochondria. By affecting translation, TRMT1-catalyzed
tRNA modifications could have a significant effect on the levels of key proteins that are
necessary for cellular growth, homeostasis, and stress response (Fig. 8D). In particular,
experiments in yeast as well as the current study have implicated tRNA modifications
in the cellular response to heat stress, nutrient starvation, and DNA damage (49, 50, 98,
110). Thus, the m2,2G modification in tRNA could be necessary for the proper transla-
tion of specific homeostatic or stress response proteins that are required for cellular
stress survival, as shown previously for other tRNA modifications (49, 88, 90, 91,
111–113). TRMT1-catalyzed tRNA modifications could also play an indirect role in
modulating translation by signaling to cellular stress response proteins to regulate
protein synthesis.

In addition to the cellular stress response, tRNA modifications that modulate trans-
lation have been implicated in the regulation of stem cell pluripotency and organismal
development (15, 89, 114, 115). Thus, loss-of-function mutations in human TRMT1 could
perturb a number of cellular pathways that account for the spectrum of neurocognitive
phenotypes exhibited by individuals with TRMT1-associated intellectual disability (55,
56). Future experiments will investigate the role of TRMT1-catalyzed m2,2G modifica-
tions in protein translation to identify cellular pathways that would be affected by
TRMT1-catalyzed tRNA modification and their roles in cell physiology and development.

MATERIALS AND METHODS
Subcellular localization and fractionation. Subcellular localization prediction was performed using

the following online prediction algorithms: Mitofates (http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi) (116),
TPpred2 (http://tppred2.biocomp.unibo.it/tppred2) (117), and cNLS mapper (http://nls-mapper.iab.keio
.ac.jp/cgi-bin/NLS_Mapper_form.cgi) (118). Results from each prediction program are shown in Fig. S1 in
the supplemental material.

For immunofluorescence, mitochondria were visualized by infection of HeLa cells with baculovirus
expressing red fluorescent protein targeted to mitochondria (CellLight Mitochondria-RFP, BacMam 2.0;
Thermo Fisher). HeLa cells were then fixed with 4% formaldehyde on glass coverslips and probed with
either mouse anti-TRMT1 (sc-373687; diluted 1:400; Santa Cruz Biotechnology), mouse anti-TRMT1L
(H00081627-B01P; Abnova), or rabbit antinucleophosmin (35425; Cell Signaling) antibody diluted in 5%
bovine serum albumin (BSA)–phosphate-buffered saline (PBS) overnight at 4°C. Following PBS washing
of the coverslips, the primary antibody was detected using Alexa Fluor 488 – goat anti-mouse IgG
(L00031; Invitrogen) or goat anti-rabbit IgG with Alexa Fluor 594 (R37117; Thermo Fisher). For localization
of GFP- or FLAG-tagged TRMT1, HeLa cells were seeded onto coverslips in a 24-well plate, followed by
transfection with pcDNA3.1-TRMT1-EGFP or pcDNA3.1-TRMT1-FLAG using Lipofectamine 3000 (Thermo
Fisher). For mitochondrion localization, cells were infected with baculovirus expressing red fluorescent
protein targeted to mitochondria (CellLight Mitochondria-RFP, BacMam 2.0). Cells were fixed, probed as
described above with mouse anti-FLAG secondary antibody (F1804; Sigma-Aldrich), stained with 4=,6-
diamidino-2-phenylindole (DAPI) to visualize the nucleus, and mounted in Aqua-Poly/Mount (Poly-
sciences Inc.), followed by imaging on a Zeiss AxioImager Z1 microscope.

Subcellular fractionation of HeLa cells was performed by differential centrifugation as previously
described (119, 120). HeLa cells were collected by trypsinization, washed with PBS, resuspended in 3 ml
cell homogenization medium (CHM; 10 mM Tris-HCl, pH 6.7, 10 mM KCl, 0.15 mM MgCl2, 1 mM
phenylmethylsulfonyl fluoride [PMSF], and 1 mM dithiothreitol [DTT]), and lysed with 40 strokes of a
Dounce homogenizer. Homogenate was transferred to a 15-ml conical tube followed by addition of 1 ml
of cell homogenization medium containing 1 M sucrose to achieve a final sucrose concentration of 0.25
M, and it was centrifuged (1,000 � g) for 5 min at 4°C in a swinging-bucket rotor to pellet nuclei. The
cytoplasmic supernatant was collected and centrifuged (5,000 � g) at 4°C for 10 min in a fixed-angle
rotor to collect mitochondria. The pellet containing mitochondria was washed with sucrose-Mg2�

medium (10 mM Tris-HCl, pH 6.7, 0.15 mM MgCl2, 0.25 M sucrose, 1 mM PMSF, 1 mM DTT), and the
mitochondrial pellet was resuspended in radioisotope immunoprecipitation assay (RIPA) buffer (50 mM
Tris-HCl, pH 7.5, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 2 mM EDTA). Nuclei were
resuspended in RIPA buffer containing 0.25 U/�l Benzonase (70664-3; EMD Millipore). Subcellular
fractions were analyzed by immunoblotting (see below).
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CRISPR gene editing and shRNA gene silencing. Lentiviral CRISPR-Cas9 constructs were generated
by cloning double-strand oligonucleotide inserts into pLentiCRISPR v2.0 (Addgene) (oligonucleotides
TRMT1 gs F1, R1, F3, and R3 [Table S1]). Lentiviral RNAi constructs targeting either EGFP (RHS4459) or
TRMT1 (TRCN0000038764 and TRCN0000038765) were obtained from Dharmacon-GE Lifesciences. Len-
tiviral short hairpin RNA (shRNA) or shRNA constructs were transfected with packaging plasmids (psPAX2
and pMD2.G; Addgene) into 293T cells for lentivirus production. The 293T cell line was subsequently
infected with lentivirus in the presence of hexadimethrine bromide, followed by stable clone selection.
The presence of CRISPR-induced mutations in the TRMT1 gene was detected by Surveyor assay (IDT) and
confirmed by Sanger sequencing of cloned PCR products amplified from genomic DNA using primers
TRMT1 gPCR F2 and TRMT1 gPCR R6 (Table S1).

Cell culture. HeLa S3 cervical carcinoma, 293T human embryonic kidney, and derivative cell lines
were cultured in Dulbecco’s minimal essential medium (DMEM) containing 10% fetal bovine serum, 2
mM L-alanyl–L-glutamine (GlutaMax; Gibco), and 1% penicillin-streptomycin (here referred to as complete
DMEM). ReNcell VM neural progenitor cell lines (EMD Millipore) were cultured on laminin-coated plates
in ReNcell NSC maintenance medium supplemented with 20 ng/ml each of enhanced growth factor and
fibroblast growth factor beta.

For cell proliferation measurements, cells were seeded in 6-well plates at 1 � 105 cells per well. At
24-h time intervals, cells were trypsinized and live cell counts were quantified using a Muse flow
cytometer (EMD Millipore). For cell cycle analyses, media containing mitotic cells were harvested and
combined with trypsinized cells, fixed with ethanol containing 100 �g/ml RNase, and stained with 20
�g/ml propidium iodide for 30 min. Cells were subsequently analyzed by flow cytometry on a Muse
cytometer and quantified using FlowJo software.

For cell treatment and viability assays, 293T cells were exposed to H2O2, t-bu-OOH, or MMS (all from
Sigma) at the indicated concentrations in DMEM supplemented with 2 mM L-alanyl–L-glutamine and 1%
penicillin-streptomycin without fetal bovine serum (FBS) for 30 min, followed by replacement with
complete medium containing serum. Etoposide and arsenic trioxide (As2O3) were left in the medium
for the duration of the experiment until analysis. Treatment with menadione (100 �M) was for 2 h
in complete medium. For ReNcell treatment, t-bu-OOH was diluted into complete ReNcell mainte-
nance medium containing growth factors and harvested for viability assays using Accutase cell
detachment solution (EMD Millipore). For measurement of mitochondrial membrane potential, cells
were stained with TMRE using the Muse mitopotential assay kit (EMD Millipore). As a negative
control for mitochondrial potential, a duplicate sample of cells was treated with carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP) for 5 min immediately before measurement. For analysis
of ROS levels by DHE (A00142; AnaSpec), cells were harvested by trypsinization, resuspended in PBS,
and stained with 3.75 �M DHE in PBS. Alternatively, cells were incubated with either 5 �M CellROX
orange or 1 �M MitoSOX (ThermoFisher) in complete DMEM for 30 min, washed once with PBS,
trypsinized, and harvested. For NAC treatment, cells were incubated with 1 mM NAC for 24 to 96 h
before ROS measurement and/or cell counting.

