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The rRNA m°A methyltransferase
METTLS5 is involved in pluripotency
and developmental programs
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Covalent chemical modifications of cellular RNAs directly impact all biological processes. However, our mecha-
nistic understanding of the enzymes catalyzing these modifications, their substrates and biological functions, re-
mains vague. Amongst RNA modifications N°-methyladenosine (m°A) is widespread and found in messenger

(mRNA), ribosomal (rRNA), and noncoding RNAs. Here, we undertook a systematic screen to uncover new RNA

methyltransferases. We demonstrate that the methyltransferase-like 5 (METTLS5) protein catalyzes m°A in 18S
rRNA at position A;g3,. We report that absence of Mettl5 in mouse embryonic stem cells (mESCs) results in a
decrease in global translation rate, spontaneous loss of pluripotency, and compromised differentiation potential.
METTL5-deficient mice are born at non-Mendelian rates and develop morphological and behavioral abnormalities.
Importantly, mice lacking METTL5 recapitulate symptoms of patients with DNA variants in METTLS5, thereby
providing a new mouse disease model. Overall, our biochemical, molecular, and in vivo characterization highlights
the importance of m°®A in rRNA in stemness, differentiation, development, and diseases.
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Almost all cellular RNAs are covalently modified and
these modifications have emerged as a crucial layer in
the regulation of RNA biogenesis and functions. Among
the >170 distinct RNA modifications described, N®-meth-
yladenosine (m®A| is currently one of the best studied. It is
the most abundant internal mRNA modification, but it is
also present in 18S and 28S rRNA, spliceosomal and non-
coding RNAs (Roundtree et al. 2017).
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mP®A in RNA has been implicated in regulating RNA
structure, stability, splicing, translation, localization,
and interaction with distinct binding proteins (Liu et al.
2015). The precise location of m®A within transcripts
can lead to different outcomes (Shi et al. 2019).

So far, several mammalian enzymes had been identified
that catalyze m®A in RNAs. Among these are two
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members of the methyltransferase like (METTL) protein
family that are characterized by the presence of a methyl-
transferase-like domain: METTL3, in a complex with
METTLI14 (Liu et al. 2014), catalyzes the formation of
mC®A in mRNAs, ncRNAs (Wang et al. 2014a, 2016), and
pri-miRNAs (Alarcén et al. 2015), whereas METTL16 cat-
alyzes m®A within a hairpin in the MAT2A mRNA and in
spliceosomal U6 snRNA (Pendleton et al. 2017). An excep-
tion is ZCCHC4, which is a non-METTL family enzyme
and has recently been identified as a 285 rRNA specific
mC®A methyltransferase (Ma et al. 2019). These m°A meth-
yltransferases possess different substrate preferences and
RNA recognition modes (Liu et al. 2014; Doxtader et al.
2018). Interestingly, METTL proteins, as well as
ZCCHC4, have been implicated in different types of can-
cers (Lin et al. 2016; Barbieri et al. 2017; Deng et al. 2018).

In contrast to mRNAs, where multiple m®A sites per tran-
script exist, there are only two mCA sites in human rRNAs
described: one in 78S rRNA at position A1832 (m°®A;g3,) and
one in 285 rRNA at position A4220a (m®A4s0.) (Maden
1986, 1988). These modifications are located at functionally
important regions within the ribosome (Natchiar et al.
2017) where they may tune translation and contribute to ri-
bosome heterogeneity (Genuth and Barna 2018). Thus, they
have the potential to be implicated in human diseases such
as ribosomopathies that are often associated with cancer
(Mills and Green 2017). In support of this, 28§ rRNA
m®A 550, has been linked to alterations in global translation
rate, cell proliferation, and tumor growth (Ma et al. 2019).
A very recent study showed that a METTL5 KO HCT116
cell line displays a loss of m°A in 18S rRNA (van Tran
et al. 2019) and demonstrated that METTLS is required
for m®A formation in 18S rRNA. The authors further
showed that METTLS5 forms a complex with TRMT112,
which was required for m®A formation in 18S rRNA in
vivo. However, these studies did not demonstrate that
METTLS5 directly mediates methylation and the function
of 185 rRNA m°®A 53, remains largely unknown.

Due to the potential implications of RNA methyltrans-
ferases in human health, the characterization of novel en-
zymes and their function could not only uncover new
mechanisms, but also new targets for the development
of selective inhibitors and therapies. This prompted us
to systematically search for uncharacterized methyltrans-
ferases in mammalian cells.

Here, we screened METTL proteins for RNA methyl-
transferase activity and show that METTL5 is an
m®A-methyltransferase that methylates 185 tRNA. We
demonstrate that METTLS5 is required for efficient trans-
lation and has a profound impact on cell function and plu-
ripotency. Phenotyping of Mettl5 KO mice revealed the
importance of METTLS5 for development.

