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The posttranscriptional modification of messenger RNA (mRNA) and
transfer RNA (tRNA) provides an additional layer of regulatory
complexity during gene expression. Here, we show that a tRNA
methyltransferase, TRMT10A, interacts with an mRNA demethylase
FTO (ALKBH9), both in vitro and inside cells. TRMT10A installs N'-
methylguanosine (m'G) in tRNA, and FTO performs demethylation
on N°-methyladenosine (m®A) and N°,2’-O-dimethyladenosine
(m°A,,) in mRNA. We show that TRMT10A ablation not only leads
to decreased m'G in tRNA but also significantly increases m®A levels
in mRNA. Cross-linking and immunoprecipitation, followed by high-
throughput sequencing results show that TRMT10A shares a signif-
icant overlap of associated mRNAs with FTO, and these mRNAs have
accelerated decay rates potentially through the regulation by a spe-
cific m®A reader, YTHDF2. Furthermore, transcripts with increased
m°A upon TRMT10A ablation contain an overrepresentation of
m'G9-containing tRNAs codons read by tRNASM(TS) tRNAA™I(CCE)
and tRNA™CSD, These findings collectively reveal the presence of
coordinated mRNA and tRNA methylations and demonstrate a mech-
anism for regulating gene expression through the interactions be-
tween mRNA and tRNA modifying enzymes.

tRNA | mRNA | modification

To date, about 150 types of RNA chemical modifications on
almost all RNA species have been described (1-4). These
modifications can dramatically expand the RNA alphabet by
altering RNA structures, affinity to proteins, and base-
pairing ability, greatly impacting how RNA influences the
genetic flow of information from transcription to protein
synthesis (2, 5-9). While many of the enzymes that deposit
and remove RNA modifications have been identified, the
details of how RNA modifications are regulated remain poorly
understood.

Among those RNA species, transfer RNA (tRNA) is the most
extensively modified. tRNA methylations are known to be critical
for their stability and translational fidelity (1, 10, 11). TRMT10A
is an S-adenosylmethionine—dependent methyltransferase that
installs N'-methylguanosine (m'G) in tRNAs at the ninth position.
While previous studies have identified the m'G9 sites in tRNAs in
human cells (12, 13), TRMTI10A is, so far, the only known
methyltransferase that installs this modification in human tRNA.
The entire substrate repertoire of TRMT10A in human cells has
not been fully revealed, although tRNAS™ and tRNAM™M®' were
shown as the substrates of human TRMT10A in pancreatic $-cells
(14). Previous efforts in characterizing the tRNA substrates of
TRMT10A were mostly done in yeast (15-17). Human TRMT10A
was shown installing m'G9 in tRNAs in vitro using yeast and
human tRNAs as the substrates (18). Mutations in TRMT10A
have been observed in patients with young-onset diabetes syn-
drome and primary microcephaly-mild intellectual disability (14,
19-22), and recent studies have suggested that deficiency of
TRMT10A can induce apoptosis in pancreatic cells, consistent
with the correlation with diabetes (14, 22). However, the mechanism
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by which deficiency of TRMT10A is linked to the disease
phenotype remains enigmatic.

Another major type of RNA, messenger RNA (mRNA), also
carries methylations. The most prevalent internal modification in
mRNA is N®-methyladenosine (m®A), which impacts nearly ev-
ery step of RNA processing, including reducing or extending
RNA half-life in cells (23-28). The methyltransferase heterodimer
complex of METTL3 and METTLI14 installs m°A in mRNA (29—
32). ALKBHS5 and FTO (also known as ALKBHY) are the only
known m®A demethylase enzymes (33, 34). FTO can also remove
N®2'-O-dimethyladenosine (m®A,;,) in mRNA (35, 36), and it is
thus most appropriately referred to as an m°®A/m°A,, demethylase.
FTO was also reported performing demethylation on m'A in
mRNA and tRNA (37). The substrate selectivity of FTO has been
suggested to be dependent on its predominant subcellular locali-
zation (37). The removal of m®A by FTO can lead to differential
regulation by m®A readers, which specifically recognize the modi-
fication sites and bridge them to specific cellular complexes, such as
the splicing complex, translational machinery, and RNA decay
machinery (25, 27, 38-42). Thus far, a handful of m°A readers have
been identified that all specifically recognize m°A in mRNA, and
yet can lead to different or even opposite cellular consequences
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(43-46). The functional significance of RNA-modifying enzymes and
reader proteins is further evidenced by the fact that dysregulation of
mRNA modification status or mutations in RNA-modifying enzymes
has been linked to a battery of human diseases, including cancer,
neurodegenerative disease, and diabetes (47-51).