For TRMT1 reexpression experiments, empty vector or untagged TRMT1 expression constructs were
transiently transfected into the control-WT or TRMT1-KO1 cell lines using Lipofectamine 3000 (Thermo
Fisher). Twenty-four hours after transfection, cells were split into 6-well plates for treatment with
t-bu-OOH as indicated. Cell viability was measured 24 h posttreatment, while one well was harvested for
protein extracts and immunoblotting.

Protein synthesis assay. For de novo protein synthesis detection using puromycin, each cell line was
seeded at 5 � 105 cells per well of a 6-well plate and allowed to attach for 24 h. Cells were treated with
5 �M puromycin in complete DMEM for the indicated times, harvested by trypsinization, washed with
PBS, and resuspended in 100 �l of RIPA buffer. Following a 5-min incubation on ice, cell lysates were
centrifuged at 14,000 � g at 4°C for 15 min, and the supernatant was collected for analysis by
immunoblotting.

For monitoring mitochondrial protein synthesis, cell lines were seeded as described above and
pretreated with 200 �M emetine for 10 min in cysteine and methionine-free DMEM (21013024; Thermo
Fisher) containing 10% dialyzed FBS (Thermo Fisher) and 2 mM L-alanyl–L-glutamine (GlutaMAX; Gibco).
After the initial emetine incubation, 200 �Ci of [35S]methionine-cysteine protein labeling mix (NEG772;
PerkinElmer) was added to the cells and further incubated for 1 h. Cells were harvested directly from the
plate in PBS and resuspended in a buffer containing 50 mM Tris-HCl, pH 8.3, 1% SDS, and 0.25 U/�l
Benzonase (70664-3; EMD Millipore). After a 15-min incubation on ice, lysed cells were centrifuged at
21,000 � g at 4°C for 5 min, and the supernatant was collected for analysis on a 12% Tris-glycine
SDS-PAGE. The gel was stained with SimplyBlue Coomassie (Thermo Scientific), dried, exposed on a
phosphor screen (GE Healthcare), and scanned on a Bio-Rad personal molecular imager followed by
analysis using NIH ImageJ software.

RNA analysis. RNA from input and purified samples was extracted using TRIzol (Invitrogen, Thermo
Fisher) and fractionated on 7 M urea–1.0� Tris-borate-EDTA (TBE)–10% denaturing polyacrylamide gels,
followed by Sybr gold nucleic acid staining (Invitrogen). RNA was visualized by 300 nM UV transillumi-
nation and subsequently transferred to a Hybond N� membrane (GE Healthcare Life Sciences) for probe
hybridization with radiolabeled oligonucleotides (Table S1). Blots were stripped by incubation at 75°C
with stripping buffer (0.15 M NaCl, 0.015 M Na-citrate, 0.1% SDS) and repeated at least twice until there
was no detectable signal.

For primer extension analysis, total RNA (�3.3 �g) was preannealed with 0.625 pmol of 5=-32P-labeled
oligonucleotide and 1.4 �l of 5� hybridization buffer (250 mM Tris, pH 8.5, and 300 mM NaCl) in a total
volume of 7 �l. The mixture was heated at 95°C for 3 min, slowly cooled to 41°C, and combined with 7
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�l of extension mix consisting of 0.12 �l avian myeloblastosis virus (AMV) reverse transcriptase (Pro-
mega), 2.8 �l 5� AMV buffer, 0.56 �l of 1 mM deoxynucleoside triphosphates (dNTPs) (40 �M final
concentration), and 3.52 �l water. Following primer extension at 41°C for 1 h, samples were mixed with
2� formamide loading dye, heated at 95°C for 3 min, and run on a 7 M urea–1.0� TBE–15% denaturing
polyacrylamide gel. Gels were exposed on a phosphor screen (GE Healthcare) and scanned on a Bio-Rad
personal molecular imager, followed by analysis using NIH ImageJ software.

Plasmid constructs. The coding region for human TRMT1 was PCR amplified from cDNA clone
HsCD00323018 (PlasmID Repository, Harvard Medical School) for cloning into pcDNA3.1 (Thermo Fisher)
for expression as either an untagged, EGFP-tagged, or triple FLAG-tagged protein as previously described
(119, 121). TRMT1 variants were constructed by Gibson cloning and verified by Sanger sequencing. In
addition, all TRMT1 constructs used for reexpression in TRMT1-KO cell lines contained silent mutations
to prevent CRISPR-mediated editing of the transfected constructs. The mutagenesis oligonucleotides for
generating the silent mutations in TRMT1 are listed in Table S1.

