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ABSTRACT

Transfer RNA is heavily modified and plays a central
role in protein synthesis and cellular functions. Here
we demonstrate that ALKBH3 is a 1-methyladenosine
(m'A) and 3-methylcytidine (m3C) demethylase of
tRNA. ALKBH3 can promote cancer cell prolifera-
tion, migration and invasion. In vivo study confirms
the regulation effects of ALKBH3 on growth of tu-
mor xenograft. The m'A demethylated tRNA is more
sensitive to angiogenin (ANG) cleavage, followed by
generating tRNA-derived small RNAs (tDRs) around
the anticodon regions. tDRs are conserved among
species, which strengthen the ribosome assembly
and prevent apoptosis triggered by cytochrome ¢
(Cyt c¢). Our discovery opens a potential and novel
paradigm of tRNA demethylase, which regulates bi-
ological functions via generation of tDRs.

INTRODUCTION

Nowadays, more than 100 forms of modifications have been
identified to regulate the biological functions of RNA (1).
Transfer tRNA (tRNA), which functions as amino acid
carrier during protein synthesis, are heavily modified post-
transcriptionally (2). It has been reported that there are
13 modifications, on average, in one human tRNA (3).
These modifications can influence the structure, stability
and translation accuracy of tRNA (4,5). As reported, a
large subset of tRNA modification enzymes are linked to
human diseases (6).

Methylation is the most frequently happening post-
transcriptional modification of tRNA (7,8). In cytoplasmic
tRNA, 1-methyladenosine (m'A) at position 58 (m'A58) is

the predominant m'A modification in eukaryotic cells (9).
The 3-methylcytidine (m*C) modification occurs at position
32 in the anticodon loop of cytoplasmic tRNATh" tRNASer
and tRNAA™ and also at other positions (20 or 47) of
tRNAM" and tRNAMete (10). Modifications of tRNA are
crucial for its stability and biological functions (5). For in-
stance, lack of m!A58 impairs the hydrogen bonds from
A58 to A54 and A60 in initiator tRNAM®t of yeast, lead-
ing to the degradation of tRNAMet (11). Since tRNA is
essential to cellular functions (12), it will be of interest to
query which enzyme participates in the dynamic variation
of tRNA methylation.

It is well known that tRNA methyltransferases (M Tases)
such as rossmann-fold MTases (RFM) and SpoU-TrmD
MTases (SPOUT) are responsible for tRNA methylation
(13). However, demethylase which targets tRNA to remove
the methyl group is not well illustrated. FTO and ALKBHS
have been identified as demethylases that catalyze the re-
moval of m®A modifications in mRNA through an iron-
dependent oxidative demethylation mechanism (14). Both
FTO and ALKBHS influence mouse fertility (15), human
body weight (16) and cancer progression (17). Recently,
m!A in tRNA was firstly identified that could be demethy-
lated by ALKBH 1 in vitro and in vivo (18). The dynamic
methylation of tRNA affects the cellular level of tRNAMet
and regulates translation initiation (18). Together, it indi-
cates that other AlkB family members might be also in-
volved in the dynamic methylation of tRNA.

Human ALKBH3 belongs to AlkB family that utilizes
nonheme iron (II) to catalyze biological oxidation (19). Pre-
vious report showed that ALKBH3 prefers to demethy-
late single-stranded DNA (ssDNA) and RNA (19). Al-
though ALKBH3 has been suggested to be involved in sin-
gle strand RNA demethylation (20), studies tended to fo-
cus its demethylase activity on DNA, such as DNA repair

“To whom correspondence should be addressed. Tel: +86 20 39943024; Email: whongsh@mail.sysu.edu.cn

© The Author(s) 2018. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com


http://orcid.org/0000-0002-0054-4820

2534 Nucleic Acids Research, 2019, Vol. 47, No. 5

and genomic stability (21,22). It has been reported that ex-
pression of ALKBH3 is elevated in pancreatic (23), lung
(24) and urothelial (25) cancer as compared to the normal
tissue. Also, ALKBH3 is suggested to benefit the growth
and progression of colorectal (26) and lung (24) cancer
cells. However, it remained to be elusive whether ALKBH3-
modulated DNA /RNA demethylation is involved in its pro-
motion effects on cancer progression.

Here, we found that ALKBH3 acted as tRNA demethy-
lase to remove the methyl group of m'A and m?C in tRNA
both in vitro and in vivo. Demethylated tRNA was more sen-
sitive to the cleavage of angiogenin (ANG), which resulted
in the generation of tRNA-derived small RNAs (tDRs).
The tDRs were involved in ALKBH3-induced cancer pro-
gression via promoting ribosome assembly and preventing
cell apoptosis.

MATERIALS AND METHODS
Cross-linking immunoprecipitation (CLIP) and sequencing

The CLIP procedures were conducted using HeLa cells ac-
cording to the previous study (27) with slight modifications.
Briefly, four plates of HeLa cells in 15 cm dishes were trans-
fected with pPB/ALKBH3 plasmid for 48 h to reach about
90% cell confluency. After washing twice with ice-cold PBS,
cells were irradiated twice with 400 mJ/cm? at 254 nm by
Stratalinker on ice. Cells were lysed in high salt lysis buffer
(300 mM Nacl, 0.2% NP-40, 20 mM Tris—=HCI PH 7.6, 0.5
mM DTT, protease inhibitor cocktail (1 tablet/50 ml), and
RNase inhibitor (1:200)) at 4°C for 30 min. Supernatant
was collected after centrifuged at 17 000 g at 4°C for 15
min and further treated with 1 U RNase T1 for 15 min at
24°C. After centrifugation and filtration through 0.22 uM
filter, 10% supernatant was collected as input for further
sequencing analysis. Anti-Flag M2 beads (Sigma-Aldrich,
St. Louis, MO, USA, 80 pl) were washed three times with
lysis buffer and incubated with the filtered supernatant at
4°C for 4 h. After removing the flow through by magnetic
rack, beads were washed with for three times with 1 ml of
high salt buffer (5x PBS supplemented with 0.1% SDS, 1%
Nonidet P-40 and 0.5% sodium deoxycholate) and another
three times with 1 ml of wash buffer (20 mM Tris—HCI, pH
7.4, 10 mM MgCl, and 0.2% Tween-20). Beads and input
were further incubated with 10 U RNase T1 exactly for 8
min. Then, bead samples were treated with 95 pl commer-
cial PNK buffer and 0.5 U PNK for 15 min at 37°C. Af-
ter treatments, final concentration of 100 pM **P-labeled
ATP and 1 U PNK were added and incubated at 37°C for
another 30 min. The RNA /protein complexes were eluted
by NuPAGE 1 x loading buffer and fractionated by neutral
NuPAGE 4-12% bis—tris gel. The gel contents were trans-
ferred to nitrocellulose by wet transfer; the filter was blot-
ted dry and exposed to film. A fraction of the membrane
from approximately 40 to 70 kDa was used for purifica-
tion of the RNA-—protein complexes (Supplementary Figure
S1E). RNAs were recovered by proteinase K digestion in
proteinase K buffer, followed by phenol/chloroform extrac-
tion using glycogen as carrier. The RNA fragments were lig-
ated to adapter and established library by NEB small RNA
library preparation kit (E7330S). For RNA binding analy-
sis, RNAs were extracted by phenol/chloroform. Next, 50