Results

In vitro screening identifies METTL5 as an RNA
methyltransferase

To identify new RNA methyltransferases, we cloned and
expressed a collection of 12 METTL protein family mem-
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bers as GST fusions in E. coli and tested them in in vitro
methyltransferase assays for activity. For this, we used
different RNA species isolated from HeLa cells as sub-
strates and radiolabeled S-adenosylmethionine (SAM) as
methyl group donor. Figure 1A summarizes the results
of this screen. By liquid scintillation counting, we detect-
ed strong and robust incorporation of methyl groups into
total RNA by GST-METTL5 and GST-METTLS (Fig. 1A,
B), whereas for the other METTL proteins we observed
lower or no activity (Fig. 1A). In our assays, METTL5
and METTLS were not only active on total RNA, but
also on RNAs >200 nt and double-stranded RNAs (Fig.
1A). Since METTL8 had been described recently as a
new 3-methylcitidine (m3C) catalyzing enzyme (Xu
et al. 2017), we focused our study on METTLS5.

To exclude that the activity of GST-METTLS5 is due to
copurification of a bacterial methyltransferase we gener-
ated a HeLa-FRT cell line for inducible expression of
GFP-METTL5 (van Nuland et al. 2013). We detected
also a strong activity of GFP-METTLS5 purified from these
HeLa-FRT cells on total RNA (Fig. 1C). To further corrob-
orate the methyltransferase activity of METTL5 we gener-
ated point mutations in the methyltransferase domain
(at D81) and in the N6-adenosine-specific DNA methyl-
transferase signature (at N126) (Supplemental Fig. S1).
These mutations abolished the activity of GFP-METTL5
(Fig. 1D). Together, these in vitro assays demonstrate
for the first time that METTL5 is a bona fide RNA
methyltransferase.

To identify METTL5-specific interactors, we performed
label-free quantitative mass spectrometry. Due to the ab-
sence of immunoprecipitation (IP) grade antibodies,
we used our GFP-METTL5 expressing cell line. We
found that METTL5 has only one specific stable in-
teraction partner (log, fold change [FC|>5 compared
with the GFP expressing control cell line): the multifunc-
tional methyltransferase subunit TRM112-like protein
(TRMT112) (Fig. 1E; Supplemental Table S1), a recently
described interactor of multiple different methyltransfer-
ases (Ounap et al. 2015) including METTLS5 (van Tran
et al. 2019). The presence of TRMT112 could explain
why we observe higher activity of GFP-METTL5
purified from HeLa cells compared with recombinant
GST-METTLS5 purified from E. coli.

METTLS5 catalyzes N°-methyladenosine formation in 18S
rRNA at Alggg

Next, we wanted to identify which type of methylation
was catalyzed by METTL5. We therefore used methyl-
NAIL-MS (nucleic acid isotope labeling-coupled mass
spectrometry) (Fig. 2A; Supplemental Table S2; Reichle
et al. 2019) as an unbiased method to identify RNA mod-
ifications. For this, we grew human WT and METTL5 KO
HAPI1 cells (Carette et al. 2011) in medium containing
CDj3-methionine for 7 d to ensure that all methyl groups
in the cells contain deuterium. We then methylated the
total RNA isolated from these cells in vitro with recombi-
nant GST-METTL5 and unlabeled SAM as methyl group
donor. This approach allowed us to exploit the mass
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Figure 1. METTL5 methylates RNA
in vitro. (A) Results of screen of METTL pro-
teins for RNA methyltransferase activity. In
vitto RNA methyltransferases assays
(MTA) with purified recombinant GST-
METTL proteins on total RNA, RNA >200
nt, and double-stranded RNA as substrates
and tritium-labeled SAM (S-adenosylme-
thionine) as methyl donor. RNA was puri-
fied and tritium incorporation quantified
by liquid scintillation counting (LSC). Sym-
bols were assigned based on counts per mi-
nute (CPM) of the in vitro reaction relative
to the corresponding no-substrate control:
(—) Activity less than threefold; (+) threefold
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to sevenfold; (++) sevenfold to 15-fold; (+++)
>15-fold; (ND) substrate-protein pairs not
tested. (B) In vitro RNA MTA with recombi-
nant WT GST-METTL5 (left) and GST-
METTLS (right) on total HeLa RNA with
tritium-labeled SAM. GST alone and reac-
tions with no RNA substrate were used as
controls. CPM for one representative exper-
iment as averages of three technical repli-
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shown. (C) In vitro RNA MTA with GFP-
METTL5 purified from HeLa-FRT as in B.
(D) In vitro RNA MTA with WT GFP-
METTL5 and GFP-METTL5 D81-to-A,
D81-to-H, and N126-to-A mutants as in C.
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Data are displayed as percentage of activity of WT enzyme calculated from an average of two biological and three technical replicates
with SD. (E) TRMT122 interacts with METTL5. GFP-METTL5 was affinity-purified (in triplicates) from HeLa-FRT whole-cell extracts
and enriched proteins identified by mass spectrometry. Lysates from cells expressing GFP alone were used as control. Data are visualized
as a volcano plot. The log, fold change (FC) of GFP-METTLS5 to control in label-free quantification is plotted against the —log; g of the FDR
calculated by a permutation-based FDR-adapted t-test as described before (Ignatova et al. 2019).

