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Abstract

RNA modifications affect many aspects of RNA metabolism and are involved in the regulation of many different biological processes.
Mono-methylation of adenosine in the N1 position, N1-methyladensoine (m!A), is a reversible modification that is known to target
rRNAs and tRNAs. m'A has been shown to increase tRNA structural stability and induce correct tRNA folding. Recent studies have
begun to associate the dysregulation of epitranscriptomic control with age-related disorders such as Alzheimer’s disease. Here,
we applied the newly developed m'A-quant-seq approach to map the brain abundant m*A RNA modification in the cortex of an
Alzheimer’s disease mouse model, 5XFAD. We observed hypomethylation in both mitochondrial and cytosolic tRNAs in 5XFAD
mice compared with wild type. Furthermore, the main enzymes responsible for the addition of m'A in mitochondrial (TRMT10C,
HSD17B10) and cytosolic tRNAs (TRMT61A) displayed decreased expression in 5XFAD compared with wild-type mice. Knockdown of
these enzymes results in a more severe phenotype in a Drosophila tau model, and differential m*A methylation is correlated with
differences in mature mitochondrial tRNA expression. Collectively, this work suggests that hypo m*A modification in tRNAs may play

a role in Alzheimer’s disease pathogenesis.

Introduction

RNA modifications are post-transcriptional changes at
the RNA level that provide another means by which RNA
function can be regulated. They tend to be conserved
and have been implicated in many critical biological pro-
cesses including development, disease, circadian rhythm
and embryonic stem cell fate transition (1-3). Within
mRNAs, N6-methyladenosine (m®A) is a predominant
modification that is well studied and has been mapped
transcriptome-wide using various approaches (4). Multi-
ple studies have shown that m°A affects various aspects
of RNA metabolism including mRNA degradation, mRNA
translation and RNA splicing (5-11). Recently, greater
emphasis has been placed on mapping and understand-
ing the consequence of other RNA modifications.
Mono-methylation of adenosine in the N1 position,
N1-methyladensoine (m'A), has been the focus of recent
studies. m'A is a reversible modification that is known
to modify rRNAs and tRNAs. In tRNAs, m'A occurs at
positions 9, 14 and 58. Position 58 is found in cytoplasmic
tRNAs and is catalyzed by TRMT61A and TRMT6 (12).
Similar to m®A, m'AS58 is a dynamic modification and
is specifically removed by the human AlkB homolog
1 (ALKBH1) demethylase (13). Furthermore, human
mitochondrial tRNAs are modified with m'A at positions
9 and 58 (12). The enzymes responsible for these
modifications are TRMT10C and TRMT61B, respectively
(14,15). HSD17B10 is a dehydrogenase and is required for

TRMT10C activity; it likely acts as a scaffold protein for
the formation of the complex (15). In humans, m’A is also
found at position 1322 of 285 rRNA, which is installed
by the human nucleolar protein nucleomethylin (16).
In rRNAs, m?A can affect ribosome biogenesis, whilst
within tRNAs, m?A can promote correct folding and
structural stability (17,18). Initial transcriptome-wide
studies using an antibody that enriches for m!A-
marked targets coupled with next generation sequencing
identified m?A as an abundant modification in mRNAs
enriched in the 5 untranslated region (19,20). However,
since then, additional studies have suggested that m'A
is rare (if it exists at all) in mRNAs (21,22). m'A is
also known to disturb the formation of the Watson-
Crick base pair and is therefore classified as a ‘hard
stop’ modification. This results in stalling of strand
elongation or nucleotide misincorporation during the
reverse transcription reaction. This feature of m'A
has been taken advantage of in the detection of this
modification (23-26). m!A levels are highest in the
brain, and in this context, there is limited knowledge
surrounding its function.

