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Abstract Ribosome RNA (rRNA) accounts for more than 80% of the cell’s total RNA, while the
physiological functions of rRNA modifications are poorly understood. Mutations of 18S rRNA
m6A methyltransferase METTL5 cause intellectual disability, microcephaly, and facial dys-
morphisms in patients, however, little is known about the underlying mechanisms. In this
study, we identified METTL5 protein complex and revealed that METTL5 mainly interacts with
RNA binding proteins and ribosome proteins. Functionally, we found that Mettl5 knockout in
mESCs leads to the abnormal craniofacial and nervous development. Moreover, using Mettl5
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Neural development

knockout mouse model, we further demonstrated that Mettl5 knockout mice exhibit intellec-
tual disability, recapitulating the human phenotype. Mechanistically, we found that Mettl5
maintains brain function and intelligence by regulating the myelination process. Our study un-
covered the causal correlation between mis-regulated 18S rRNA m6A modification and neural
function defects, supporting the important physiological functions of rRNA modifications in hu-
man diseases.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

RNA modifications play essential functions in post-
transcriptional gene expression regulation. Modifications on
mRNAs, for example, m6A mRNA modification, can regulate
mRNA splicing, export, transport and translation and
therefore regulates diverse biological processes.1 In addi-
tion, modifications on tRNAs regulate tRNA stability and
function, playing essential functions in regulation of global
mRNA translation.2 Mis-regulations of mRNA or tRNA modi-
fications often result in developmental diseases and
cancers.3e7

Ribosome RNA (rRNA) is highly abundant, accounting for
more than 80% of the cell’s total RNA.8 rRNA is the RNA
component of the mRNA translation machinery ribosomes
and is essential for protein synthesis. Similar to mRNAs or
tRNAs, rRNAs also contain different kinds of modifications.
These modified residues are conservatively located in
functionally important regions of the ribosomes,9 suggest-
ing that rRNA modifications play important roles in regu-
lating ribosome function. Indeed, rRNA modification
machinery and changes in the extent of rRNA modifications
connect with development, genetic diseases and cancers.10

However, physiological functions of rRNA modifications are
still poorly understood.

Recent studies suggested rRNA modification is essential
for neural development and brain function, such as spatial
cognition,11 corpus callosum development12 and migration
of neurons.13 In addition, it has been reported that the 28S
rRNA m6A methyltransferase ZCCHC4 plays important
function in translation and tumorigenesis.14 Mutations of
the 18S rRNA m6A methyltransferase METTL5 was reported
in patients with intellectual disability, microcephaly, and
facial dysmorphisms,15,16 however, little is known about the
underlying molecular mechanisms.

In this study, we verified Mettl5 is an 18S rRNA m6A
methyltransferase and interacts with ribosome proteins
and RNA binding proteins by m6A MeRIP-Seq and proteomic
analysis, and then we combined in vitro mESCs differen-
tiation models and in vivo Mettl5 knockout mouse model
uncovered the critical function of Mettl5 mediated 18S
rRNA m6A modification in regulation of neural develop-
ment and brain function. Moreover, our data revealed that
knockout of Mettl5 results in hypomyelination of the
neurons, impairing learning and memory disability in
mice.
Materials and methods

Generation of the Mettl5 knockout mouse allele

Mettl5þ/� mice with C57BL/6N background were generated
by using CRISPR-Cas9 systems. The exon 2, exon 3 and exon
4 of Mettl5 were deleted in the knockout Mettl5 allele. Mice
were genotyped for the targeted allele by PCR using tail
DNA. All experiments were performed in compliance with
the relevant laws and institutional guidelines, and were
approved by the Laboratory Animal Center of Sun Yat-sen
University.

m6A MeRIP-Seq (methylated RNA
immunoprecipitation and sequencing)

Total RNA was randomly fragmented to size around 100
nucleotides at an appropriate temperature and then sub-
jected to immunoprecipitation (IP) with anti-m6A antibody
(Sigma-Aldrich, cat. no ABE572) and protein-A/G magnetic
beads (88803, Thermo). The m6A-containing mRNA frag-
ments were captured, washed and eluted by competition
with N6-Methyladenosine (M2780, Sigma-Aldrich). The pu-
rified RNA fragments from m6A meRIP were used for library
construction by MeRIP-qRT-PCR and sequenced (Guangzhou
Epibiotek Co., Ltd). The sequence reads mapping (HISAT2),
peak calling (exomePeak), peak anno, motif search
(HOMER) and gene ontology analysis were performed as
previously described.6,17