Interestingly, previous studies have identified a few RNA-
modifying enzymes that can install the same modification in
different RNA species (52). For example, tRNA splicing ligase
also acts as a ligase for noncanonical mRNA splicing. Addi-
tionally, tRNA pseudouridine synthases modify mRNAs (53-55).
In addition, the yeast tRNA methyltransferase Trm140 has been
shown to modify a noncanonical tRNA target only when asso-
ciated with a seryl-tRNA synthetase (56). Considering these
examples of noncanonical substrate targeting by putatively type-
specific enzymes, it is not surprising that FTO itself has been
reported to perform its demethylation activity on both tRNAs
and mRNAs (37). Furthermore, there are examples of the
unusual collaboration of RNA modifications by proteins not
possessing modification activity (56) and coordination between
tRNA modifications and gene transcription (57). These studies
hint at an unusual mode of RNA modification regulation
whereby the activity and selectivity of type-specific RNA-
modifying enzymes can change upon association with a partner
protein. It stands to reason that the regulation of two separate
RNA modifications and two separate RNA species can be
bridged together to regulate gene expression.

Despite the general acceptance that modifications in both
mRNA and tRNA are indispensable for the precise regula-
tion and coordination of gene expression, studies to date have
focused solely on the modification status of the individual types
of RNA species, as opposed to understanding how the modifi-
cation status across multiple RNA species is collectively regu-
lated or coordinated. Here, we describe a connection between
the methylation status of mRNA and tRNA in the regulation
of gene expression. We discovered that the tRNA m'G
methyltransferase TRMT10A and the mRNA m°A/m°A,, de-
methylase FTO interact with each other. Strikingly, TRMT10A
ablation impacts not only the level of m'G in tRNA but also m°A
levels in mRNA. The RNA half-life was examined across the
overlapped targets of FTO and TRMT10A. Finally, thorough
analyses of codon usage were executed on transcripts with in-
creased m®A peaks upon TRMT10A ablation. These experi-
ments collectively suggest that the tRNA methyltransferase
TRMT10A not only regulates m'G levels in tRNA but also ex-
hibits a dual function in tuning the activity and selectivity of the
mRNA demethylase FTO. In turn, FTO with modified activity
affects m°A levels in mRNA, leading to downstream effects on
gene expression.

Results

TRMT10A Interacts with m°A/m°A,,, Demethylase Enzyme FTO. To iden-
tify the proteins associated with TRMT10A, we first constructed
an HEK293T cell line stably expressing a tagged TRMT10A
(N-terminal FLAG and HA tags in tandem) (SI Appendix, Fig. S14)
and used tandem-affinity purification of the FLAG-HA-tagged
TRMT10A followed by protein mass spectrometry (TAP-MS) to
identify TRMT10A-associated proteins. A control sample stably
expressing FLAG-HA peptide without TRMT10A was processed in
parallel (SI Appendix, Fig. S1B). These experiments were carried
out with nuclear lysate because TRMT10A is primarily located in
the cell nucleus (22). The TAP-MS analyses suggested that the
potential associated proteins of TRMT10A in the nucleus are in-
volved in carbon metabolism, glycolysis regulation, and DNA
damage repair (SI Appendix, Fig. S1 B and C and Dataset S1),
consistent with the previously reported function of TRMT10A as a
tRNA m'G methyltransferase linked to the regulation of RNA
processing and energy metabolism (SI Appendix, Fig. S1C).
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An unexpected, yet interesting observation is that many pro-
teins identified from the TAP-MS experiments are involved in
the regulation of mRNA methylation status, including the m®A
demethylase FTO (Dataset S1). These results led us to investi-
gate if TRMT10A is involved in the regulation of both mRNA
and tRNA methylations. Hence, further characterizations of this
potential interaction were executed. To validate the protein—
protein interactions between FTO and TRMT10A by an inde-
pendent technique, we performed immunoprecipitation experi-
ments with endogenous TRMT10A as the bait protein followed
by Western blot. TRMT10A is shown in Fig. 14 interacting with
FTO in an RNA-facilitated manner. Adding Rnase A led to
decreased binding between FTO and TRMT10A; however, it did
not abolish their interactions. Reciprocally, we performed the
reverse immunoprecipitation using endogenous FTO to pull
down TRMT10A. As shown in Fig. 1B, endogenous FTO pulled
down TRMT10A. These experiments were reproducible with
two TRMT10A antibodies and two FTO antibodies (SI Appen-
dix, Fig. S2 A and B). In addition, we showed that FLAG-tagged
TRMT10A can pull down FTO and FLAG-tagged FTO can
reciprocally pull down TRMT10A (SI Appendix, Fig. S2 C and
D). Furthermore, we carried out proximity ligation assays (PLA)
to investigate the in situ interactions between FTO and TRMT10A.
As shown in Fig. 1C, we observed fluorescence puncta in wild-
type HEK 293T cells by using an anti-TRMT10A antibody and
an anti-FTO, antibody, which recognize endogenous TRMT10A
and FTO, respectively. We observed similar results when we
used anti-FTO and anti-FLAG (recognizing FLAG-tagged
TRMT10A) antibodies. In contrast, there were negligible fluo-
rescence signals when we performed PLA in TRMT10A knockout
cells (Fig. 1B), matching the signal from the cells that were not
treated with any primary antibodies or only secondary probes
but with no antibodies administered (SI Appendix, Fig. S3). To
test if the self-oligomerization of primary antibodies produced
false-positive signals, we performed single-recognition PLAs
using a serial titration of each primary antibody and observed
negligible false-positive signals (S Appendix, Fig. S3). Next, we
employed an in vitro GST pull-down experiment using purified
full-length GST-TRMT10A fusion protein and purified full-
length Hise-tagged FTO. As shown in SI Appendix, Fig. S4,
Hisg-FTO and GST-TRMT10A were each purified to near
homogeneity. Initial experiments revealed that TRMT10A can
pull down FTO directly (Fig. 1D). We further added purified
polyadenylated RNA in the pull-down experiments. The results
showed that the presence of polyadenylated RNA strengthens
the association between FTO and TRMT10A (Fig. 1D). Fi-
nally, we examined whether TRMT10A interacts with the other
mRNA m°A demethylase, ALKBHS. The result of immuno-
precipitation and PLA assays both showed no interaction be-
tween ALKBHS5 and TRMT10A (SI Appendix, Fig. S5). These
data together suggest that the interaction between TRMT10A
and FTO is specific.