difference of nucleosides methylated in cells and the nu-
cleosides de novo methylated during the in vitro reaction.
LC-MS/MS revealed a strong increase in N°-methylade-
nosine (m®A) abundance, but no major effects on the
abundance of other modifications such as 2'-O-methyla-
denosine (Am) or 5-methylcytosine (m>C), suggesting
that METTLS5 catalyzes m®A deposition (Fig. 2B).

We then aimed to investigate the activity of METTLS5 in
cells. As HAP1 cells are an unstable haploid cell line that
can spontaneously diploidize, we generated Mettl5 KO
mESC lines (Supplemental Fig. S2a). We isolated RNA
from Mettl5 KO and WT mESCs, size-fractionated (Fig.
2C, left) and analyzed abundance of RNA methylations
in different factions. We observed a striking, >10-fold
decrease in the amount of m°®A per RNA in fraction F2
containing 18S rRNA as the major component (Fig. 2C).
This effect is specific for m®A as we did not detect marked
alterations in the levels of other types of methylations an-
alyzed (Fig. 2C; Supplemental Fig. S2b), suggesting that in
vivo METTLS5 specifically catalyses m°A on 18S rRNA.
The 18S rRNA has been shown to contain a single m°A
site at position A;gz, (m®A;g3,) with a high stoichiometry
(Liu et al. 2013), located at the base of helix h44, in prox-
imity to the decoding center of the ribosome (Fig. 2D).
The drop from one molecule of m°®A per RNA to <0.1 mol-
ecule of m°A per RNA suggests that loss of METTL5

strongly affects m®A at A,g3,, which is in line with a re-
cent observation in human cells (van Tran et al. 2019).
Of note, upon loss of METTL5, we did not observe any ef-
fect on mCA levels in the smaller RNA fractions that con-
tain tRNAs and pri-miRNAs (Fig. 2C).

To demonstrate that METTL5 can indeed methylate
188 rRNA, we used equal amounts of 18S rRNA isolated
from WT and Mettl5 KO mESCs (Supplemental Fig. S2c)
as substrates in in vitro methyltransferase assays. We rea-
soned that since m®A g3, is strongly reduced in Mettl5 KO
cells, the RNA from the KO cells would be a more effi-
cient substrate for methylation by METTLS5 in vitro. Con-
sistent with this, we found that METTL5 displays a
significantly stronger in vitro activity on 18S rRNA isolat-
ed from Mettl5 KO compared with 78S rRNA isolated
from WT cells (Fig. 2E). Together, the combination of in
vitro and in vivo assays establishes METTL5 as an en-
zyme that catalyzes m°A in 18S rRNA.

METTL5 is important for mESC pluripotency and correct
differentiation

Next, we investigated whether loss of METTLS5 affects
mESC self-renewal and pluripotency. We observed chang-
es in the morphology of mESC colonies grown under stan-
dard serum LIF conditions. Mettl5 KO cells displayed an
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Piekna-Przybylska et al. (2008) (see also https://people.biochem.umass.edu/fournierlab/3dmodmap/humssu2dframes.php). (E) In vitro
RNA MTA with recombinant GFP-METTLS5 on 188 rRNA isolated from WT and Mettl5 KO mESC with tritium-labeled SAM. Tritium
signal was quantified by liquid scintillation counting (LSC). CPMs for one representative experiment as averages of three technical repli-
cates with SD are plotted. (****) P <0.0001; (*****) P<0.00001, calculated with Welch’s test (unpaired t-test).

increase in the number of flattened cells, as opposed to the
typical dome-shaped, compact pluripotent WT mESC col-
onies, suggesting precocious differentiation (Fig. 3A). In
line with these observations, there was a clear loss of alka-
line phosphatase staining in all Mettl5 KO clones ana-
lyzed (Fig. 3B).