METTL5 protein complex identification

293T cells transfected with pFLAG-CMV2-hMETTL5 plasmid
using Lipofectamine 2000 following the standard protocols.
48 h after transfection, the cells were washed twice with
precooled PBS, and then cells were collected and lysed
with precooled 500 ml WB/IP lysis buffer. The suspension
was centrifuged for 10 min at 13,000 g at 4 �C and the
sediment was discarded. The supernatant were incubated
with anti-FLAG M2 agarose (A2220, Sigma) at 4 �C for
overnight with gentle agitation. After washing, the pulled
down proteins were eluted with 1� SDS sample loading
buffer. The eluted proteins were separated by gel elec-
trophoresis, gels were stained with Coomassie brilliant
blue. The eluted proteins in the gel were identified by Mass
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Spectrometry. Finally, protein identification software was
used to identify the proteins and protein interactions
(STRING) in the sample.
mESCs self-renewal and differentiation

mESCs self-renewal and differentiation were performed as
previously described.4 To determine self-renewal capac-
ities of the Mettl5 knockout and control mESCs, 105 cells
were seeded in 100 mm tissue culture dishes and then the
cell numbers were counted at Day 3 and Day 5. For spon-
taneous differentiation of mESCs, the cell culture dishes
were first coated with Poly (2-hydroxyethyl methacrylate)
to prevent cell attachment. Then 5 � 106 mESCs were
cultured with LIF (�) medium in the Poly 2-pre-coated
dishes to induce embryoid body formation for 6 days. To
induce the neural lineage differentiation of mESCs, 5 � 105
Figure 1 Mettl5 as an 18S rRNA m6A methyltransferase interac
knockout in mESCs. (B). RNA-Seq tracks of Mettl5 mRNA. Deleted M
targets in control mESCs. (D). Distribution of m6A targets in Mettl5 K
upper is m6A peaks of control mESCs and the bottom is m6A peak
(Rn18s, chr17:39846354-39848202) within 45s rRNA (Rn45s, chr17:39
with red highlight. (G). SDS-PAGE of METTL5 protein complex. (H).
mESCs were cultured in N2B27 medium for 6 days using a
previously established protocol.18

RT-PCR and qRT-PCR

Total RNA was isolated with TRIzol reagent (Sigma) from
freshly dissected mouse brains or cultured cells. The cDNAs
were prepared from 1 mg total RNA by using PrimeScript�
RT Master Mix (Takara). The quantitative PCR reactions
were carried out with STBR Green Premix Pro Taq HS qPCR
Kit (Accurate Biology, Changsha, China) on StepOne� Real-
Time PCR System instrument (Thermo).

RNA-seq and gene ontology analysis

RNA sequencing and data analysis was performed by
Shenzhen BGI Co., Ltd, China. Briefly, total RNAs from
Mettl5�/� mice and their control littermates or cultured
ts with ribosome proteins. (A). Schematic diagram of Mettl5
ettl5 exons are indicated with red box. (C). Distribution of m6A
O mESCs. (E). Sequence motif identified in m6A MeRIP-seq. The
s of Mettl5 KO mESCs. (F). m6A MeRIP-Seq tracks of 18s rRNA
,840,997-39,850,829). Decreased 18S rRNA peaks are indicated
String view of METTL5 interacting proteins.
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cells were extracted by Trizol reagent and purified by using
oligo(dT)-attached magnetic beads. Then the cDNA li-
braries were constructed for high throughput sequencing.
The differentially expressed genes were subjected to gene
ontology analysis using Toppgene (https://toppgene.
cchmc.org).

Morris water maze test

The water maze task was performed as previously
described19 with some modifications. It consisted of three
phases: 1) 4 days with a visible platform; 2) 4 days with a
hidden platform; 3) Probe trials, during which the platform
was removed from the maze, lasted 40 s and were per-
formed to assess the retention of previously acquired in-
formation. Probe was conducted 48 h later after the last
trail of the whole learning process. Mice were tracked by a
video camera (Sony) in both trails and probe. Collected
data were analyzed by Flyde software (Feidi, Guangzhou,
China). Statistical analyses used two-way ANOVA.
Figure 2 Mettl5 regulates neural development in vitro. (A). C
expression of stem cell markers in Mettl5 KO and control mESCs.
mESCs. (D). Volcano Plot of RNA-Seq data from the Mettl5 KO and c
ontology analysis of decreased expression genes in the Day6 Mett
comparison between control mESCs vs control embryonic bodies a
analysis of mRNA expression in Mettl5 KO and control embryonic
Seq data from the Mettl5 KO and control cells (differentiated for
decreased expression genes in Mettl5 KO cells (differentiated for
expression in Mettl5 KO and control cells (differentiated for 6 days
Immunofluorescence