TRMT10A Indirectly Influences mRNA m°A Levels in Addition to Its
Canonical tRNA m'G Methyltransferase Activity. Since TRMT10A
interacts with the m®A/m°A,, demethylase FTO, we examined
whether TRMT10A, a tRNA m'G methyltransferase, can in-
fluence the level of m°A in mRNA through its interaction with
FTO. First, we performed TRMT10A transient knockdown,
reaching a knockdown efficiency of 85% (SI Appendix, Fig. S6A).
We also obtained four single-colony TRMTI10A knockout
HEK293T cell lines using CRISPR/Cas9 (SI Appendix, Fig. S6B).

To analyze the m®A levels in polyadenylated RNAs from
TRMT10A knockdown versus knockdown control as well as
TRMTI10A knockout versus wild-type samples, we first purified
polyadenylated RNAs by performing two rounds of poly-dT ex-
traction followed by ribominus treatment to obtain pure goly—
adenylated RNAs (SI Appendix, Fig. S7). We analyzed the m"A/A
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Fig. 1. TRMT10A interacts with mRNA m®A/m®A,, demethylase FTO. Western blot showing that (4) TRMT10A immunoprecipitated with FTO and (B) FTO
immunoprecipitated with TRMT10A in an RNA-facilitated manner in HEK293T cells. The input and immunoprecipitation (IP) were from the same Western blot
but taken under two exposure times. (C) PLA imaging showing that FTO interacts with TRMT10A in situ in HEK293T cells. (Top) Anti-FTO and anti-TRMT10A
antibodies were administrated in wild-type HEK293T cells. (Middle) Anti-FTO and anti-flag antibodies were administrated in TRMT10A stable expression cells.
(Bottom) Anti-FTO and anti-TRMT10A antibodies were administrated in TRMT10A knockout (KO) cells. Nuclei were stained with DAPI. PLA interaction signals
are shown as cyan puncta (Scale bars, 20 nm.) (D) TRMT10A directly associates with FTO, as shown by GST-pulldown experiments. To validate the protein
pulled down by GST-fusion TRMT10A, we performed immunoblot with an anti-FTO antibody.

ratio in these purified polyadenylated RNAs by LC-MS/MS
quantification. The results showed that knockdown of TRMT10A
leads to a significant increase of m®A in the polyadenylated RNA
species in comparison to the control sample. Increased m®A levels
were observed in the polyadenylated RNAs from all of the four
TRMT10A knockout cell lines in comparison with the control (Fig.
2 A and B and SI Appendix, Figs. S8 and S94). We employed
knockdown of ALKBHS as a positive control. As shown in S/
Appendix, Fig. S9 B and C, knockdown of ALKBHS, leads to an
obvious increase in m®A level in polyadenylated-RNA in com-
parison with the knockdown control.