ng ALKBH3-bound RNAs were separated by TBE-Urea-
PAGE. IgG was used as the negative control, while human
total tRNA and Bakers yeast tRNA (Sigma 10109495001)
were used as a size marker. The TBE-Urea gel was finally
visualized by SYBR-Gold.

mRNA, rRNA and mtRNA purification

The mRNA was purified by Ambion Dynabeads® mRNA
DIRECT™ Purification Kit twice according to according
to the manufacturer’s instruction. For rRNA, total RNAs
were separated with 1.5% agarose gel, then 18S and 28 S
rRNA were recovered from the gel by Zymoclean™ Gel
RNA Recovery Kit (Zymo Research, Orange, CA, USA).
For mtRNA, the mitochondria were separated by use of
the magnetic beads method (Mitochondria Isolation Kit;
Miltenyi Biotec, Auburn, CA, USA). Total mtRNA was ex-
tracted by Trizol.

In vitro biochemistry assay

The in vitro biochemistry assay was conducted according
to previous study (28) with slight modifications. Generally,
the 50 pl reaction system contained the following compo-
nents: RNAs (probes), wt or mutant ALKBH3 protein, KCI
(100 mM), MgCl, (2 mM), RNasin (0.2 U pl~!, Invitro-
gen), L-ascorbic acid (2 mM), a-ketoglutarate (300 wM),
(NH4)2FC(SO4)2~6H20 (150 MM) and 50 mM of HEPES
buffer (pH 7.0). The reactions were incubated at 37°C for
1.5 h, then quenched by addition of 5 mM EDTA and
heated at 95°C for 10 min. Samples were then centrifuged
at 13 000 g for 30 min at room temperature and supernatant
was collected for LC-MS/MS analysis. The probes were
synthesized in our lab and purified by HPLC. The sequences
of the probes were listed as follows:

m'A in loop RNA: 5-CCCGGUUCGS5UUCCCGG (5 =
m'A, T-loop of tRNAHSGTG o0p size 8)

m!A in linear RNA: ¥-CACGGUUCGS5UUCAAAG (5 =
m'A, no second structure)

Cell proliferation, colony formation, invasion and apoptosis

Cell proliferation was tested by CCK-8 kit (Dojindo,
Gaithersburg, MD, USA) according to previous stud-
ies (17,18). Colony formation was detected by CytoSelect
96-well Cell Transformation Assay (Cell Biolabs, USA).
Cell invasion was examined by the CytoSelect™ 24-well ex-
tracellular matrix (ECM) array (Cell Biolabs, USA). The
apoptosis was detected by FITC annexin V apoptosis de-
tection kit with PI (Biolegend, San Diego, CA, USA).

Polysome profiling

Polysome profiling was performed according to previously
stated method (29). The fractions were categorized and used
to isolate total RNA by Trizol reagent for RT-PCR, tRNA
purification and LC-MS/MS measurement.

tRINA fragment purification and sequencing

Total RNA (100 p.g) were denatured at 70°C for 5 min and
separated by a 15% TBE-urea gel with 20/100 or 10/60



oligo length standard ladder (Integrated DNA Technolo-
gies, Coralville, IA, USA). After visualized by SYBR Gold
(Ref. S11494 from Life Technologies), tDRs in gels were cut
according to sizes and recovered by small RNA PAGE re-
covery kit (Zymo Research, Irvine, CA, USA). The tDRs
were further treated with Tris for deacylation (30,31) and T4
PNK for RNA end repair according to the previous stud-
ies (30,32). The recovered tDRs was used to establish the li-
brary by NEB small RNA library preparation kit (E7330S).

Data analysis

The statistical analysis was performed by SPSS 17.0 for
Windows. Data were analyzed by two-tailed unpaired Stu-
dent’s #-test between two groups. P < 0.05, P < 0.01. All
other methods are described in detail in the supplementary
data.

RESULTS
ALKBH3 localizes in cytoplasm and links to tRNA in vivo

The specificity of a commercial available anti-ALKBH3 an-
tibody (Millipore, 09882) was confirmed by western blot
analysis, which showed that the antibody can specifically
detect a single protein band with the expected size of
~35 kDa, corresponding to the endogenous and exoge-
nous (over expression, o/¢) ALKBH3 (Supplementary Fig-
ure SIA). Next, the cellular localization of ALKBH3 in
various cell lines was analyzed by immunofluorescence as-
say. In tested cells including 2937, HeLa, HepG2, DUI45
and PC3 cells, ALKBH3 is dominant in cytoplasm (Fig-
ure 1A). Localization of ALKBH3 in cytoplasm was further
confirmed by western blot analysis (Supplementary Figure
S1B). Consistent results were observed in cells transiently
overexpressing ALKBH3, which were stained by Flag an-
tibody (Supplementary Figure S1C). Western blot analysis
showed that ALKBH3 was detected in various human cells
(Supplementary Figure S1D). Collectively, our data sug-
gested that ALKBH3 was widely expressed in human can-
cer cells and predominantly located in the cytoplasm.
Considering that RNA is one of substrates of ALKBH3
(19), we then utilized crosslinking and immunoprecipita-
tion sequencing (CLIP-seq) to classify the potential RNAs
bound by ALKBH3 (Supplementary Figure S1E). The
CLIP-seq data showed that tRNA was the most signifi-
cantly enriched RNA in ALKBH3-based CLIP products
compared to the input (Figure 1B, Supplementary Figure
S1F). All ALKBH3-bound RNAs were separated by TBE-
urea denaturing gel and visualized by SYBR gold stain-
ing. Results consistently showed that tRNA was the ma-
jor RNA type bound by ALKBH3 in HeLa cells (Fig-
ure 1C). CLIP-Seq results revealed that the composi-
tion of tRNA bound by ALKBH3 was different from
that of the total RNA input (Figure 1D, Supplemen-
tary Table S1). The tRNA which showed over 30 in en-
richment folds (CLIP versusinput) and over 0.5% in rel-
ative abundance in CLIP group included tRNASGWGCC,
tRNAGlnCTG, '[RNAHiSGCG, tRNAGlyCCC, tRNASerGCT and
tRNAWSCTT (Figure 1D, Supplementary Figure S1G). Fur-
thermore, protein sequence alignment between ALKBH3
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and the tRNA-binding motifs of ALKBH1, a known tRNA
demethylase (18), was performed. Results indicated that
ALBKH3 contained a similar tRNA-binding domain as
ALKBHI1, which may function as tRNA recognition (Sup-
plementary Figure SIH). Collectively, our data suggested
that ALKBH3 can recognize and bind to tRNA in vivo.