Here we employed the newly developed m*A antibody
independent approach (m*A-quant-seq) to gain an unbi-
ased map of m?A. This approach takes advantage of
an evolved reverse transcriptase enzyme that allows for
optimal read-through and high mutation rates at the spe-
cific m!A site. We investigated the possible role of m'A
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Figure 1. Detecting m'A in mouse cortex using m*A-quant-seq. (A) m*A mutation rates for the RNA spike-ins using m'A-quant-seq. (B) Integrated
genomics viewer coverage traces displaying the mutational signatures of a detected m'A9 and m'A58 site. A-to-T misincorporation is observed in
the AlkB-minus sample, whereas this is nonexistent in the AlkB-plus sample. (B) Bar graph displaying the wild type and 5XFAD mutation rate for
the statistically significant hypo methylated mitochondrial and cytosolic m'A sites. * denotes a P-value <0.05, ** denotes a P-value <0.01. Error bars

correspond to +1 SD.

in Alzheimer’s disease, and show that decreased expres-
sion of m!A tRNA writers are correlated with hypo m*A
methylation, a more severe phenotype in Alzheimer’s
disease fly tau model, and a decrease in mature mito-
chondrial tRNA expression which is suggested to con-
tribute to Alzheimer’s disease etiology.

Results

Mitochondrial and cytoplasmic tRNAs are hypo
m'A methylated in 5XFAD mice

Briefly, in the m'A-quant-seq approach, half the RNA
sample is treated with AlkB (an alpha-ketoglutarate-
dependent hydroxylase), which removes the m' A methy-
lation, whilst the other half is left untreated (27). The
approach also employs an engineered reverse transcrip-
tase that results in an A-to-T misincorporation at the
m?A site in the AlkB-minus sample during reverse tran-
scription. In this way, the presence of m'A can be reliably
detected when compared to the AlkB-plus control (where
no A-to-T misincorporation is observed). In addition, we
spiked five synthetic RNAs containing increasing m*A
levels as was previously described (27). Sensitivity to
AlkB treatment is robustly observed with the spike-in
RNAs, where increasing m*A levels correlates with higher
observed mutation rate (Fig. 1A).

We generated small RNA libraries, and importantly,
obtained abundant coverage per sample (Supplementary
Material, Table S1). We defined a set of parameters to
call high confidence sites: (1) the base must be covered
by at least 50 reads in both AlkB treated and untreated
samples, (2) show a signature A to T transition in the

AlkB-minus untreated sample (at least 10% mutation
rate) and (3) show a negligible mutation rate in the
AlkB-plus treated sample across triplicates. Using these
parameters, we only detected high confidence m?A sites
at position 9 in mitochondrial tRNAs and at position 58 in
cytosolic tRNAs, which is in agreement with recent stud-
les (21,22). Presently, we observed robust A-to-T mutation
signatures, again which is common for m'A-induced
misincorporations (23,28), and mutation rates were vir-
tually non-existent upon AlkB-plus treatment (Fig. 1B),
confirming the quality of the data. In total, we detected
m'A at position 9 in nine mitochondrial tRNAs and m'A
at position 58 in 86 cytosolic tRNA isodecoders that were
summed by their respective anticodon sequence into 30
genomically encoded anticodon classes (Table 1). Inter-
estingly, 4 of the 9 mitochondrial tRNA sites and 14
out of the 30 cytosolic tRNAs anticodon classes show
a statistically significant lower mutation rate in SXFAD
mice compared with wild-type mice (Fig. 1C), including
the initiator tRNAMELCAT.

Knockdown of m'A writers results in an
enhanced Alzheimer’s disease-related
phenotype

To begin to understand the role of the observed mito-
chondrial m'A tRNA hypomethylation in the 5XFAD
Alzheimer’s disease mouse model, we first looked at the
levels of m'A associated machinery in 5XFAD compared
to control. We observed that TRMT10C, HSD17B10 and
TRMT61A have significantly decreased expression in
5XFAD compared with wild-type mice using our RNA-seq
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Table 1. A-to-T mutation signatures for cytosolic and
mitochondrial tRNAs in wild type and 5XFAD mice

tRNA Mean mutation Mean mutation P-value
rate of wild type rate of 5XFAD

LysTTT 45.03 35.73 0.083789
LeuCAG 50.35 40.94 0.09772
GlyGCC 61.03 54.88 0.023474
GluCTC 61.92 48.79 0.049736
ArgTCT 64.84 63.23 0.3794