We also performed dot-blot assays and m°A fluorescence
immunostaining on TRMT10A knockout cell lines in comparison
to the wild-type cells. To ensure the specificity of the anti-m°A
antibodies from two commercial vendors, we incubated the an-
tibodies with in vitro-transcribed RNA oligos containing either
m®A, N'-methyladenosine gmlA), or unmodified adenosine. The
results showed that the m°A antibodies from both commercial
vendors react exclusively with the m®A-containing RNA probe
but not with the m'A-containing RNA probe or with the un-
modified adenosine (SI Appendix, Fig. S10 A and B). We then
used the validated m®A antibodies in the m®A fluorescence
immunostaining and the dot-blot assays to examine the level of
m°A in different samples. The results consistently showed that
TRMTI0A knockout leads to increased m®A (Fig. 2 C and D and
SI Appendix, Fig. S10C). To examine whether the changes in
m°A levels were specifically linked to the deficiency of TRMT10A
and not to other methyltransferases, we chose a tRNA methyl-
transferase NSUN2 and an rRNA methyltransferase NSUNS
as controls to conduct parallel knockdown experiments. We
performed NSUN2 knockdown and NSUNS5 knockdown, respec-
tively, and compared the m°A/A levels in mRNA from the
knockdown samples to their control samples. LC-MS/MS results
showed that knockdown of NSUN2 or NSUNS do not lead to m°A
level changes in mRNA (SI Appendix, Fig. S11). The results
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confirmed that the effects on m®A in poly(A) RNA are specific to
TRMT10A rather than a universal effect resulting from the ab-
lation of any RNA methyltransferase. In addition, the LC-MS/MS
results showed no obvious changes in m°A levels in 18S rRNA and
28S rRNA between TRMT10A knockdown and the knockdown
control cells, as well as TRMT10A knockout versus wild-type cells
(SI Appendix, Fig. S12). There is a slight (not statistically signifi-
cant) increased level of m°A in RNA smaller than 200 nucleotides
upon TRMT10A ablation; however, the difference is not com-
parable to the level changes we observed in poly(A)-RNA (S/
Appendix, Fig. S12).

Considering that FTO has been previously shown to remove
mPA,, in mRNA, we quantified the levels of m°A,;, in polyadenylated
RNAs extracted from TRMT10A knockdown in comparison to
the knockdown control, as well as TRMT10A knockout in com-
parison to the wild-type cells. The results showed that neither
knockdown nor knockout of TRMTI0A leads to noticeable
changes in m°A,,, in mRNA (SI Appendix, Fig. S13). Our results
suggest that the association of FTO and TRMT10A influences
the level of mRNA mPA rather than m®A,, in HEK 293T cells.

TRMT10A Deficiency Positively Influences Transcriptome-Wide m°A
Deposition in mRNA. Considering the increased m°A levels in
polyadenylated RNAs upon TRMT10A ablation and the fact
that our TAP-MS, coimmunoprecipitation, immunoblotting, PLA
assays, and GST-pulldown experiments suggested that TRMT10A
interacts with FTO (Figs. 1 and 2 and SI Appendix, Fig. S2), we
next sought to identify the transcripts containing TRMT10A-
sensitive m°A sites.

To answer this question, we carried out transcriptome-wide
m®A-sequencing (m®A-seq) experiments in biological replicates
of TRMT10A knockdown vs. the knockdown control cells. A
total of 13,306 common m°A peaks were identified by using
exomePeak (58) between TRMT10A knockdown and control
cells. Consistent with previous studies, the most common m°A
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Fig. 2. TRMT10A negatively influences m°A levels in polyadenylated RNA. (A) LC-MS/MS showing that knockdown of TRMT10A led to increased mPA/A in
polyadenylated RNA in comparison to the knockdown control. (B) LC-MS/MS showing that TRMT10A knockout led to increased m®A/A in polyadenylated RNA
in comparison to the wild-type cells. (C) m®A immunostaining (red) of TRMT10A knockout (KO) and the wild-type cells, respectively. Nuclei were stained with
DAPI. The error bars showing the integrated signals from each cell in the image quantified by ImagelJ. (Magnification: 63x.) (D) Dot blot analysis of poly-
adenylated RNA isolated from TRMT10A knockout and the wild-type HEK 293T cells. Signals of m®A levels in the immunofluorescence and the dot blot assays

were quantified by Imagel. P values were determined using a two-tailed Stud

ent’s t test for unpaired samples. Error bars represent mean + SD, n = 8 (four

biological replicates x two technical replicates) for LC-MS/MS samples and n = 3 for dot blot samples. *P < 0.05, **P < 0.01, ***P < 0.001.

consensus motif, GGAC (the bold, underlined A is the potential
methylated adenosine [m°A]), was significantly enriched in our
identified m°A peaks (Fig. 34). After a thorough survey of the in-
dividual peaks, we found that a total of 1,344 peaks exhibited a
significant increase in m°A levels (P < 0.05; log, fold-change > 1),
and 673 peaks exhibited a significant decrease in m°A levels
in TRMT10A knockdown cells relative to knockdown control cells
(Fig. 3B). Using qRT-PCR experiments, we validated the m®A levels
of three individual targets, including MYC, FOXDI, and AUPKAIP]I.
Each gene transcript showed a significant increase in mCA,
reflecting our sequencing analysis (Fig. 3C). We assessed the bi-
ological processes and molecular functions of the transcripts with
increased m®A sites upon TRMT10A ablation via gene ontology
(GO) analysis. GO analysis showed that these transcripts are
mostly associated with mRNA processing, regulation of mRNA
stability, nucleotide binding, and tRNA binding (Fig. 3D).