ALKBH3 catalyzes demethylation of m' A and m*>C in tRNA

Since CLIP-seq suggested that ALKBH3 was associated
to tRNA in vivo, we hypothesized that the known tRNA
methylations such as m’G, m'G, m'A, m’C and m’C,
might be the target of ALKBHS3. In vitro biochemical as-
say showed that ALKBH3 significantly decreased the lev-
els of m'A and m>C, but not others, in tRNAs from both
HeLa (Figure 2A) and 2937 (Supplementary Figure S2A)
cells. Similar observations were obtained using the commer-
cial tRNA from bakers yeast (Sigma, Cat. 10109495001)
(Supplementary Figure S2B). ALKBH3 had no effect on
the modifications including f* A, m*Am, Am, Cm, Gm, Um
or Ca’C in tRNAs from HeLa cells (data not shown). Be-
sides, enzymatic kinetic studies using purified tRNA and
synthesized RNA probes showed that ALKBH3 rapidly (2
min) demethylated m' A and m*C of tRNA in vitro, effect
of which is comparable to the m'A demethylation activity
of ALKBHI1 (18). Moreover, m'A demethylation activity
of ALKBH3 tended to be higher on tRNA and loop RNA
probes than that of linear RNA probe (Figure 2B).

To evaluate the demethylation effects of ALKBH3 in
vivo, HeLa cells were transfected with pcDNA/AKLBH3
or si-ALKBH3 1~3 (Supplementary Figure S2C). Overex-
pression of ALKBH3 led to a significant decrease in m'A
(16%) and m3C (26%) of total tRNA after 24 h transfection
(Figure 2C and D). Meanwhile, knockdown of ALKBH?3
by si-ALKBH3-1~3 remarkably increased m'A (17~24%)
and m3C (20~45%) of total tRNA (Figure 2C and D).
Similar observations were obtained in 2937 cells (Supple-
mentary Figure S2D). Furthermore, 16% and 21% reduc-
tions of m'A and m*C levels in total tRNAs, respectively,
were detected in HeLa cells stably overexpressing ALKBH3
(Supplementary Figure S2E). Consistently, increase of m' A
(15%) and m>C (12%) levels in tRNAs from Alkbh3~/~ cells
were observed when compared to that from wild-type HeLa
cells (Supplementary Figure S2E).

We further tested the functions of ALKBH3 in wild type
(WT) and Alkbh3~/~mice. The high to low expression lev-
els of ALKBH3 in organs of wide type mice was lung,
testis, epididymis, liver, kidney and heart (Supplementary
Figure S2F). The levels of m' A (Figure 2E) and m3C (Fig-
ure 2F) in tRNAs isolated from lung, testis, epididymis
of Alkbh3~/~mice were significantly (P < 0.05) enhanced.
However, there was no statistical difference for m' A or m>C
in liver, kidney or heart between WT or Alkbh3~/~mice
(Supplementary Figure S2G). We next examined the po-
tential effects of ALKBH3 on mRNA, rRNA or mtRNA
(mitochondria RNA). Our data showed that ALKBH3 was
independent to the m' A of mRNA (Supplementary Figure
S2H), rRNA (Supplementary Figure S2I) or mtRNA (data
now shown) in tested cells.
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Figure 1. ALKBHS3 localizes in cytoplasm and links to tRNA in vivo. (A) Immunofluorescence staining of endogenous ALKBH3 (red) was performed using
anti-ALKBH3 antibody. Nuclei were counter-stained by DAPI (blue); (B) the relative enrichment folds of identified RNA types in ALKBH3-CLIP samples
compared to that of the total input samples (CLIP/input of rRNA was used for normalization of other RNAs); (C) ALKBH3-bound RNAs in HeLa cells.
Bakers yeast tRNA (Sigma 10109495001) and purified human tRNA were used as size marker. [gG was used as the negative control; (D) pie chart showing
the identified top 20 specific tRNAs in ALKBH3-CLIP samples and input samples (two replicates for each group). See also Supplementary Figure S1.

Characterization and catalytic properties of ALKBH3 on
specific tRNA

ALKBH3 acting as demethylase on tRNA was further
characterized. In vitro pulldown assays confirmed that
ALKBH3 showed favoritism to m'A and m?C than A or
C of ssRNA probe (Supplementary Figure S3A). To bet-
ter understand the demethylation activity, two ALKBH3
mutants were constructed, which were defective in its
DNA/RNA binding groove residue Argl22 or central po-
sition at the active site Leul77, respectively, via Ala substi-
tutions (Supplementary Figure S3B). Results showed that
both R122A and L177A mutants lost their demethylation
activity on m'A of tRNA in vitro (Figure 3A) and in vivo
(Supplementary Figure S3C). This was consistent with pre-
vious data that Argl22 and Leul77 were essential to the
ALKBH3 activity (33).