AsnGTT 40.95 39.95 0.502964
ArgCCT 28.36 30.06 0.545949
ArgTCG 19.83 17.44 0.002312
ValCAC 63.74 46.42 0.012823
ThrTGT 55.96 47.81 0.019573
ValAAC 58.99 49.04 0.018121
IleAAT 35.77 28.82 0.174341
SerAGA 42.18 33.91 0.221755
TrpCCA 40.37 29.46 0.038817
ThrCGT 12.48 11.21 0.377434
GInTTG 56.98 52.15 0.020528
ArgCCG 57.98 58.2 0.772954
TyrGTA 28.65 17.21 0.176075
AlaAGC 26.4 19.86 0.28752
LysCTT 46.83 41.47 0.00706
iMetCAT 41.1 36.01 0.015174
PheGAA 26.26 22.31 0.132256
LeuAAG 20.45 18.6 0.353735
GInCTG 59.29 52.73 0.05007
LeuCAA 47.38 31.3 0.018676
AlaCGC 43.77 32.43 0.034584
ArgACG 38.94 22.21 0.002146
1leTAT 37.82 29.34 0.258774
GlyCcC 34.62 37.31 0.74946
CysGCA 65.17 63.75 0.857471
chrM:9 72.43 70.99 0.330872
chrM:1033 69.41 59.12 0.016543
chrM:4958 64.06 53.9 0.026689
chrM:6950 62.4 49.88 0.379135
chrM:7708 80.75 75.64 0.48222
chrM:9399 75.45 64.5 0.014056
chrM:9816 65.56 51.04 0.332473
chrM:11553 45.86 30.19 0.025935
chrM:15297 39.51 34.93 0.601065

data and publicly available protein mass spectrometry
data generated using 5XFAD mice (Fig. 2A) (29). Addi-
tionally, a recent proteome-wide association study of
human Alzheimer’'s (ROS/MAP dataset) (30) revealed
that the human TRMT10C protein has significantly
lower expression in Alzheimer’s disease compared with
controls.

Next, we investigated the impact of the reduced m*A
modification on tau toxicity, a hallmark of Alzheimer’s
disease. We employed a Drosophila transgenic Alzheimer’s
disease model that specifically expresses the human tau
gene with the R406W mutation in the eye using the gmr-
GAL4 driver. Using the fly model allows us to determine
the effects m'A players may have in the context of
Alzheimer’s disease. This approach allows analysis of
the results in an easy qualitative manner by visualizing
changes in eye phenotype. To understand the effect of
the m'A pathway on this Alzheimer’s disease fly model,
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we crossed RNAI lines of rswl, scu, mldr (Drosophila
orthologs of the components that make up the m'A
mitochondrial tRNA writer protein complex TRMT10C,
HSD17B10 and KIAA0391, respectively) and cytoplasmic
m?*A tRNA writers CG9596, CG14544 (Drosophila orthologs
of TRMT6, TRMT61A, respectively) with the tau fly. We
found that loss of rswl, scu and CG14544 resulted in an
enhanced eye phenotype compared to the control eye
fly, suggesting that the loss of m*A may enhance tau
toxicity (Fig. 2B). However, no changes in eye phenotype
were observed after crossing the tau fly with mldr or
CG9596 RNAI flies. Together, these results suggest that
the reduction of TRMT10C, HSD17B10 and TRMT61A,
and/or the concomitant hypomethylation observed in
the 5XFAD mice may have a role in Alzheimer’s disease
pathogenesis.

Differential mt-tRNA m'A methylation is
associated with changes in mature tRNA
expression but not with mitochondrial
processing

It has been suggested that mRNA translation is sensitive
to even subtle changes in tRNA levels, and mutations
in a number of genes involved in tRNA expression
and processing are associated with neurodegenerative
disease. Furthermore, TRMT10C has a known role in
processing of the mitochondrial polycistronic transcript,
and knockout of any of the proteins that make up
the m?A writer complex have been shown to affect
mitochondrial processing, resulting in the accumulation
of precursor transcripts (31). Given that we observed
differential levels of TRMT10C and differential m*A9
mitochondrial tRNA levels, we asked whether these
differences could affect posttranscriptional substrate
recognition and/or cleavage in the regions of the mito-
chondrial transcriptome in the 5XFAD model. To this end,
we determined the expression levels of mitochondrial
mRNAs including those immediately upstream from
m'A-containing tRNAs in order to establish whether
differences in m'A levels affect mitochondrial mRNA
processing in the Alzheimer’s mouse model (Fig. 3A).
We also performed RT-gPCR using primers that flank
the mitochondrial tRNAs containing differential m'A
methylation (Fig. 3B). This allowed us to detect ‘junction
transcripts’ which correspond to unprocessed transcripts
(Fig. 3C). Both analyses showed no difference in precursor
transcript levels in 5XFAD compared with wild type,
suggesting that in the context of the SXFAD Alzheimer’s
disease model, differences in TRMT10C/m!A levels
do not alter mitochondrial processing compared with
wild type.