Mice brains were dissected and fixed in 4% para-
formaldehyde (Biosharp, Hefei, China) for 48h, dehydrated
by using graded ethanol, vitrificated by Histo-Clear (Yinxin,
Guangzhou, China) and embedded in paraffin. Immunoflu-
orescence of the brain sections (10 mm) was performed
using MBP antibody (78896s, CST), fluorescence-labelled
secondary antibodies (Biolegend, USA) and DAPI. The fluo-
rescence images were captured with normal fluorescence
microscope (Carl Zeiss, Germany) and analyzed with ZEN
software.

Statistical analysis

Statistical analyses were performed via two-way analysis of
variance (ANOVA) or via a one-tailed unpaired Student’s t-
test. The data are presented as the means � SEM.
*P < 0.05, ))P < 0.01, and )))P < 0.001 denote the sig-
nificance thresholds.
ell proliferation of Mettl5 KO and control mESC. (B). mRNA
(C). Volcano Plot of RNA-Seq data from Mettl5 KO and control
ontrol embryonic bodies (differentiated for 6 days). (E). Gene
l5 KO embryonic bodies. (F). Gene ontology analysis of cross-
nd Mettl5 KO mESCs vs Mettl5 embryonic bodies. (G). qRT-PCR
bodies (differentiated for 6 days). (H). Volcano Plot of RNA-
6 days in the N2B27 medium). (I). Gene ontology analysis of
6 days in the N2B27 medium). (J). qRT-PCR analysis of mRNA
in the N2B27 medium).
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Results and discussion

To study the function and molecular mechanism of METTL5
in the pathogenesis of neural diseases, we first knocked out
Mettl5 in mouse embryonic stem cells (mESCs). The 2e4
exons of Mettl5 were depleted by CRISPR/Cas9 method
(Fig. 1A), which results in frameshift and premature
termination of Mettl5 mRNA translation. Then we per-
formed RNA sequencing (RNA-Seq) and confirmed the suc-
cessful depletion of Mettl5 exons 2e4 in mESCs (Fig. 1B).
m6A predominantly targeted the coding regions and 30 UTR
of mRNA transcripts (Fig. 1C, D), which is consistent with
the previously reported pattern of m6A peaks.20 Further-
more, a GGAC motif was enriched in m6A peaks on mRNAs in
both control and Mettl5 KO mESCs (Fig. 1E). We found no
difference on m6A mRNA modification between the control
and Mettl5 KO mESCs, suggesting that Mettl5 has little ef-
fect on global mRNA m6A patten. However, our m6A
methylation immunoprecipitation and sequencing (m6A
MeRIP-Seq) showed that Mettl5 knockout reduces the m6A
modification on 18S rRNA (Fig. 1F). In addition, proteomic
analysis of the METTL5 protein complex revealed that
METTL5 mainly interacts with ribosome proteins and RNA
binding proteins, including the known interacting protein
TRMT112 (Fig. 1G, H and Table S1).16 Overall, our data
revealed that Mettl5 interacts with ribosome proteins and
functions as an 18S rRNA m6A methyltransferase.

We next determined the function of Mettl5 in regulation
of mESCs self-renewal and differentiation. Knockout of
Mettl5 does not affect mESC proliferation (Fig. 2A) and has
little effect on the expression of mESC markers including
Pou5f1 and Nanog (Fig. 2B). Moreover, our RNA-Seq data
revealed that Mettl5 knockout has little effect in global
Figure 3 Mettl5 knockout impairs neural development and intellig
P14. (B). Growth curve with indicated genotypes (***P < 0.001. Con
(�SEM) for mice to reach the visible platform in water maze assay (
escape latency (�SEM) for mice to reach the hidden platform (***P <