TRMT10A Ablation Leads to Increased m°A in the Shared mRNA
Targets of TRMT10A and FTO. To gain insights into TRMT10A-
associated RNAs, we utilized cross-linking and immunoprecipita-
tion, followed by high-throughput sequencing (CLIP-seq) experi-
ments. As shown in the TBE-urea gel analysis of the TRMT10A
CLIP, TRMT10A interacted with RNA species (SI Appendix, Fig.
S144). We subsequently performed high-throughput sequencing of
the RNA products obtained from CLIP in biological triplicates.
As shown in Fig. 44, TRMTI10A shared a significant percent-
age of common mRNA targets with FTO (Fig. 4 A and B). The
overlapped CLIP targets of FTO and TRMT10A also exhibited an
increase in m°A peaks upon TRMT10A knockdown in comparison
with the knockdown control (Fig. 4B), indicating that TRMT10A
potentially influences m°A levels in mRNA through its interaction
with FTO. We will refer to these transcripts as FTO-TRMT10A-
dependent m®A-containing transcripts. To investigate whether
TRMT10A associates with FTO’s CLIP sites on a transcriptome-
wide scale, we analyzed and compared the transcriptomic distribu-
tion of the CLIP binding sites for these two enzymes. The results
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revealed that FTO is enriched in the vicinity of TRMT10A peaks; in
contrast, no significant enrichment to randomly selected peaks were
observed for FTO (Fig. 4C). As shown in Fig. 4B and SI Appendix,
Fig. S14B, we have identified several transcripts—including MYC,
FOXDI, and AURKAIPI—that exhibited significant m°A enrich-
ment upon TRMT10A knockdown. These same m®A enrichment
sites are also concordant with nearby FTO and TRMT10A CLIP
sites (Fig. 4B). HPRT1, which is not a CLIP target of either FTO or
TRMTT10A, is shown as the negative control.

Shared mRNA Targets of TRMT10A and FTO Are Subjected to
Accelerated mRNA Decay Possibly through YTHDF2 in an m°A-
Dependent Manner. Next, we searched for the reader proteins
working in the same functional axis as FTO and TRMT10A.
There are two major families of m°A reader proteins known to
specifically recognize m®A in polyadenylated RNAs and bridge
the m®A-containing transcripts to the relevant cellular machin-
ery; the YTH proteins and IGF2BP proteins (43, 59). Interest-
ingly, these m°®A readers can similarly bind m°®A but elicit distinct
molecular and biological consequences. YTHDF2 specifically
recognizes m°A-containing transcripts and decreases the half-
life of the m®A-containing transcripts in comparison to non-
methylated ones (26). In contrast, IGF2BP proteins stabilize
mPA-containing transcripts (43). Here, we sought to identify the
main reader protein that bridges the targeted TRMT10A and
FTO-dependent m®A-containing transcripts to cellular effects.
Toward this end, we carried out a luciferase reporter assay with
insertion of either a wild-type or mutant 3’-UTR of the MYC
gene. MYC was shown as a target in our TRMT10A CLIP-seq,
and the m°A level of MYC gene increased upon TRMT10A
knockdown in comparison to the control as revealed in the m®A-
seq results data (Fig. 4B). The wild-type form of this reporter
transcript has been previously reported as a target for YTHDF2-
mediated decay (26). In the mutated reporter transcript, each
GGAC (m°A motif with the potentially methylated adenosine
bolded and underscored) consensus sequence is changed to
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GGCC, effectively preventing adenosine methylation (43). Our
results showed that TRMT10A knockdown led to decreased lu-
ciferase activity and mRNA levels in the wild-type reporter but not
in the mutant reporter (Fig. 4D). This phenomenon aligned with
the known functions of YTHDF2 in accelerating mRNA decay
instead of the stabilizing effect of other m°A reader proteins on
m®A-containing transcripts (26, 43). In support of this, knockdown
of YTHDF2 preferentially increased the half-lives of FTO-
TRMT10A-dependent m°A-containing transcripts compared to
the nontargeted transcripts (SI Appendix, Fig. S154). In contrast,
knockdown of IGF2BP1 did not show significant effects on
TRMRT10A and FTO-dependent m®A-containing transcripts (SI
Appendix, Fig. S15B). We have also measured the half-lives of a
few representatives, m°A-enriched transcripts, including MYC,
ATP7A, FOXD1, and ERCCS; these transcripts are also the targets
of YTHDF2-mediated decay. As shown in Fig. 4F and SI Appen-
dix, Fig. S16, the half-lives of MYC, ATP7A, FOXDI, and ERCC5
all decreased in the TRMT10A knockout in comparison to the wild-
type cells. Knockdown of METTL3 restored the half-life of the
three represented genes upon TRMT10A knockdown, which fur-
ther suggested that the decreased half-lives of these three repre-
sentative genes upon TRMT10A deficiency are m°A-dependent.
Collectively, these results suggest that the complex of FTO and
TRMTI10A possibly works in the same functional axis with
YTHDEF? instead of other m°A reader proteins that stabilize m®A-
containing transcripts.