As m!A methylation modifications are suggested to
stabilize tRNA secondary structure, we next looked at
whether differential methylation was associated with
mature tRNA expression. Given that some RNA modi-
fications, including m'A, are known to impede reverse
transcription during library preparation, we made use of
our AlkB-plus RNA-seq libraries (which removes the m'A
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Figure 2. Characterizing the role of m!A writer proteins in the molecular pathogenesis of Alzheimer’s disease using a Drosophila tau model. (A) Eye
phenotype following the knockdown of Drosophila TRMT10C (rswl), HSD17B10 (scu), KIAA0391 (mldr), TRMT6 (CG9596) and TRMT61A (CG14544) on the
TauR*%W background. In the case of knocking down TRMT10C, HSD17B10 and TRMT61A, the eye phenotype is aggravated compared with control, while
there is no change in eye phenotype following knockdown of either KIAA0391 or TRMT6. (B) mRNA and protein expression levels of TRMT10C, HSD17B10,
KIAA0391, TRMT6 and TRMT61A expressed as a ratio (SXFAD/WT). There is a statistically significant decrease in mRNA and protein levels in 5XFAD
compared to WT for TRMT10C, HSD17B10 and TRMT61A. * denotes a P-value <0.05, ** denotes a P-value < 0.01. Error bars correspond to +1 SD.

modification) to determine accurate expression levels of
the mature tRNAs, similar to the ARM-seq method (32).
We observed a correlation between m*A methylation and
mature tRNA levels. All of the hypomethylated tRNAs
in 5XFAD were significantly less expressed compared
with the wild- type control (Fig. 3D). Similar to what
was reported in (33), tRNA expression is not significantly
correlated with hypomethylation in the cytosolic tRNAs
(Fig. 3E).

Discussion

RNA modifications represent an additional layer of
control in the regulation of gene expression. They
are found in both the nuclear and mitochondrial
transcriptome, in various RNA types, and they have been
implicated in many important roles including structural
stability and translation efficiency. Here we show that
m*A levels in mitochondrial and cytosolic tRNAs are
modulated in the context of Alzheimer’s disease. We also
demonstrate that the proteins responsible for installing
m'A on mitochondrial and cytosolic tRNAs are expressed
at lower levels in Alzheimer’s disease, and this correlates
with the observed hypomethylation of particular m*A9
mitochondrial and m'A58 cytosolic tRNAs in the SXFAD
Alzheimer’'s mouse model. Furthermore, loss of those

m'A methyltransferases results in a more detrimental
phenotype in a tau Drosophila model suggesting that
perturbation of m!A may affect Alzheimer’s disease.
Lastly, the hypomethylation in the Alzheimer’s disease
modelis associated with less mature mitochondrial tRNA
expression, which in turn may affect mRNA translation,
contributing to the known mitochondrial dysfunction
observed in Alzheimer’s disease.

Our study uses a dedicated approach to determine
m?A sites, i.e. an approach that is specifically designed to
map m'A sites. It uses an evolved reverse transcriptase
that allows for robust read-through and high mutation
rates at m'A sites. This coupled with an AlkB treatment,
which serves as a control, allows for robust, accurate
detection of m'A sites. In addition, we generated dedi-
cated small RNA libraries to get a clear picture of the m'A
landscape in tRNAs in an Alzheimer’s disease mouse
model. Thus, the approach taken here is a specialized
one to accurately detect m*A methylation, specifically in
tRNAs, rather than inferring m'A methylation from RNA-
seq data, which has been done previously. It is important
to note that it is difficult to distinguish between m?*A-
induced misincorporations, genetic variations such as
single nucleotide polymorphisms, and sequencing errors
in a standard RNA-seq. Furthermore, there would clearly
be an under-representation of reads covering the pool
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Figure 3. Assessing the functional consequence of the m*A9 hypomethylation in SXFAD. (A) TPM expression levels of mitochondrial mRNAs including
those upstream of tRNAs containing m'A. There are no differences in expression levels in these mRNAs between 5XFAD and WT. (B) Position of primers
(in red) flanking the tRNAs that contain m' A9 sites as detected in this study. (C) RT-qPCR results showing no difference in ‘junction sites’ between 5XFAD
and WT. (D) Mature tRNA expression correlates with the observed hypo m*A9 methylation. (E) No differences are observed in hypomethylated cytosolic
tRNA abundances between 5XFAD and WT. * denotes a P-value <0.05 and ** denotes a P-value < 0.01. Error bars correspond to £1 SD.