The subcellular targets of ALKBH3 were further investi-
gated. Our data showed that in Alkbh3~/~ HeLa cells, m' A
level of tRNA in cytoplasm, but not in nucleus, was remark-
ably higher than that of wild type cells (Figure 3B). Simi-
lar results were observed in HeLa cells stably overexpress-
ing ALKBH3 (Supplementary Figure S3D). This might be
due to that ALKBH3 predominantly located in the cyto-
plasm. Next, we divided tRNA into two fractions, transla-
tion initiation fraction (containing 40S ribosomes, 60S ri-
bosomes, 80S monosomes, <80S) and translation activing
fraction (containing polysomes, > 80S), from HeLa cells
by use of ribosome profiling (Figure 4F). The tRNA con-
tent in <80S fraction was much greater than that of >80S

fraction (Supplementary Figure S3E). LC-MS/MS (Figure
3C) and northern blot analysis (Supplementary Figure S3F)
showed that m' A level of tRNA in <80S fraction, but not >
80S fraction, was significantly increased in A/kbh3~/~ HeLa
cells. In addition, northern blot analysis indicated that m' A
modification mainly existed in tRNA (Supplementary Fig-
ure S3F).

We further validated the demethylation activity of
ALKBH3 on selected tRNA. Gel-images showed that
individual tRNAs were successfully purified and iden-
tical in wild type and Alkbh3~/— HeLa cells (Supple-
mentary Figure S3G). LC/MS/MS showed that deletion
of ALKBH3 significantly increased the m'A levels of
most target tRNAs such as tRNAGNCTC  {RNASeCTCA,
tRNAGIyGCC, tRNAHiSGTG, tRNAserGCT, tRNAG]nCTG,
tRNAV‘ﬂCAC, tRNAArgCCT, tRNALeUCAA, tRNAGlyCCC,
tRNAARCGC and tRNAMeCAT  However, m!A levels of
some targets, such as tRNAMSCTT and tRNAASNGTT were
not affected by ALKBH3. tRNAMet or tRNAFPhGAA
was not the target of ALKBH3. As expected, no sig-
nificant effect of ALKBH3 on their m'A levels was de-
tected (Figure 3D). In vitro biochemical assay showed
ALKBH3 reduced the m'A levels of its targets such
as tRNAGIUCTC, tRNAGIyGCC, tRNAHiSGTG, '[RNAGIHCTG,
tRN AValCAC’ tRN AArgCCT’ tRN ALeuCAA and tRN AAlaCGC
(Supplementary Figure S3H).

Besides, m3C levels of target tRNA were signifi-
cantly up-regulated in A/kbh3~/— HeLa cells, including
tRN ASerGCT’ tRN AArgCCT’ tRN ALeuCAA and tRN AeMetCAT
(Figure 3E). We conducted primer extension analysis for
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Figure 2. ALKBH3 catalyzes demethylation of m' A and m’> C in tRNA. (A) Total tRNAs were purified from HeLa cells and incubated with ALKBH3
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S2.

tRNA-GlyGCC, tRNA-ArgCCT and tRNA-SerGCT ac-
cording the published protocol (34). In ALKBH3 sta-
ble overexpressing HeLa cells, a decrease in m'A and/or
m3C allows for readthrough and an extended product
up to a subsequent RT-blocking modification, such as 1-
methylguanosine (m'G) or dimethylguanosine (m?,G26).

As shown in Supplementary Figure S31, we identified a
reverse transcription (RT) block at the expected position
of each tested tRNA in control cells. In contrast, the RT
block at position at m' A58 of GlyGCC, m*C32 of ArgCCT,
m3C32/m3C47 of SerGCT (10) was completely absent from
ALKBH3 stable overexpressing HeLa cells. These results
showed that m' A58, m>C32 and m?>C47 in tRNA can be
regulated by ALKBH3.

The expression levels of ALKBH3-regulated tRNA were
verified by northern blot analysis, showing that deletion
of ALKBH3 had no obvious effect on the expression of
most target tRNAs expect tRNASYGCC which showed a
slight up-regulation. Notably, deletion of ALKBH3 was in-
dependent to the expression of tRNAMe which is crucial
to translation initiation (Supplementary Figure S3J).

The promotion effects of ALKBH3 on cancer progression

ALKBH3 contributed to survival and growth of cancer cells
via yet-to-be illustrated mechanisms (21,25,35). We found
that knockdown of ALKBH3 significantly inhibited the

proliferation of HelLa, PC3, DUI45 and HepG2 cells (Sup-
plementary Figure S4A). Moreover, the Al/kbh3~/~ HeLa
cells showed a significant reduction in cell proliferation
(Figure 4A), colony formation (Figure 4B) and invasion ca-
pability (Figure 4C) when compared with the wild type cells.
Consistently, HeLa cells stably overexpressing ALKBH3
showed remarkable promotion effects on cell prolifera-
tion, colony formation and invasion (Supplementary Fig-
ure S4B~D). The Alkbh3~/~ HeLa cells were more sensitive
to chemotherapy drug doxorubicin (Dox) than that of wild
type cells (Supplementary Figure S4E). The ICs, values of
Dox in wild type and Alkbh3~/~ HeLa cells were 2.51 and
1.22 wM, respectively. Similarly, A/kbh3~/~ cells were more
susceptible to cell stress induced by sodium arsenite (Sup-
plementary Figure S4F). Taken together, ALKBH3 posi-
tively regulated proliferation, colony formation, and inva-
sion of cancer cells.

We further investigated the potential in vivo effects of
ALKBH3 on cancer progression. Both wild type and
Alkbh3~/~ HeLa cells were injected subcutaneously into
nude female mice. At the end of the experiments, tumor
growth and volumes were significantly lower in mice in-
jected with Alkbh3~/— HeLa cells compared to those in-
jected with wild type cells (Figure 4D). THC results also
suggested that ALKBH3 depletion led to a lower level of
Ki67 in xenograft tumor tissues (Figure 4E). Significant in-
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Figure 3. Characterization and catalytic properties of ALKBH3 on specific tRNA. (A) In vitro biochemical assays of ALKBH3 wild type (WT), mutant
RI22A or mutant L177A in total tRNA of HeLa cells at 37°C for 1 h (EDTA chelates cofactor iron and inactivates ALK BH3); (B) the m! A levels of tRNA
in cytoplasm and nucleus isolated from wild type (WT) and 4lkbh3~/~ HeLa cells, respectively; (C) the m' A levels of tRNA isolated from the translation
initiation non-polysome fractions (<80S, containing 40S ribosome, 60S ribosome and 80S monosome) and translation activing fraction (>80S, containing
polysomes) from wild type (WT) and A/kbh3~/~ HeLa cells, respectively; (D) levels of m' A in specific tRNA from wild type (WT) and Alkbh3~/~ HeLa
cells, pulled down by corresponding cDNA probes; (E) levels of m3C in specific tRNA from wild type (WT) and Alkbh3~/~ HeLa cells, pulled down by
corresponding cDNA probes; Data were presented as means 4+ SD from three independent experiments. *P < 0.05 compared with control. **P < 0.01

compared with control. See also Supplementary Figure S3.

creased expression of ALKBH3 in cervical cancer versus
normal tissues has been observed in Biewenga (Supplemen-
tary Figure S4G) and Pyeon (Supplementary Figure S4H)
data from Oncomine database.