performed 48 h after the last training session by removing the pla
mRNA expression in mESCs (Fig. 2C and Table S2), sug-
gesting that Mettl5 is not essential for mESCs self-renewal.
Then we induced random differentiation of mESCs using the
embryonic body (EB) differentiation model to study the
function of Mettl5 in mESC differentiation. RNA-Seq was
performed after 6 days of EB differentiation to identify the
differentially expressed mRNAs (Fig. 2D and Table S2).
Gene ontology revealed that the down-regulated genes in
the Mettl5 knockout cells are associated with the abnormal
craniofacial and nervous development (Fig. 2E) that is
confirmed by gene ontology analysis cross-comparing the
differentially expressed genes between control mESCs vs
control EB and Mettl5 KO mESCs vs Mettl5 EB (Fig. 2F). The
decreased expression of several of the key neural devel-
opment genes in the Mettl5 knockout mESCs was confirmed
by qRT-PCR (Fig. 2G). To further study the role of Mettl5 in
neural differentiation, we induced neural lineage differ-
entiation of mESCs using N2B27 induction model. Our re-
sults demonstrated that Mettl5 knockout mESCs have
impaired neural differentiation capacity, further confirm-
ing the critical function of Mettl5 in cranial and neural
development (Fig. 2HeJ and Table S2). Overall, our data
uncovered that mis-regulated Mettl5 results in craniofacial
and neural development defects in mESCs, which could
explain the intellectual disability and facial dysmorphism
phenotypes in the METTL5 mutated human patients.

We further established the Mettl5 knockout mouse
model to study the in vivo function of Mettl5. The Mettl5
knockout mice are viable but smaller compared to the wild
type controls (Fig. 3A, B). Since METTL5 mutated patients
and Mettl5 knockout mESCs displayed intellectual disability
and neural development defects, we used Morris water
maze assays to investigate the spatial learning and memory
ence in vivo. (A). Representative pictures of Mettl5�/� mice at
trol: n Z 5, Mettl5�/�: n Z 8). (C). The mean escape latency
***P < 0.001. Control: n Z 6, Mettl5�/�: n Z 6). (D). The mean
0.001. Control: n Z 6, Mettl5�/�: n Z 6). (E). Probe trial was

tform.



Figure 4 Mettl5 regulates the myelination process. (A). Scatter plot of mRNA expression by using RNA-Seq data from the Mettl5
KO and control brain tissues at P28. (B). Gene ontology analysis of decreased expression genes in Mettl5 KO brain tissues at P28. (C).
qRT-PCR analysis of mRNA expression in the Mettl5 KO and control brain tissues at P28. (*P < 0.05, **P < 0.01). (D). Immunostainings
of myelin basic protein (Mbp) in cerebellum from mice with indicated genotypes. Scale bar, 100 mm.
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abilities of the Mettl5 knockout mice.19 Our data revealed
that Mettl5 knockout results in impaired learning and
memory capacities in the mice (Fig. 3CeE and Table S3),
but not the swimming ability (Fig. 3E). Taken together,
using knockout mouse model, we demonstrated that Mettl5
knockout mice exhibit intellectual disability, recapitulating
the human phenotype. Our in vitro and in vivo data un-
covered that Mettl5 is essential for the neural development
and intellectual capacity.

To study the underlying molecular mechanisms of Mettl5
in regulation of intellectual disability pathogenesis, we
performed RNA-Seq of the brain to identify its downstream
targets (Fig. 4A and Table S3). Our sequencing result
revealed that genes down-regulated in the brains of Mettl5
knockout mice are involved in the neuron ensheathment,
myelination and neurotransmitter transport processes
(Fig. 4B). Neuron ensheathment with myelin protects and
insulates the axons and thus facilitates the quick and ac-
curate transmission of electrical impulses.21,22 Myelination
is critical for various brain functions including learning ca-
pacity and intelligence.24 Our qRT-PCR and immunofluo-
rescent assays confirmed the decreased expression of key
neural development genes and myelin genes in the brain of
Mettl5 knockout mice (Fig. 4C, D), supporting that Mettl5
maintains brain function and intelligence by regulating the
myelination process.

Overall, using in vitro mESCs differentiation models, we
revealed that knockout of Mettl5 leads to neural differen-
tiation defects in mESCs. We then established the first
Mettl5 knockout mouse model and uncovered the critical
function of Mettl5 mediated 18S rRNA m6A modification in
regulation of neural development and brain function.
Moreover, our data revealed that knockout of Mettl5 in
mouse results in decreased myelination of the neurons,
leading to the impaired learning and memory disability in
mice, supporting the role of Mettl5 in regulation of neural
function.15,25,26 This study uncovered novel insights into the
causal correlation between mis-regulated 18S rRNA m6A
modification and neural function defects, supporting the
important physiological functions of rRNA modifications in
human diseases.
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