To understand the molecular basis of the mESC pheno-
type, we performed RNAseq analysis of WT and Mettl5
KO cells. We detected global changes at the transcriptome
level upon Mettl5 KO, with 2397 up-regulated and 1947
down-regulated genes (BH-adjusted P-values<0.01, log,
FC>|1|) (Fig. 3C; Supplemental Fig. S3a; Supplemental
Table S3). Gene ontology analysis of differentially ex-
pressed genes revealed an enrichment of genes related to
development, differentiation, and morphogenesis, as
well as response to LIF, in agreement with the observed
precocious differentiation phenotype (Fig. 3A,B). To better
characterize the Mettl5 KO mESCs, we next performed
quantitative RT-PCR analysis of pluripotency and differ-
entiation markers in three independently generated
Mettl5 KO clones, compared with WT mESCs. We detect-
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ed a decrease in the expression of almost all pluripotency
markers analyzed, including Nanog, KIf4, Sox2, and Rex1/
Zfp42, and an increase in the expression of differentiation
markers (Fig. 3D). We confirmed the changes of Nanog,
KIf4, and Sox2 expression at the protein level by quantita-
tive immunofluorescence (Fig. 3E) and Western blot (Sup-
plemental Fig. S3b). Cell cycle analysis of the Mettl5 KO
cells indicated a decrease in the amount of cells in S-phase
(Fig. 3F), which is known to occur during mESCs differen-
tiation (Singh and Dalton 2009). Of note, we did not detect
major changes in the expression of Mettl3 in the Mettl5
KO mESCs cells (Supplemental Fig. S3c). Additionally,
we observed an increase of early apoptotic cells upon
Mettl5 KO (Supplemental Fig. S4a) that could contribute
to the effects on self-renewal and the precocious differen-
tiation phenotype upon METTL5 depletion.

To investigate whether Mettl5 KO affects the capacity
of mESC:s to differentiate into all three germ layers, we as-
sayed embryoid body (EB) formation (Fig. 3G, left). Mettl5
KO clones seem to aggregate into smaller EBs, compared
with the WT mESCs (Supplemental Fig. S4b), in line


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.333369.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.333369.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.333369.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.333369.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.333369.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.333369.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.333369.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.333369.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.333369.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.333369.119/-/DC1
https://people.biochem.umass.edu/fournierlab/3dmodmap/humssu2dframes.php
https://people.biochem.umass.edu/fournierlab/3dmodmap/humssu2dframes.php
https://people.biochem.umass.edu/fournierlab/3dmodmap/humssu2dframes.php
https://people.biochem.umass.edu/fournierlab/3dmodmap/humssu2dframes.php
https://people.biochem.umass.edu/fournierlab/3dmodmap/humssu2dframes.php
https://people.biochem.umass.edu/fournierlab/3dmodmap/humssu2dframes.php
http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on April 1, 2020 - Published by Cold Spring Harbor Laboratory Press

m°A methyltransferase Mettl5 regulates stemness

WT Mettl5 K ¢ GO terms for Differentially Expressed genes
= 3 clor
| » s skeletal system development
2 pattern specification process
s embryonic organ development
- - —_— . morphogenesis of a branching structure
Mettl5KO o Mettl5KO e Metﬁtlﬁ KO MW muscle cell proliferation
cloneG2 = A clone F8 : Sl /s‘fs N\ L \ cardiac chamber development
A 5 g A 3 Y ? | urogenital system development
k response to LIF
meiotic cell
30 25 -2.0 -1.5 -10 -05 0.0 05 10 15 20 2.5 3.0
Enrichment ratio
D Pluripotency markers Gastrulation markers Neuronal markers
Kifa Nanog . Octd Rex1 Sox2 Tet1 1.25 Tet2 looilrachyurys Eomes Faf5 Nestin , ,_ Paxé
12 15
15
1.0 0.9 1.00 0 1.00 1.00 - 4 15
075 08 075 075 3 10 10
g 0.6 50 1.0
05 0.50 05 0.50 0.50 2
03 } s 5 5 o5
’ m 0.25 0.25 0.25 EI % 1 . ’
0.0 0.0 0.00 0.0 Ii] 0.0 0.00 0.00 0{=— 0 o|E o{E 0.0
B wr O wmettis kO B wr O Metti5 KO
E KLF4 NANOG F G
p<22e-16 p<2.2e-16 %G1 %S %G2 %G1 %S %G2 )
120 - - . 245 648 7.17 31.8 53.8 7.16 naive
400 ESCs
z | Serum/LIF
2 90 )
8 300 - primed
£ . ESCs
@
2 60 l Serum
2 200
g CAs
S 30
Z 100 | NaRA
0 0
EBs NPCs
WT Mettl5 KO WT  Mettl5 KO WT Mettl5 KO
H Brachyury Sox1 Sox17 Gata6 I DAPI MAP2 Merge DAPI MAP2 Merge
- -
1.00 4 v
0.9
1.0 Metti5 KO
0.75 3 clone C9 %
0.6
J 0.50 2
o« 0.5
0.25 03 1 Mettl5 KO Mettl5 KO
m i clone G2 clone F8
0.00 0.0 0.0 0