Affinity purification of TRMT1-FLAG. Transient transfection and cellular extract production were
performed as previously described (111). Whole-cell extract from transiently transfected cells cell lines (1
mg of total protein) was rotated with 10 �l of anti-DYKDDDDK magnetic beads (TaKaRa BioUSA,
Clontech) for 2 h at 4°C in lysis buffer (20 mM HEPES at pH 7.9, 2 mM MgCl2, 0.2 mM EGTA, 10% glycerol,
1 mM DTT, 0.1 mM PMSF, 0.1% NP-40) with 150 mM NaCl. Resin was washed three times using the same
buffer, followed by RNA extraction or protein analysis (see below).

Protein analysis. Cellular extracts and purified protein samples were fractionated on NuPAGE Bis-Tris
polyacrylamide gels (Thermo Scientific), followed by transfer to Immobilon FL polyvinylidene difluoride
(PVDF) membrane (Millipore) for immunoblotting. Total protein on the blot was detected using REVERT
total protein stain (LI-COR Biosciences). Antibodies were used against the following proteins: TRMT1
(L00029; Santa Cruz Biotechnology), NDUFS7 (L00007; Proteintech), FLAG epitope tag (L00018; Sigma),
actin (L00003; EMD Millipore), glyceraldehyde-3-phosphate dehydrogenase (2118; Cell Signaling), puro-
mycin (MABE342; Millipore), and Nrf2 (12721; Cell Signaling). Primary antibodies were detected using
IRDye 800CW goat anti-mouse IgG (925-32210; Thermo Fisher) and IRDye 680RD goat anti-mouse IgG
(926-68070; LI-COR Biosciences). Immunoblots were scanned using direct infrared fluorescence via the
Odyssey system (LI-COR Biosciences).

Liquid chromatography-mass spectrometry (LC-MS) analysis of tRNA modifications. (i) Chem-
icals. All chemicals and reagents were obtained at the highest purity available and were used without
further purification unless stated. Benzonase, bacterial alkaline phosphatase, butylated hydroxytoluene,
acetonitrile, and buffer salts were purchased from Sigma-Aldrich (Steinheim, Germany). Coformycin was
obtained from the National Cancer Institute. Snake venom phosphodiesterase I was purchased from VWR
(Darmstadt, Germany). Water purified through a Milli-Q system was used throughout our studies.

(ii) RNA fractionation. Total RNA was loaded on a size-exclusion column (3 �m, 300 Å, 7.8 by 300 mm;
Agilent Bio SEC-3; Agilent, Waldbronn, Gemany) and RNA fractions eluted with 100 mM ammonium acetate
at pH 7 as the mobile phase. tRNA was separated from rRNA and small RNAs, vacuum concentrated, and
reconstituted in water. tRNA concentrations were determined by UV spectroscopy at 260 nm.

(iii) Nucleoside preparation. One microgram of purified tRNA from each sample (biological tripli-
cates of each strain) was digested using a mixture of Benzonase (21.5 U), bacterial alkaline phosphatase
(0.5 U), and phosphodiesterase I (0.21 U) in a final reaction volume of 50 �l. The reaction mixture was
supplemented with MgCl2 and Tris-HCl (pH 8.0), each at a concentration of 0.1 mM. The nucleobase
deaminase inhibitor coformycin was added at a concentration of 10 �g/ml, and butylated hydroxytolu-
ene (an antioxidant) was added at a concentration of 0.5 mM. The digestion was allowed to proceed for
2 h at 37°C and was stopped upon removal of the enzymes by microfiltration with 10-kDa spin filters
(VWR). [15N]deoxyadenosine ([15N]dA) was added to a final concentration of 5 nM as an internal standard
to account for mass spectrometric detection fluctuations.