of mature tRNA sequences in RNA-seq data. Therefore,
any conclusions drawn from RNA-seq data may not accu-
rately speak to differences in levels of methylated tRNAs.

There is little known regarding the specific role, if any,
of m?A in disease, yet there is some evidence to suggest
a role for this modification in neurodegenerative disease
and cancer. For example, mutations in HSD17B10 have
been linked with a disease that results in progressive
neurodegeneration. These mutations have been shown to
inhibit the interaction of HSD17B10 with TRMT10C (34).
This is thought to reduce the levels of m*A modification,
which may contribute to pathogenesis. Also, m*A9 tRNA
methylation has been implicated in various cancers. In
this context, hypermethylation was observed in cancer
compared with normal (35). Overall, this suggests that
perturbation of m'A levels could be involved in disease
pathogenesis.

Presently, in the SXFAD mouse model, we find a reduc-
tion of m'A in mitochondrial and cytosolic tRNAs, and
this observation is correlated with a reduced expression
in m!A writers. Furthermore, our results were validated
in vivo using a tau fly model. Knocking out m' A modifiers
resulted in exacerbation of the eye phenotype, suggesting
that either the loss of m'A writers and/or the loss of
m*A methylation contributes to Alzheimer’s disease
pathogenesis. Alzheimer’'s disease is a multifactorial

disease, and one factor that is known to contribute to
AD etiology is mitochondrial dysfunction (36,37). It has
been shown that increased oxidative stress contributes
to the mitochondrial dysfunction and impaired energy
metabolism in Alzheimer’s disease. Interestingly, though,
Wang et al. (38) show that decreasing the m'A mito-
chondrial writer complex in Drosophila does not cause
oxidative stress. However, as post-transcriptional pro-
cessing can affect protein synthesis, perturbation of RNA
modifications in mitochondrial tRNAs may contribute to
the mitochondrial dysfunction in Alzheimer’s disease.
m'A methylation at position 9 in mitochondrial tRNASs is
thought to stabilize tRNA secondary structure. Currently,
the hypo m!'A9 mitochondrial tRNA methylation in
5XFAD may contribute to this mitochondrial dysfunction,
likely by destabilizing the mitochondrial tRNAs, which
could impact translation efficiency and downstream
mitochondrial functions. On the other hand, in cytosolic
tRNAs, we did not observe any correlation between
hypomethylation and tRNA expression. On this note,
studies in human cells report that m'A58 hypomodi-
fication in tRNAMe' does not decrease tRNA stability;
however, the hypomethylation was found to decrease
charging efficiency by the cognate aminoacyltransferase
(33). Furthermore, they find that hypo m*A methylation
does not affect tRNA stability of other tRNA classes but
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does affect their association with polysomes. This may
suggest that the present differential m'A methylation
in cytosolic tRNAs may impact translation efficiency.
Altogether, the observed dysregulation of the m!A
modification in mitochondrial and cytosolic tRNAs may
contribute to the etiology of Alzheimer’s disease by
ultimately affecting protein synthesis. In future studies,
it would be interesting to determine the m*'A landscape
in other neurodegenerative diseases. Also, with the
advent of long read direct RNA sequencing (such as
nanopore sequencing), there is the potential to directly
quantify RNA modification levels across multiple RNA
modifications. This would definitely expand the current
view on the role of RNA modifications and the biological
significance of dynamic RNA modification regulation.