H wr O wettis KO

Figure 3. Mettl5 KO mESCs exhibit reduced pluripotency and differentiation defects. (A) Representative bright field images of WT and
Mettl5 KO mESCs (clones C9, F8, and G2) after 6 d in serum LIF medium. (B) Representative alkaline phosphatase stainings of WT and
Mettl5 KO mESCs (clones C9, F8, and G2). (C) Results of gene ontology (GO) analysis of differentially expressed genes in Mettl5 KO
(clones C9) compared with WT mESCs. Normalized enrichment scores for the top GO terms with BH-adjusted P-values <0.05 are plotted.
(D) RT-qPCR analysis of the expression levels of pluripotency, gastrulation and lineage marker genes in WT (blue) and Mettl5 KO mESCs
(red) after 6 d in Serum LIF media. Fold changes quantified relative (RQ) to WT are plotted. Error bars indicate the standard error on the
average RQ-values of three independent KO clones (C9, F8, and G2) and three replicates of WT. (E) Boxplots showing quantification of
immunostainings for pluripotency markers NANOG and KLF4 for two independent Mettl5 KO clones (F8 and G2) and WT mESC.
Each dot represents the mean fluorescence intensity of an individual cell. Welch two sample t-test P-values are shown. (F) Cell cycle dis-
tributions of Mettl5 KO and WT mESC analyzed by flow cytometry after staining with propidium iodide (PI). The experiment was per-
formed in three biological replicates. Representative distributions of PI intensities are shown. (G) Schematic representation of
embryonic body formation assay (left) and neuronal differentiation protocol (right) via cellular aggregates (CAs). For details, see the Ma-
terials and Methods. (H) RT-qPCR analysis of the expression levels of lineage marker genes in WT (blue) and Mettl5 KO mESCs (red) at day
8 of the embryonic body (EB) formation assay. Fold changes quantified relative (RQ) to WT are plotted. Error bars indicate the standard
error on the average RQ values of three independent KO clones (C9, F8, and G2) and three replicates of WT. (I) Immunostaining for
the neuronal marker MAP2 in three Mettl5 KO clones (C9, F8, and G2) and WT control neuronal precursor cells (NPCs). Scale bar,
50 uM. DAPI staining (left) and merge (right) are shown.
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with impaired self-renewal. We analyzed the expression of
the lineage markers Brachyury (mesoderm), Sox17 (endo-
derm), Sox1 (neuroectoderm), and Gataé (primitive endo-
derm) after 8 d of EB differentiation. Mettl5 KO EBs
exhibited no major change in Sox17 expression, but
showed a significant reduction in the mRNA levels of Bra-
chyury and Sox1 and an increase in Gata6 (Fig. 3H). These
data suggest that Mettl5 KO mESCs have a reduced differ-
entiation potential, with impaired ability to activate neu-
roectodermal and mesodermal programs. To further
investigate whether METTLS5 loss can affect neuronal lin-
eage specification, we applied a directed differentiation
protocol into neuronal progenitor cells (NPCs) (Fig. 3G,
right; Bibel et al. 2007). WT mESCs efficiently differenti-
ated into NPCs as indicated by the homogenous expres-
sion and filamentous localization of the neuronal
marker MAP2. In contrast, all Mettl5 KO clones examined
failed to properly up-regulate MAP2 expression and in-
stead exhibited an abnormal nuclear localization of the
protein (Fig. 3I). Taken together, these findings indicate
a reduction in the differentiation potential of Mettl5 KO
mESCs toward neuronal lineages.

Mettl5 KO cells have reduced translation rates

Next, we wanted to explore the molecular action of
METTLS5 and the consequences of loss of m°A methyla-

tion in the Mettl5 KO cells. We reasoned that the loss of
an RNA modification located close to the decoding cen-
ter of the ribosome, would lead to changes in transla-
tion. To address this, we first analyzed polysome
profiles from WT and Mettl5 KO mESCs. Sucrose gradi-
ent profiles revealed a clear decrease in the abundance of
polysomes, with the heavier polysomes being the most
affected, and a concomitant increase in the 80S mono-
some peak in Mettl5 KO mESCs (Fig. 4A). Importantly,
this overall shift in polysome abundance occurred in
the absence of detectable changes in the levels or ratios
of 185 and 28S rRNA (Supplemental Fig. S5a,b) and in
the abundance of two ribosomal proteins (RPS2 and
RPS4X) tested (Supplemental Fig. S5c). This, along
with the increased levels of monosomes observed, indi-
cates that the decrease in ribosome engagement in
Mettl5 KO cells may not simply result from impaired
rRNA biogenesis or ribosome amounts. To investigate
whether the decrease in polysome abundance leads to
reduced translation rates, we assessed global translation
rates via measuring O-propargyl-puromycin (OPP) incor-
poration. This analysis revealed a global decrease in na-
scent protein synthesis rate of ~15% in Mettl5 KO
mESCs (Fig. 4B, top panel). Importantly, the global
decrease in protein synthesis was not confined to
ESCs, as we observed a similar decrease in OPP incorpo-
ration in Mettl5 KO MEFs, derived from Mettl5 KO