(iv) LC-tandem MS analysis of RNA nucleosides. Ribonucleosides were separated, using a Synergy
Fusion RP (2.5-�m particle size, 100-Å pore size, 100-mm length, 2-mm inner diameter) from Phenome-
nex (Torrance, CA), on an Agilent 1290 series high-performance liquid chromatography (HPLC) system
equipped with a diode array detector (DAD). Mobile phase A was 5 mM ammonium acetate adjusted to
pH 5.3 with glacial acetic acid, and mobile phase B was pure acetonitrile. Gradient elution started with
100% A for 1 min and then increased to 10% B after 10 min, 40% after 14 min, and regeneration of
starting conditions with 100% A for 4 additional minutes. The flow rate was 0.35 ml/min, and the column
temperature was 35°C. The effluent from the column was directed through the DAD before entering the
Agilent 6490 triple-quadrupole mass spectrometer in dynamic multiple reaction monitoring (MRM)
mode. The MS was operated in positive ion mode with the following parameters: electrospray ionization
(ESI-MS; Agilent Jetstream); fragmentor voltage (set in a tune file), 250 V; cell accelerator voltage, 2 V;
N2-gas temperature, 150°C; N2-gas flow, 15 liters/min; nebulizer, 30 lb/in2; sheath gas (N2) temperature,
275°C; sheath gas flow, 11 liters/min; capillary voltage, 2,500 V; nozzle voltage, 500 V.

The mass transitions for each modified nucleoside are found in Table S2.
Data analysis. Using Agilent’s qualitative data analysis software, the UV peak areas at 260 nm of the

four canonical ribonucleosides, cytidine, uridine, guanosine, and adenosine, were integrated and
summed for each sample. Peaks corresponding to detection of MRM transitions for the modified
nucleosides were first normalized to the peak area of the internal standard ([15N]deoxyadenosine) to
account for intersample detection fluctuations, followed by a second normalization to the summed peak
areas of the canonical nucleosides to account for the amount of injected RNA. The adjusted values from
the knockout mutant samples were divided by the wild-type sample value to yield the fold change in
modification level for each modified nucleosides.
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Absolute quantification of m2,2G and m2G. Calibration solutions of m2,2G, m2G, and the canonical
nucleosides, cytidine, uridine, guanosine, and adenosine, were prepared with their respective synthetic
standards (Sigma-Aldrich) and mixed to a starting concentration of 2.2 pmol/�l for the modified nucleosides
and 2.2 nmol/�l for the canonical nucleosides. The resulting solution was serially diluted 1:10 to a final
concentration of 2.2 amol/�l for the modified nucleosides and 2.2 fmol/�l for the canonicals. A 1/10 volume
of the [15N]dA synthetic standard was added to each calibration solution. Ten microliters of each calibration
solution (range for m2,2G, 20 amol to 2 pmol; range for canonicals, 20 fmol to 20 nmol) was subjected to
LC-MS analysis before sample analysis using the same method as that used for the samples.

[15N]dA intersample fluctuation was 2.4%. The limit of detection (LOD; defined as S/N of �3) and limit
of quantification (LOQ; defined as S/N of �10) of m2G both were found to be 200 amol. For m2,2G, the
LOD was 200 amol and the LOQ was 2 fmol. The MS peak areas of the modified nucleosides was plotted
over the amount of injected material. The slope of the linear regression was used to determine the
amount of m2G and m2,2G in the analyzed samples.

For the canonicals, the peak areas of the UV chromatogram at 260 nm was used for linear regression.
The resulting response factors were used to determine the amount of injected canonicals in picomoles
per sample. The amount of RNA was then determined by using the average tRNA composition of 20
cytidines, 10 uridines, 20 guanosines, and 15 adenosines per tRNA. In a last step, the amounts of modified
nucleosides (in femtomoles) were divided by the amount of tRNA injected (in femtomoles) to yield the
modification percentage per tRNA molecule.

Quantification and statistical analysis. All statistical analyses were performed using GraphPad
Prism 7.0. Immunoblots for de novo protein synthesis assays using puromycin were quantified using
Image Studio (LI-COR Biosciences). For mass spectrometry, the experiment was carried out on 3
independent RNA samples isolated from 3 independent flasks of each cell line. All results represent the
means � standard deviations. The numbers of times experiments were repeated were the following: Fig.
1B, 3; Fig. 1C to F, 1 to 3, depending on the antibody; Fig. 2B, �3; Fig. 3B, 2 to 4, depending on the probe;
Fig. 3D and E, 2 to 6, depending on the probe; Fig. 4B and C, 3; Fig. 4D to F, 2; Fig. 5A and B, 3; Fig. 5C
and D, 2; Fig. 5E to G, 2; Fig. 6A and B, 3; Fig. 6C and D, 2; Fig. 6E and F, 3; Fig. 7A and B, 6; Fig. 7C, 2;
Fig. 7D and E, 3; Fig. 7F, 2; Fig. 7G, 3 to 5, depending on the treatment; Fig. 7H, 2; Fig. 8A and B, 2; Fig.
8C, 3.
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