Materials and Methods
Animal care

Control wild type mice (C57BL/6], Jackson Laboratory, Bar
Harbor, ME, stock # 000664) and 5XFAD mice (generated
on the same background, C57BL/6] SXFAD, available from
Jackson Laboratory, stock # 034840) were housed, main-
tained and euthanized according to the Emory University
Institutional Animal Care and Use Committee guidelines.
All animals were maintained and euthanized accord-
ing to the Emory University Institutional Animal Care
and Use Committee guidelines. The Institutional Review
Board of Emory University approved the study.

RNA isolation, m 'A-quant-seq

Mice were sacrificed by cervical dislocation and the
cortex was dissected. The tissues were dissolved in
TriReagent (Thermo Fisher, Waltham, MA) using a mortar
and pestle and total RNA was extracted according to the
manufacturer’s instructions. Since our goal was to look
at m'A in tRNAs, we specifically isolated small RNAs
as our starting input. m'A-quant-seq was performed as
described in (27). Half the sample was treated with AlkB,
and the other half was left untreated. Libraries were then
constructed from these samples as detailed in (27).

m'A-quant-seq analysis

We only used the R2 reads for our analysis due to the
uncertainty in the position of the unique molecular
identifier (UMI) in the R1 reads as shown in m*A-MAP
(20). The method used for analysis is as described in (27).
The R2 reads were first processed with the ‘clumpify.sh’
program in the BBMap package. PCR duplicates were
removed by using ‘dedupe subs=0. Adaptors were
then trimmed using the ‘cutadapt’ program. Reads were
filtered by quality and length using the options ‘-a
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCT
CGGTGGTCGCCGTATCATT-q 20 -m 30. Reads were
aligned to the mm10 genome using the hisat2 aligner
with the option ‘—trim5 11’ to remove the UMI sequence.
The default ‘soft-clipping’ option was used for alignment.
Multi-mapping reads were discarded. Samtools mpileup

was then used to generate text pileups from the BAM files
(39). Finally, variant calling was performed using VarScan
(40). m'A sites were called if they satisfied the following
criteria: the site was covered by at least 50 reads, showed
a signature A-to-T transition (>10% mutation rate) in
the AlkB-minus sample and less than 1% mutation rate
in the AlkB-plus sample across triplicates.

Drosophila genetics

We used the Drosophila model system as a genetic
approach to identify the affect m'A players have on tau
toxicity. This system has proven to be effective approach
in gene discovery in Alzheimer’s disease (41). We used
the transgenic fly line Tau R406W,; this mutation is
associated with neurotoxicity in Alzheimer’s disease.
Drosophila RNAI lines were obtained from Bloomington
Drosophila Stock Center or Vienna Drosophila Resource
Center. The Drosophila RNAi lines were crossed with gmr-
GAL4;Tau R406W and grown on standard medium at 25°C
incubator. The progeny was collected, aged to 7 days,
and the eye phenotype (such as reduced eye size, rough
eye surfaces, and cell death) was observed using light
microscopy.

RT-qPCR

Five micrograms of total RNA were treated with DNAse I
(Promega), then reverse transcribed, using 200 U Super-
script 1II (Invitrogen) and 50 uM of oligo dT primers
(Invitrogen), according to the manufacturer’s instruc-
tions. cDNA was diluted 1:5 in nuclease-free water. Tripli-
cate gPCR reactions (20 ul total volume) were performed
using 50 ng of the diluted cDNA, 50 nm forward and
reverse primers, 1x SYBR green Master Mix (Thermo
Fisher Scientific). 3-actin was used for normalization.

Transcript quantification

We quantified reads mapped to mitochondrial tRNA
genes in transcripts per kilobase million (TPM) using
Kallisto (42). Fastq files of AlkB-plus treated libraries
were used in order to gain an accurate estimate of tRNA
abundance.

Statistical analyses

For statistical analyses, a Student t-test was performed
using Prism. P-values are indicated in figures and figure
legends.

Data availability

m’A-quant-seq datasets are available from NCBI's Gene
Expression Omnibus (GEO). The accession number for
all the datasets reported in this paper is GSE168199. The
S5XFAD proteomic data used in this study were sourced
from (29) and are accessible from the PRIDE database
(www.proteomexchange.org): with accession numbers
of PXD007974 and PXDO018590. The proteomic data
from the ROS/MAP study (30) are available at https://
www.synapse.org/#!Synapse:syn17015098. Scripts used
throughout this study are available upon request.
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