A os B mESCs Figure 4. Translation is altered in Mettl5
0.35 polysomes o 125 0010 ot KO cells. (A) Polysome analysis of WT and
03 : 0.008 @metisko  Mettl5 KO (clone C9) mESCs. Mettl5 KO
£ 0(')2: Al §_1oo § 0.006 cells show increased monosome and de-
3 ot [\] E £ o004 creased polysome profiles in sucrose gradi-
04 {\ - o2 ents. The experiment was performed in
0.05 |y o three biological replicates. Data from one
o 105 representative experiment is shown. (B)
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OPP-incorporation analysis to measure na-
scent translation rates in Mettl5 KO and
WT mESCs (top panel) and Mettl5 KO and
WT MEFs (passage 4) (bottom panel). OPP-
Alexa 594 intensities of individual cells
were measured by flow cytometry. Medians
of OPP-Alexa 594 signal intensities from all
replicates (normalized to WT) are displayed
as box plots (left) and one representative
OPP-Alexa 594 fluorescence intensity distri-
bution per cell line is shown (right). Experi-
ments were performed in two biological
and at least two technical replicates. Welch
two-sample t-test P-values are shown. (C)
Genome-wide changes in transcript abun-
dance and ribosome occupancy in Mettl5
KO (clone C9) and WT mESCs. Heat map
displays changes in transcript abundance
(RNA, Ieft panel) or ribosome occupancy
(RBF, right panel), expressed as log, fold
change (FC) relative to wild type in the range
from —4 to 4, split into four groups: RBF log,

FC < -0.3 and RNA log, FC > 0; RBF and RNA log, FC < -0.3; RBF and RNA log, FC > 0.3; RBF log, FC > 0.3 and RNA log, FC <0. For fold
changes, groups and transcript names see Supplemental Table S4. (D) Results of gene ontology (GO) by over-representation analysis of
transcripts with decreased ribosomes occupancy (log, FC <—0.3), but without reduction at the transcript level (log, FC>0) in Mettl5

KO compared with WT mESCs. Enrichment ratios and BH adjusted P-values are indicated.
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mice (see below), compared with matching wild-type
MEFs (Fig. 4B, bottom panel).

Beyond the global decrease in overall translation, we
next asked whether the translation of specific transcripts
is affected. For this, we performed ribosome footprinting
(Ingolia et al. 2009; Chou et al. 2017). Focusing on gene-
level changes in transcript abundance and ribosome occu-
pancy, we identified hundreds of transcripts that exhibit-
ed significant changes upon Mettl5 KO relative to wild-
type mESCs (Fig. 4C; Supplemental Table S4). The major-
ity of these transcripts exhibited changes in both mRNA
abundance and ribosome occupancy and thus these
changes reflect, most likely, altered mRNA abundance
without changes in the translation rate. However, we
identified 507 transcripts with altered ribosome occupan-
cy without concordant changes in mRNA levels, reflect-
ing transcript-specific changes in the ribosome loading
and/or translation kinetics. Of these, 299 transcripts had
decreased ribosome occupancy without reduction in
mRNA abundance. Gene ontology analysis on these tran-
scripts revealed an enrichment of genes involved in tran-
scriptional regulation of various classes of RNAs (Fig.
4D). Altered translation of these transcripts could be
implicated in the observed global effects on the transcrip-
tome (Fig. 3C), including misregulation of pluripotency
genes.

Mettl5 KO mice are subviable and have multiple
developmental and behavioral phenotypes

Having demonstrated effects of METTLS5 loss in mESCs,
we next wanted to investigate the importance of
METTLS5 in an animal model. Thus, we generated Mettl5
KO mice using CRISPR/Cas9 technology (Supplemental
Fig. S6a) and comprehensively phenotyped them. Com-
pared with WT control mice, we discovered several pro-
nounced phenotypes in Mettl5 KO mice. Homozygous
Mettl5 KO mice were subviable (the ratios of the geno-
types differed significantly (P<0.01) from Mendelian
distribution, even if the seven mice that died between
birth and weaning were considered to be all homozygous
mutants) with <12.5% of born and weaned mice
being knockouts (compared with 25% expected) (Fig.
5A). Between 5 and 15 wk of age, the weight of homozy-
gote Mettl5 KO mice (but not of heterozygote) was sig-
nificantly reduced (Fig. 5B). At 14 wk, microcomputed
tomography and X-ray imaging revealed visible craniofa-
cial abnormalities in about a half of the Mettl5 KO mice
of both sexes. Image analyses demonstrated snout devia-
tion due to altered nasal bone development and incom-
plete fusion of the frontal bone suture (Fig. 5C). At the
same age, hearing thresholds were increased in Mettl5
KO mice in the auditory brainstem response testing
(ABR) (Supplemental Fig. S6¢). Optical coherence tomog-
raphy (OCT) revealed abnormal retrolental tissue com-
posed of melanocytes and endothelial cells, present in
the vitreous body of 16-wk-old Mettl5 KO mice, likely
due to alterations in the hyaloid vascular system regres-
sion. The eye phenotype appeared asymmetrically, with
prevalence in the right eye (Fig. 5D). In fertility tests,