We evaluated effects of ALKBH3 on protein synthesis
and translation. Confocal showed a lower synthesis rate
of nascent proteins in A/kbh3~/~ cells as compared with
that in wild type cells (Figure 4F). Consistently, stable
overexpression of ALKBH3 enhanced the protein synthe-
sis rate (Supplementary Figure S4I). Polysome profiling
showed that deletion of ALKBH3 decreased the 80S mono-
some and polysome content, suggesting that protein syn-
thesis process was delayed (Figure 4G). Since tRNAMet
was not the target of ALKBH3 according to the results
of CLIP-seq and mass spectrum, we investigated the roles
of ALKBH3 in tRNA-mediated elongation during protein
translation. It is achieved by a reporter that six repeated spe-
cific codon sequences (6x CAC for tRNAHSGTS 65 GGC
for tRNACGYGCC and 6x GAC for tRNACMCTG) were added
in the front of 5 end of firefly luciferase (F-luc) (18), so
that the elongation rate was detected as the fluorescence
signal of F-luc (Figure 4H). However, there was no signifi-
cant difference in the luciferase translation of 6x CAC(His),
6x GGC(Gly) or 6x CAG(GIn) between wild type and
Alkbh3=/~ cells (Figure 4I). Considering that upregulation
of tRNASCYGCC was observed in Alkbh3~/~ Hela cells, we

blocked its function in cells by transfection a reverse com-
plimentary RNA which can target the anti-codon region of
tRNASYGCE aecording to the previous study (36). However,
blocking of tRNASYGCC had no effect on growth inhibi-
tion of Alkbh3~/~ cells (Supplementary Figure S4J). Data
above indicated that ALKBH3-triggered cancer progres-
sion might be independent to the translational functions of
tRNA.

ALKBH3 catalyzes generation of tDRs via an ANG-
dependent manner

Demethylation of tRNA can suppress tRNA stability and
trigger the generation of tDRs (37,38). tDRs are associ-
ated to cancer progression via increasing cell proliferation
in breast and prostate cancers (32). Thus, we hypothesized
that ALKBH3 may regulate the generation of tDRs in can-
cer cells. Small RNAs (smRNA) ranging from 15 to 50
bp from wild type and Alkbh3~/~ mice epididymis was
recovered by TBE—urea gel (Supplementary Figure SS5A)
and subjected to Illumina ultra-high—throughput sequenc-
ing (Supplementary Table S2). Data showed that tDRs was
the predominant RNA type in SmRNA pool from both
wild type and Alkbh3~/~ mice epididymis, however, per-
centage of tDRs decreased from 44.4% in wild type to
37.2% in Alkbh3~/~ mice (Figure 5A). Similar composi-
tion profiles of tDR were observed in both wild type and
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Alkbh3~/~ mice epididymis (Figure 5B). Since the RPM lung of Alkbh3~/~ mice than that of WT mice. As shown

(Reads per million total reads) of 5-tDR in epididymis
of wild type mice was 24-fold greater than that of 3'-
tDR, we only focused on the potential roles of 5'-tDRs
in the next study. Among them, 5tDR-GlyGCC was the
most abundant tDRs in Al/kbh3~/~ mice epididymis, fol-
lowed by 5'tDR-GlyCCC, 5'tDR-ValCAC, 5tDR-HisGTG
and 5tDR-GInCTG (Supplementary Figure S5B). Norther
blot analysis (Figure 5C) and TagMan qRT-PCR (Sup-
plementary Figure S5C) showed that the expression of
5tDR-GlyGCC was decreased in epididymis, testis and

in Figure 5D, 5tDR-GlyGCC was derived from np 1-
3032 of mature tRNASYGCC, Similarly, other ALKBH3-
regulated tDRs, including 5'tDR-GlyCCC, 5'tDR-ValCAC
and 5tDR-HisGTG, were also derived from np 30-33 of
their corresponding mature tRNAs (Supplementary Fig-
ure S5D). Since overexpression of ALKBH3 had no signifi-
cant effect on the expression of tDRs from m>C-containing
tRNAs including tRNASeOCT {RNAA®CCT R NALeuCAA
and tRNASMCAT “ml A demethylation is the most likely
reason for ALKBH3-induced generation of tDRs.
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significant. See also Supplementary Figure S5.

We also sequenced the tDRs in Hela cells stably over-
expressing ALKBH3 and control cells (Supplementary Ta-
ble S3). Consistently, overexpression of ALKBH3 enhanced
the generation of tDRs in HeLa cells. The order of abun-
dance from high to low was: 5tDR-GlyGCC, 5tDR-
HisGTG, 5tDR-GlyCCC and 5tDR-GInCTG (Supple-
mentary Figure SSE). Notably, the top 10 abundant tDRs in
HeLa cells (Supplementary Figure S5F) were consistent to
those in mouse epididymis. Northern blot analysis (Figure
SE) and TagMan qRT-PCR (Supplementary Figure S5G)
confirmed overexpression of ALKBH3 can induce the up-
regulation of 5tDR-GlyGCC in HeLa cells. Furthermore,
overexpression of ALKBH3 increased the expression of
5tDR-GlyCCC, 5tDR-GInCTG and 5tDR-HisGCT ac-

cording to TagMan qRT-PCR assay (Supplementary Fig-
ure SSH).