The Catalytic Efficiency of TRMT10A Is not Critical for Its Impact on
mCA in Poly(A)-RNA. TRMTI10A installs m!G in human and yeast
tRNAs (15-17). Consistent with this, TRMT10A4 knockout resulted in
a 50% decrease of m'G in total tRNA and TRMT10A knockdown
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led to a 12% decrease of m'G in total tRNA (Fig. 5B and SI Ap-
pendix, Fig. S17A4). Reexpression of wild-type TRMT10A (21) led to
a rescue of m'G levels in tRNAs, while reexpression of the known
catalytic-inactive mutant TRMT10A G206R (21) did not restore
m'G levels (Fig. 54 and SI Appendix, Fig. S18). Interestingly, the
reexpression of either the wild-type or G206R TRMTI10A variant
restores the m°A levels in poly(A)-RNA (Fig. 5C). These results
suggest that the catalytic activity of TRMTI10A is not critical for
TRMTI10A’s impact on m®A in poly(A)-RNA.

To explore the phenotypic effects of TRMT10A deficiency, we
next investigated whether TRMT10A deficiency impacts cell
proliferation. We observed decreased cell proliferation upon
TRMTI10A knockout in comparison to the wild-type cells;
reexpression of either wild-type or G206R TRMT10A variant
rescued the impaired cell proliferation elicited by TRMTI10A
knockout. In contrast, expression of empty vector in TRMT10A
knockout cells failed to repair the cell proliferation defects (Fig.
5D and SI Appendix, Fig. S19). To study TRMT10A’s influence
on global protein synthesis, we used an alkyne-modified glycine
analog, L-homopropargylglycine (HPG), to metabolically label
newly synthesized proteins in TRMT10A knockout and wild-type
cells, as well as in TRMT10A knockdown versus the knockdown
control cells. The HPG-labeled cells were then fluorescently
modified and analyzed by flow cytometry. The gating strategy of
flow cytometry is shown in SI Appendix, Fig. S20. The results
showed that TRMT10A ablation did not induce a notable impact
on global protein synthesis rate (SI Appendix, Fig. S214). In
addition, TRMT10A ablation did not alter the protein levels of
m®A methyltransferase METTL3 (SI Appendix, Fig. S21B).
These data collectively suggest that TRMT10A is less likely
to influence m®A levels in poly(A)-RNA through influencing
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the global protein synthesis or the expression levels of m°A
methyltransferase METTL3.

TRMT10A Enhances FTO's m°A Demethylase Activity In Vitro and May
Facilitate FTO's Substrate Selectivity Inside Cells. To better under-
stand how FTO is affected by TRMT10A deficiency, we sought
to quantify how well FTO binds to its putative mRNA targets. To
this end, we performed FTO-CLIP-qRT-PCR on two FTO-
targeted mRNAs in both wild-type and TRMT10A knockout
cells. The results showed that the enrichment ratio of FTO-CLIP
versus the vector-CLIP on MYC and FOXDI was significantly
lower in the TRMT10A knockout cells relative to the enrichment
ratio in the wild-type cells, indicating that TRMT10A facilitated
FTO targeting to the correct m°A sites in mRNA (Fig. 6A4).
Furthermore, we performed biochemical assays to measure the
m°A demethylase activity of FTO on poly(A)-RNA in the

Ontiveros et al.

presence and absence of TRMT10A. As shown in Fig. 6B, the
demethylation activity of FTO is enhanced by approximately
threefold in the presence of TRMT10A (at 1:1 molar ratio)
in vitro. Similarly, such an in vitro enhancement of FTO’s m°A
demethylation activity in the é)resence of TRMT10A was also
seen when we used an m°A-containing probe (Fig. 6C).
Leveraging these in vitro results, we employed a tether assay to
further study whether TRMT10A could impact m°A levels in
reporter transcripts inside of cells. As shown in the schematic in
Fig. 6D, we fused wild-type TRMT10A with a A-peptide; we also
added 5-BoxB sequences downstream of the wild-type or mutant
(mut) MYC CRD domain-containing Firefly luciferase reporters.
The results revealed decreased m°A levels in the wild-type CRD
Firefly luciferase in comparison to the MYC mutant CRD variant
luciferase gene in the cells expressing A-TRMT10A but not the
cells expressing only A-peptide (without TRMTI10A fusion).
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Fig. 5. The catalytic activity of TRMT10A is not critical for its impact on m°A
levels in poly(A)-RNA. (A) Western blot showing the reexpression of an
empty vector, wild-type TRMT10A, and TRMT10A G206R variant in two
TRMT10A knockout (KO) single colonies. LC-MS/MS quantification showing
that (B) TRMT10A knockout led to a significant decrease of m'G level in
tRNA. Reexpression of wild-type TRMT10A but not TRMT10A G206R variant
led to an increase of m'G in comparison to cells with TRMT10A ablation. (C)
TRMT10A knockout led to a significant increase of m°A level in poly(A) RNA.
Reexpression of either wild-type TRMT10A or TRMT10A G206R variant but
not the empty vector restores the m°A levels in the wild-type HEK 293T cells.
Error bars represent mean + SD, n = 6 (three biological replicates x two
technical replicates). (D) Cell proliferation assays performed in the wild-type,
TRMT10A knockout, TRMTT0A knockout with reexpression of wild-type
TRMT10A, TRMT10A knockout with reexpression of TRMT10A G206R vari-
ant, TRMT10A knockout with reexpression of an empty vector HEK293T cells.
Error bars represent mean + SD, n = 9 (three biological replicates x three
technical replicates). **P < 0.01.