m°A methyltransferase Mettl5 regulates stemness

none of the four females, mated with two Mettl5 KO
males, showed signs of pregnancy and no litters were
found at all. This observation is in agreement with the
histological analysis in 16-wk-old males (Fig. 5E), where
scattered degenerated seminiferous tubules of the testi-
cles, as well as increased debris of spermatogonia in
the epididymides were found with a penetrance of 50%
(four out of eight Mettl5 KO males). At this age, none
of seven WT control mice analyzed showed degenerative
lesions. Remarkably, we also observed behavioral pheno-
types. In an open field behavioral test that assesses spon-
taneous locomotor activity in a novel environment
(Supplemental Fig. S6d), 8-wk-old Mettl5 KO mice were
hypo-active and hypo-exploratory, as indicated by signif-
icantly reduced distance traveled and number of rearings
(defined as the mouse standing on its hind legs to explore
and to groom within the open field) (Fig. 5F).

Altogether, these results highlight an important role of
METTLS5 in mouse development, in line with the impaired
differentiation potential we observed in Mettl5 KO
mESCs. Interestingly, the loss of the m°A methyltransfer-
ase METTL5 in mice reflects behavioral phenotypes and
malformations of the skull also observed in human pa-
tients with METTL5 linked mutations (Fig. 5G; Hu et al.
2016; Reuter et al. 2017; Riazuddin et al. 2017).

Discussion

Here we have demonstrated that METTLS5 is a bona fide
RNA methyltransferase, which catalyzes m°A in 18S
rRNA. We have shown that loss of Mettl5 impacts geno-
mic output by affecting mRNA levels and translation.
We found that KO of Metti5 affects mESC pluripotency
and differentiation. Furthermore, by generating Mettl5
KO mice, we identified the biological in vivo consequenc-
es of Mettl5 loss.

We systematically screened in in vitro assays recombi-
nant METTL protein family members for novel RNA
methyltransferase activities. Under our conditions,
METTL5 and METTL8 were the most active RNA
methyltransferases, with some activity for METTL7B,
METTLI10, and METTL25. However, for the latter three
proteins we observed a significant batch-to-batch varia-
tion in enzymatic activities, indicating that further inves-
tigation is required to clarify whether they are indeed
RNA methyltransferases.

Our combined in vitro and in vivo data demonstrate
that METTLS5 is an 18S rRNA-specific methyltransferase
catalyzing m®A at A;gs,. This is in line with the recently
reported changes in m®A abundance in 185 rRNA upon
METTLS5 depletion (van Tran et al. 2019). However, at
this time we cannot exclude additional METTLS5 targets,
such as other types of RNA. For instance, it is possible
that METTL5 methylates mRNAs that possess a struc-
ture and/or a motive similar to the region around A;g3,
of 18S RNA. Indeed, in our in vitro assays, METTL5 was
able to methylate poly(A)-enriched RNA, although we de-
tected less tritium incorporation than in total RNA (data
not shown).
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Figure 5. Mettl5 KO mice are subviable and
display multiple phenotypic aberrations, in-
cluding behavioral defects. (A) Mettl5 KO
(—/—) mice are subviable; <12.5% of born and
weaned mice were knockout animals. The to-
tal number of Mettl5 offspring born and
weaned: 156 animals. Distribution of geno-
types: 57 WT control animals (36.5%], 80 het-
erozygous (+/—) (51.3%), and 19 homozygous
KO mutants (12.2%). From the 19 KO mice,
three were females (16%) and 16 males
(84%). (B) Weight monitoring of mice from
the age of 5 to 15 wk showed significant differ-
ences (P=0.001) between male Mettl5 KO
(—/=) homozygous, heterozygous, and control
animals (data are means +SD, n=23 WT*/*, n
=10 Mettl5*~, n=10 Mettl5~/7) (Supplemen-
tal Table S5a; Supplemental Fig. S6b for fe-
males). (C) Snout deviation was observed in
14-wk-old Mettl5 homozygous KO mice. Mi-
cro-CT (top panel) and X-ray (bottom panel)
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imaging analyses show nasal bones (indicated
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Severe intellectual disability, speach delay,

attention deficit hyperactivity disorder, autism,
abnormal dentation, mild hypotonia, aggression, al.
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Mice Inflamation mediated alveolar bone loss Sima et al. herence tomography (OCT) images of retinas
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al.

sent in the eyes of 16-wk-old Mettl5 KO
mice, due to alterations in hyaloid vascular

system regression. This phenotype was observed in six out of eight Mettl5 KO males and three out of three KO females. The right eye
was more affected (L- and R-labeled images). Normal hyaloid regression in WT mice is also displayed. (E) Hematoxylin and eosin staining
of testis sections revealed scattered degeneration in the seminiferous tubules of four out of eight Mettl5 KO 16-wk-old males. Scale bars,
250 pm and 50 pm. (F) Eight-week-old Mettl5 KO mice were hypoactive (left) and hypoexploratory (right) compared with WT control mice
during a 20-min open field test (Garrett et al. 2012). (***) P <0.001 genotype effect with repeated measures ANOVA. Data are means + SEM,
males and females pooled, n=45 WT, n = 13 Mettl5 KO (Supplemental Table S6). (G) Diseases and phenotypes described to be associated
with METTL5 sequence variants in human and mice as well as in a zebrafish METTL5 morpholino model.