Angiogenin (ANG) has been reported to mediate tRNA
cleavage via a highly regulated process (39), while methy-
lation of tRNA can protect tRNA against this cleavage
(40). We then knocked down the expression of ANG via
specific siRNAs (Supplementary Figure S5I) to investigate
whether ANG is involved in ALKBH3-induced tDRs gen-
eration. Northern blot analysis (Figure 5E) and TagMan
qRT-PCR (Supplementary Figure S5G) showed si-ANG
attenuated the ALKBH3-induced up-regulation of 5tDR-
GlyGCC in HeLa cells. Meanwhile, ANG treatment syn-
ergistically increased the expression of 5tDR-GlyGCC in
HeLa cells stably overexpressing ALKBH3 (Supplementary



Figure S5J). Further, in vitro biochemical assay revealed
that tRNASYGCC jsolated from Alkbh3~/~ mice epididymis
was more resistant to ANG cleavage than that from wild
type mice (Figure 5F and Supplementary Figure S5K). To-
gether, our results indicated that ALKBH3-induced m' A
demethylation was involved in the generation of tDRs via
an ANG-dependent manner.

tDRs are involved in ALKBH3-induced cancer progression

tDRs are functionally diverse and associated to the regu-
lation of gene expression, RNA processing and cancer cell
proliferation (32,41,42). The synthesized 5tDR-GlyGCC,
which is the most abundant tDR induced by ALKBH3, pro-
moted the proliferation of wild type HeLa cells and atten-
uated the suppression effects of Alkbh3~/~ cells on prolif-
eration (Figure 6A). Consistently, knockdown of 5tDR-
GlyGCC by its specific siRNAs according to the previ-
ous study (32) (Supplementary Figure S6A) suppressed the
proliferation of HelLa, PC3 and DUI45 cells (Supplemen-
tary Figure S6B). Besides, synthesized 5'tDR-GlyGCC pro-
moted protein synthesis in HeLa cells (Figure 6B and Sup-
plementary Figure S6C). These data suggested that 5'tDR-
GlyGCC was involved in ALKBH3-induced cancer pro-
gression.

To investigate the potential mechanisms of how tDRs
regulate cancer progression, we evaluated the subcellular
distribution of tDRs in cells. TagMan qRT-PCR results
showed that the expression of 5tDR-GlyGCC in cytoplasm
was much higher than those in nucleus (Supplementary
Figure S6D). Polysome profiling combining with TagMan
gRT-PCR showed that 5tDR-GlyGCC tended to be dis-
tributed in <80S fraction rather than > 80S fraction (Sup-
plementary Figure S6E). Similarly, the expression of 5'tDR-
GlyGCC in the <80S fraction, rather than >80S fraction,
in HeLa cells stably overexpressing ALKBH3 was signifi-
cantly greater than that in control cells (Supplementary Fig-
ure SOF). These results were in line with the finding that
ALKBH3 mainly demethylated tRNAs in <80S fraction
(Figure 4C). Moreover, the expression of 5tDR-GlyGCC
in 40S portion was significantly greater than that in 60S or
80S portion of ribosome (Figure 6C).

Proteins interacting with tDRs were isolated using biotin-
labeled 5tDR-GlyGCC, 5tDR-GInCTG and analyzed by
protein mass spectrometry. The main reasons for chosen
of 5tDR-GInCTG were as following: (i) it showed pro-
motion effect on cell proliferation (Supplementary Figure
S6B&G); (ii) it was generated at the other side of anti-
codon regions within 40~50 nt length (41 nt) (Supplemen-
tary Figure S5D). By using a non-functional RNA as con-
trol, we confirmed that both biotin-labeled 5tDR-GlyGCC
and 5tDR-GInCTG can trigger cell proliferation (Supple-
mentary Figure SOH). Next, 18 extra proteins were precipi-
tated by both 5tDR-GlyGCC and 5tDR-GInCTG (Figure
6D, Supplementary Figure S6I), compared to the control.
Among them, 12 proteins were related to RNA binding, in-
cluding 40S ribosomal protein S21 (RPS21), nucleophos-
min (NPM1), 60S ribosomal protein L26 (RPL26), H/ACA
ribonucleoprotein complex subunit 4 (DKC1) and elonga-
tion factor l-alpha 1 (EEF1A1). According to the STRING
database (Supplementary Figure S6J), RPS21 and RPL26
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are two compositions of eukaryotic ribosome, while Box
H/ACA small nucleolar ribonucleoprotein (snoRNP) is in-
volved in rRNA folding via site-specific pseudouridylation.
RPS21 immunopreciptitation (IP) and TagMan qRT-PCR
confirmed the direct interaction between tDRs and RPS21
in vivo (Figure 6E), which showed significant enrichments of
RPS21 in IP-groups of both 5tDR-GlyGCC and 5tDR-
GInCTG. It indicated that tDRs may interact with RNA
binding proteins or ribosome to regulate translation pro-
cess.

We employed IRES reporter assay to investigate the
mechanisms of how tDRs participate in protein transla-
tion (29,43). Three commonly used IRES reporters (HCV
IRES, EMCV IRES and CrPV IRES) were introduced in-
dividually in the front of F-Luciferase to report the pro-
tein translation. HCV IR ES bypasses the eIF4 complex and
elF4G-induced loop formation by directly recruiting 40S
and elF3; EMCYV IRES directly binds to eIF4G subunit of
the elF4 complex; while CrPV IRES recruits the ribosome
completely independent of initiation factors (elFs) (29,43).
Our found that translation of HCV IRES reporter showed
a 57% drop in Alkbh3~/~ cells compared to that in wild
type cells (Figure 6F), while the EMCV or CrPV IRES re-
porter was not affected. Further, both 5tDR-GlyGCC and
5tDR-GInCTG increased HCV IRES-dependent transla-
tion (Figure 6G). Together with the results that assembly of
80S monosome was suppressed in Alkbh3~/~ cells (Figure
4G), our data indicated that ALKBH3-induced tDRs can
promote the translation, which likely relies on the direct re-
cruitment of 40S ribosome.

Interestingly, mass spectrometry indicated that both
5tDR-GlyGCC and 5tDR-GInCTG interacted with cy-
tochrome ¢ (Cyt ¢), which protects cells from apoptosis (44).
Interactions between tDRs and Cyt ¢ were further veri-
fied by immunopreciptitation and TagMan qRT-PCR as-
say (Supplementary Figure S6K). Moreover, flow cytome-
try showed that cells transfected with 5tDR-GlyGCC were
more resistant to stress-induced apoptosis (Figure 6H).
Western blot analysis also confirmed that stress-induced
caspase-3 cleavage was attenuated by transfection of 5'tDR-
GlyGCC (Figure 61). Collectively, these data indicated that
the interaction between tDRs and Cyt ¢, which prevents cell
apoptosis, was involved in ALKBH3-induced cancer pro-
gression.