These results showed that tethering of TRMT10A to a reporter
mRNA containing m°A target site leads to its demethylation.
Collectively, these results suggest that TRMT10A may enhance
FTO’s demethylation activity and selectivity on m°A sites in
poly(A)-RNA.

FTO-TRMT10A-Dependent m°A-Containing Transcripts Are Enriched in
Codons Corresponding to m'G9-Containing tRNAs. All of the data
collectively intrigued us enough that we were prompted to fur-
ther study the functional implications of a potential coregulation
of modifications in mRNA and tRNA mediated by FTO and
TRMT10A. Toward this end, we examined the usage of specific
codons in the coding sequences of FTO-TRMT10A-dependant
m°A-containing mRNAs. Each mRNA was analyzed to obtain
frequencies of codons corresponding to two categories of
tRNAs: 18 m'G9-tRNAs and 24 tRNAs without m'G9 (12). The
frequency of each codon from this subset of mRNAs was com-
pared to the latest human transcriptome codon frequen-
cies (60) to generate a codon usage bias (Fig. 6E). The codons
correspondin% to tRNACITTO) {RNAAECCE) and (RNATCED),
and three m G9-containing tRNAs, exhibited the greatest de-
gree of positive usage bias in our set of mRNA transcripts
compared to the whole transcriptome (Fig. 6E). Together, these
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data provide the first hints of a concerted regulation of meth-
ylation status of m'G in tRNA and m®A in mRNA by TRMT10A
through its catalytic-dependent and -independent activity. It has
been shown that m°A at any position in a given codon can
negatively impact translation-elongation dynamics such that the
overall production rate and folding of nascent peptides may be
altered (61). In the context of the FTO-TRMT10A complex, it
stands to reason that the increased stability of FTO-mediated
demethylated mRNAs may be positively coupled with favor-
able translation dynamics, and perhaps TRMT10A-mediated
tRNA methylation supports the translation of these specific
transcripts even more.

Discussion

Based on previous work and this study, we summarized a pre-
viously unknown mechanism by which the interaction between
two distinct RNA modifying enzymes contributes to the dynamic
regulation of modifications on mRNAs. Our work shows that a
tRNA methyltransferase, TRMT10A, interacts with an mRNA
demethylase, FTO, in vitro, inside cells, and in situ. Under
normal conditions, TRMT10A facilitates the substrate selectivity
and enhances the m®A demethylase activity of FTO to target and
remove the correct m®A sites in mRNA, thus stabilizing the now
unmodified mRNAs. Collectively, TRMT10A maintains a bal-
anced pool of functional tRNAs through its catalytic activity
while also influencing mRNA stability and possibly coordinating
transcript decoding through its interaction with FTO.

The Interaction of FTO and TRMT10A. Our studies revealed that
TRMT10A directly interacts with FTO in an RNA-facilitated
manner both in vitro and inside cells. It is an interesting finding
considering the opposite enzymatic activities of these two en-
zymes on very different types of RNA substrates. Moreover, our
CLIP-seq data show that FTO and TRMT10A share a significant
overlap of CLIP targets, suggesting these two enzymes are spa-
tially near the same set of mRNA targets inside of cells. The
overlapped targets participate in a wide array of metabolic
pathways related to energy metabolism regulation. This inter-
action between FTO and TRMT10A was revealed critical to the
transcriptome-wide m°A profile of polyadenylated RNA species,
as evidenced by m°®A-seq experiments in TRMT10A knockdown
and the knockdown control samples.

Previous studies showed G206R, which is a catalytic-inactive
variant of TRMT10A, is present in patients with young onset
diabetes and primary microcephaly (22). Interestingly, a few
other disease-related mutation sites in TRMT10A are found
outside of the catalytic domain and are clustered more toward
the N-terminal domain (19, 62). Data from TCGA database
highlights several mutation sites in TRMT10A both inside and
outside the catalytic domain of TRMT10A from colorectal
cancer patients (63, 64). It will be interesting to study and
compare the individual effects of mutations to catalytic residues
of TRMT10A as opposed to mutations outside the catalytic re-
gions, and how these may be linked to the disease phenotype.
Thus far, the interface and structural interactions among FTO,
TRMT10A, and the associated RNAs are not yet revealed. It is
not known whether specific RNA species functions as a docking
site to facilitate the multivalent binding of FTO and TRMT10A
to distinct locations, or if the RNA strengthens and solidifies the
direct interactions between FTO and TRMT10A at the m°A site,
which should be explored in the future study.

The Dual Functions of tRNA-Modifying Proteins. There is precedent
for enzymes, and specifically tRNA-modifying enzymes, to ex-
hibit essential secondary roles that are uncoupled from their
canonical catalytic activity. For example, the tRNA m°Us,
methyltransferase TrmA is essential for Escherichia coli viability
yet the presence of its enzymatic product m°Us,-tRNA is not

Ontiveros et al.
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(65). Moreover, the E. coli tRNA pseudouridine synthase TruB
supports cellular fitness under stress by acting as a tRNA
chaperone, even when catalytically inactive (66). These discov-
eries align with this work to suggest the notion of catalytic-
dependent and -independent dual functions of tRNA-modifying
enzymes. This dual functionality of tRNA-modifying proteins
conserved from bacteria to mammals may help to explain why
noncatalytic mutation can still lead to distinct physiological
consequences.

The Interplay Between mRNA and tRNA through the Coordination of
Modifications. tRNA deciphers the information encrypted in
mRNA during translation. The synonymous codons are trans-
lated at different speeds primarily determined by the levels of the
tRNAs as well as the anticodon—-codon pairing between the
tRNA and mRNA (67, 68). It is known that tRNA modifications
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influence the stability of the tRNA molecules and thus impact
the level of tRNA inside cells (1, 10, 69). In addition, modifi-
cation at the anticodon region affects the paring with the mRNA
codon. Thus, the overall composition of tRNA pools and their
mRNA decoding capacity are heavily influenced by the modifi-
cation status. Modifications to mRNA impact nearly every step
in mRNA processing, including mRNA stability and occupancy
in ribosomes, and thus RNA modifications play a significant
regulatory role in the functional transcriptome and proteome of
a cell (2, 70)

The concurrent existence of mRNA and tRNA modifications
is well studied, but how the cell coordinates the modification
status of mRNA and tRNA to achieve the desired levels of each
of RNA remains a mystery. It is known that many RNA-
modifying enzymes can install the same modification in differ-
ent RNA species (54, 71-74). These modifications perform
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similar roles in different RNA species, which indicates that these
enzymes may coordinate different RNA species to support cel-
lular events cooperatively. However, due to the overlapped en-
zyme activity at different RNA substrates, it is not a trivial task to
study the individual and collaborative roles of the RNA modi-
fications in different RNA species. FTO and TRMT10A have
distinct enzymatic activities and work on two distinct RNA
species. Our work reveals that TRMT10A, beyond its catalytic
activity, also influences m®A in mRNA through the interaction
with FTO to possibly coordinate the methylation status between
mRNAs and tRNAs.

Interestingly, our exploration of the codon composition
present in the subset of transcripts regulated by FTO and
TRMT10A provides hints that codons corresponding to m'G-
modified tRNAs may be preferentially utilized by this tran-
script pool. It is an intriguing idea that will warrant further study.
Our analysis also yielded several codons that are not significantly
enriched or are anticorrelated with our specific transcript pool,
including some m'G-modified tRNAs. It is not entirely surpris-
ing that only a subset of m'G-modified tRNA would be prefer-
entially utilized by this transcript pool, given that other
regulatory mechanisms may exist in parallel. It will be interest-
ing to study if this is a general mechanism by which RNA
modification statuses are coordinated by functional interactions
formed between RNA-modifying enzymes. Beyond just FTO,
TRMTI0A also interacted with several m®A reader proteins;
the functional significance of these interactions is worthy of
future study.

A New Axis of m°A Interpretation. Transcriptome-wide examina-
tion of m°®A coupled with RNA-sequencing data enabled a broad
classification of genes subject to FTO-TRMT10A complex
control. As evidenced by this classification, the activity and
downstream readout of the complex are highly diverse. This
likely reflects the diversity in recognition and interpretation by
reader proteins. The expression and localization of reader pro-
teins are subject to cell-type specificity as well as temporal
control, so any given change in the gene expression of m°A-
containing transcripts is subject to an additional layer of con-
trol and complexity at the reader level (27, 38, 42, 43). With this
context specificity in mind, comparison and annotation of CLIP-
seq RNA targets of both FTO and TRMT10A with m®A-seq
data revealed that FTO and TRMT10A work as a complex in
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