DISCUSSION

We presented herein a systematic study that ALKBH3 acted
as a tRNA demethylase to catalyze the demethylation of
m'A and m3C in tRNA, followed by triggering the gen-
eration of tDRs. ALKBH3 was widely expressed by can-
cer cells and mainly located in cytoplasm with strong bind-
ing capability to tRNA. It potently and selectively pro-
cessed demethylation of m'A and m3C of tRNA both in
vitro and in vivo. We found that ALKBH3 triggered cancer
progression, including cell proliferation, migration, protein
synthesize and drug sensitivity. Results showed that m'A
demethylated tRNAs are more sensitive to ANG treatment
and tended to generate tDRs around their anticodon re-
gions. These tDRs can strengthen the ribosome assembly
and prevent apoptosis of cancer cells (Figure 7). Our discov-



2542 Nucleic Acids Research, 2019, Vol. 47, No. 5

A

=107 & WT+Con 161 __ 1500, M Input
IS g < 1501 9 W RPS21 pull down
g # WT + 5'tDR-GlyGCC o] " N3 = .
S 8 - o 2 1.4 = €
= 4 Alkbh3 a I s @
S L] 2 u
5 | = Axbn3* + stDR-GIyGC g W 1004 £ 1000
= pd Q K4 [3)
© 2 1.29 Qo =
5 > g - s * S -
= o []
g 4 2 o 2 5001
T 1.01 N 2 501 =
2 Q °s = ©
= 0 14 Q< [0]
© &> * o
& 0.8+t——7F— 0 o4
0 T T r Con 5'tDR- g 5'tDR-  5'tDR-
40S 60S 80S
0 1 2 3d GlyGCC GlyGCC GInCTG
D F G ¢
: g
Accession Description Score cweragePro{eins::p’::sze ﬁdes PS’:ns A:s [ngzl callc. 1504 . WT > 200'
P61604 10 kDa heat shock protein, mitochondrial 8761 4216 1 5 5 7 102 109 892 3 /. o
P00338  L-lactate dehydrogenase Achain 8500 572 1 2 2 2 332 367 827 < . Alkbh3”~ ,,:E
060832 H/ACAribonucleoprotein complex subunit4 5593 195 1 1 1 1 514 576 942 ) 1]
P63220 40S ribosomal protein S21 4391 12.05 1 1 1 1 83 91 850 3 © 150+ .
P04406 3-phosphat 4347 687 1 2 2 2 335 360 846 7 1004 3 ke
P68104  Elongation factor 1-alpha 1 4210 238 3 1 1 1462 501 901 x 7
Q8WW12 PEST proteolytic signal-containing nuclear protein  39.39 16.29 1 2 2 2 178 189 749 o g
P19338  Nucleolin 3776 127 1 1 1 1 710 766 470 3 [$)
P60468  Protein transport protein Sec61 subunitbeta 36.11 15.63 1 1 1 1 96 100 11.56 LII_ 3 1004
P61254  60S ribosomal protein L26 3545 1241 2 2 2 2 145 172 1055 o o
P99999  Cytochrome ¢ 3351 1333 1 1 1 1105 117 957 9 501
P29401 Transketolase 3191 128 1 1 1 1 623 678 766 = 2
Q12849 Grich sequence factor 1 3167 229 1 1 1 1480 531 6.9 © g
P06748 Nucleophosmin 30.80 3.06 1 1 1 1 294 326 478 [} ) 50
P06744  Glucose-6-phosphate isomerase 2824 125 1 1 1 1 558 631 832 o & \ O 1C)
Q06830 Peroxiredoxin-1 2478 1809 1 4 4 4 199 221 813 J (\\\@ 00 d&
P26038  Moesin 2226 173 1 1 1 1 577 678 640 o
Q92522 Histone H1x 2221 751 1 1 1 1213 225 1076 HCV ~ EMCV CrPV O o\~\ Q}Q
Qo &
RS
(%) 1)
H  Naaso, 0 500 UM I
{2 % Il Control
401 ,
e . NaAsO, Control  5'tDR-GlyGCC
Hk —— -_—
O. g NaAsO, - + - +
: < 301
ol - 2
© 1
ol O« g 20 .
£ Q. % Cleaved . -
3 Q. & 104 Caspase-3__ .
Q % P
2| 5k GAPDH i a—
O | o B b 1 - TR
.
Annexin-V FITC Con5'tDR-GlyGCC
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The reporter assays were replicated for six times for each group. *P < 0.05, **P < 0.01 compared with control. See also Supplementary Figure S6.

ery opens a potential new paradigm of tRNA demethylase
which regulates cellular biological functions via induction
of tDRs.

ALKBH3 has been suggested to function as a DNA-
repair protein to protect the genomic integrity (21,45).
Analogously to ALKBH2, ALKBH3 contains a flexible
hairpin which is involved in base flipping to distinguish
single-stranded substrates from double-stranded substrates
(19). Our findings revealed that ALKBH3 mainly located
in cytoplasm and functioned as a demethylase in tRNA. In
vitro and in vivo studies showed that ALKBH3 specifically
demethylated m'A and m®C, but not other modifications,

in tRNA, which was in line with previous biochemical assay
that recombinant ALK BH3 demethylated m! A and m3C of
purified tRNA in vitro (46). Ueda et al (46) reported that
ALKBH3 can demethylate m®A of tRNA, while this effect
was not observed in our present study. The exist of m®A in
mammalian tRNA is still a controversial issue (47).
Modifications of tRNA are crucial for its structural
maintenance, biological functions and stability. Our data
showed that ALKBHS3 catalyzed m'A and m3C demethy-
lation of tRNA mainly in the monosome of cytoplasm.
m!AS58, which is essential to the tRNA stability (9,10), is the
predominant substrate of ALKBH3 in our present study.
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demethylated-tRNA
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Figure 7. Proposed model of tDRs-mediated cancer progression triggered by ALK BH3. ALKBH3 catalyzed m' A and m?C demethylation, which increases
sensitivity of tRNA to ANG cleavage, leading to the formation of tDRs. ALKBH3-generated tDRs triggers the ribosome assembly and interacts with Cyt

¢ to prevent cell apoptosis.

For m3C modification, position 32 was the most frequently
modified site in cytoplasmic tRNA, as well as the posi-
tion 47 in tRNAS" and position 20 in tRNAMet¢ (10,48).
Demethylation of m'A in tRNA catalyzed by ALKBH1
affected the levels of tRNA™¢t and translation initiation
(18). Although we showed that ALKBH3 had comparable
demethylation activities with ALKBH1, CLIP-seq showed
that tRNAMet was not the target of ALK BH3. Further, nei-
ther m!A modification nor cellular level of tRNAMt was
modulated by ALKBH3. In addition, ALKBH3 had no ef-
fect on tRNA-mediated translation elongation. Our data
showed that 55% of ALKBH3-bound tRNAs (GluCTC,
GlyGCC, HisGTG, LysCTT, AlaAGC, AlaTGC, Cys-
GCA, LysTTT, AsnGTT, ValCAC, LeuAAG) were also
the targets of ALKBHI in HeLa cells (18). While over ex-
pression of ALKBH3 had no effect on the expression of
ALKBHI in HeLa cells (data not shown). Thus, the po-
tential reciprocal nature of tRNA demethylation between
ALKBHI1 and ALKBH3 remained to be elucidated.
Existence of high-abundant tDRs was supported by in-
creasing literatures (30,32,38,41), while biogenesis of tDRs
has not been clearly illustrated. Our data indicated that
ALKBH3 triggered the production of tDRs, which mainly
due to its function as m'A demethylase of tRNA. It has
been reported that lack of m'AS58 impairs the hydrogen
bonds from A58 to A54 and A60 in initiator tRNAMet
of yeast, leading to the degradation of tRNAMet (11).
Yeast strains deficient in Trm6 (or Trm61) tRNA:m'A58-
methyltransferases display a reduced level of tRNA Met at
elevated temperatures (49). Although there is no direct ev-
idence about m'AS58 and tRNA stability in human cells,
our present study found that ALKBH3, which acted as a
tRNA demethylase, induced the generation of tDRs in both
human cells and mouse tissues. Science ALKBH3-induced
tDRs were mainly originated from tRNAs without m3C
modification, we hypothesized that m' A demethylation in-
duced by ALKBH3 can reduce the stability of tRNA, re-
sulting in the generation of tDRs. The detailed mechanisms
underlying this process need further clarification. Molecu-
lar sizes of ALKBH3-induced tDRs are similar to those in-
duced by stresses (30-40 nt) (44), which indicated that vari-

ations of m! A may also participate in the tDRs generation
upon stress responses.

ALKBH3 had no significant effect on the expression of
most its CLIP-targeted tRNA. Previous observations in-
dicated that only a fraction of mature tRNAs are cleaved
upon stress responses, causing a negligible change in the to-
tal tRNA pool (38). This might be due to that homeostasis
of tRNA, which is essential for cellular functions and cell
survival, is highly regulated by tRNA synthetases and re-
lated proteins (5). Inhibition of tRNASYGCC  the only up-
regulated tRNA in Alkbh3~/~ cells, had no obvious effect
on growth inhibition triggered by deletion of ALKBHS3.
It suggested that the biological functions of ALKBH3, as
tRNA demethylase, might be related to the byproducts
of tRNA rather than mature tRNA themselves. Notably,
it has been reported that there was a conserved methyla-
tion in D-loop of tRNA, which can sufficiently suppress
the tRNA-mediated immune stimulations in human cells
(50). Whether ALKBH3 is associated to this conserved
tRNA methylation and therefore modulating immune stim-
ulations, or even mediating other tRNA modifications to
trigger novel biological functions need to be further inves-
tigated.

Our data showed that tDRs were involved in ALKBH3-
promoted cancer progression. This was supported by ev-
idences that: 1) both endogenous and synthesized tDRs
can trigger the cancer progression and protein synthesis. It
has been reported that tRNA halves can promote the pro-
gression of breast and prostate cancers via enhancing cell
proliferation (32). Besides, transfection of tDR-GIn19 up-
regulated 356 proteins while only down-regulated 43 pro-
teins, particularly increasing the translation of ribosomal
and poly(A)-binding protein (51); 2) ANG, which has been
reported as the RNase that responsible for tRNA cleavage
in mammalian cells (38), can support the proliferation of
progenitor cells after radiation damages (52).

Biological functions of tDRs and related mechanisms are
far from well-illustrated. On one hand, it has been reported
that tDRs suppresses the translation initiation via displac-
ing elF4G/elF4A from uncapped > capped RNAs (53). On
the other hand, cleavage of tRNA by ANG up-regulates the
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translation of IRES-containing mRNAs such as encoding
vascular endothelial growth factor (VEGF) (54) and pro-
motes cell proliferation (32). Ueda et al. (46) reported that
in vitro translation efficiency of ALKBH3-treated tRNA
was higher than that of control tRNA. Our data showed
that tDRs were enriched in 40/60S monosomes and inter-
acted with ribosomal proteins such as RPS21 and RPL26.
Reporter assays indicated that tDRs regulated translation
processes via recruiting 40S ribosome directly. Considering
that biological functions of tDRs might be cell state/type-
specific (52), the inconsistent results may due to the varia-
tions of tDR types, RNA modifications and cell lines.

Our study also revealed that ALKBH3-induced tDRs in-
teracted with Cyt ¢ to regulate cell apoptosis. It was evi-
denced by the results that tDRs bound to Cyt ¢ and sup-
pressed stress-induced apoptosis. The tDRs-Cyt ¢ complex
was formed in cytoplasm when Cyt ¢ was released from
the mitochondria, thus preventing the formation of apop-
tosome and activation of caspase, resulting in the inhibition
of cell apoptosis (44). Involvement of tDRs in cell apop-
tosis was confirmed by the observations that Alkbh3~/~
cells were more sensitive to stress-induced apoptosis. Con-
sidering that tDRs can target specific signaling pathways to
regulate cellular functions, the roles of tDRs in ALKBH3-
triggered cancer progression need to be further studied.

Collectively, we found that ALKBH3-mediated tRNA
demethylation regulates cancer progression via induction
of tDRs, which can modulate the translation by regulat-
ing ribosome assembly and prevent apoptosis through bind-
ing with Cyt ¢. Our present discovery here revealed a novel
relationship between tDRs generation and tRNA modifi-
cations, which will stimulate the future studies about re-
versible tRNA methylation on human health and diseases.
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