Modifications of rRNA can impact global ribosome
structure and functions, including decoding, dwell time,
peptidyl transfer, interactions with tRNAs, mRNAs, and
translation factors (Liang et al. 2007; Polikanov et al.
2015). Thus, they would manifest itself as altered transla-
tion capacity, which is in line with our results of global
translation defects observed upon Mettl5 deletion in
mESCs. Further studies will be required to gain insights
in the detailed mechanisms of how mC®A g3, impacts on
translation and to separate direct and indirect effects of
loss of m®A;g3,. Since we did not detect changes in 18S
rRNA levels in Mettl5 KO cells, it is unlikely that the
loss of m°®A from 18S rRNA has a substantial effect on
the amount of the mature rRNAs themselves. Thus, our
results point towards a role for m®A in 185 rRNA in trans-
lation efficiency, rather than through the regulation of
rRNA or ribosome abundance.

The only described m°A site in human 18S rRNA is at
Aig30, located within the 3’ minor domain of the 18S
rRNA, at the base of helix h44, in proximity to the decod-
ing center (Fig. 2D), in a poorly accessible region. Thus,
Ajg3p might only be accessible in 40S precursors and
methylation of 185 rRNA by METTL5 might occur in nu-
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cleoli. This is in agreement with data from the Human
Protein Atlas project, which describes METTL5 localiza-
tion in the nucleoli. Because of the proximity to the
mRNA it is possible that a modification of A;gs, is in-
volved in fine-tuning translation efficiency, which is in
full agreement with our results.

Loss of Mett]3, an enzyme that catalyzes m°®A in mRNA
(Liu et al. 2014; Wang et al. 2014b), has been reported to
promote self-renewal and to impair mESC exit from pluri-
potency, thereby reducing their capacity to differentiate
into several lineages (Batista et al. 2014; Wu et al. 2016).
In contrast to this, we found that the loss of Mettl5 can
lead to spontancous differentiation and reduced self-re-
newal of mESCs. This phenotype, together with our find-
ing of a role for METTLS5 in global translation, is in line
with growing evidence suggesting that translational con-
trol, as well as a tight coordination of transcription and
translation, are important for self-renewal, pluripotency,
and differentiation of mESCs (Sampath et al. 2008; Tah-
masebi et al. 2019). While Mettl3 and Mettl16 KOs are ear-
ly embryonic lethal and lethal around implantation stage,
respectively (Geula et al. 2015; Mendel et al. 2018), Mettl5
KO mice are viable, albeit with significant subviability


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.333369.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.333369.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.333369.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.333369.119/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 1, 2020 - Published by Cold Spring Harbor Laboratory Press

and clear morphological and behavioral phenotypes. Of
note, a recent study (van Tran et al. 2019) reported no
strong phenotypes upon METTL5 KO in HCT116 human
cancer cells, however, did not investigate specific effects
on translation or development. The variations in the cel-
lular phenotypes might be due to the cell type used (trans-
formed human cancer cells vs. mouse ESCs) as well as an
important role of METTL5 during mouse development.

rRNA modifications have been associated with altered
translation in different diseases, such as cancer and infec-
tious diseases (Sloan et al. 2017). DNA variants associated
with METTLS5 have been reported in human patients with
learning impairment, intellectual disorders, motor-weak-
ness, microcephaly, and nasal bone deformation (Hu et al.
2016; Reuter et al. 2017; Riazuddin et al. 2017). While our
manuscript was under revision, a METTL5 morpholino
zebrafish model was described that recapitulated the hu-
man microcephaly phenotype (Fig. 5G; Richard et al.
2019). In mice, alveolar bone loss upon Mettl5 mutations
has been described (Sima et al. 2016). Our Mettl5 KO mice
recapitulate these phenotypes. The partial impairment of
differentiation of the mESCs in the neuroectodermal line-
age could be a potential explanation behind the craniofa-
cial and brain abnormalities in the Mettl5 KO mice. The
shift in hearing sensitivity could be related to the skull ab-
normalities or ossicle malformations. The decreased loco-
motor activity of Mettl5 KO mice could represent altered
novelty-induced anxiety or reflect motor dysfunction.
Given that Mettl5 is expressed during brain development
and also in the adult brain, it is tempting to speculate that
maldevelopment and/or adult region-specific (e.g., hippo-
campal) synapse-dependent effects may account for the
behavior abnormalities described here (Richard et al.
2019). However, understanding the full impact of Mettl5
loss on brain function will require additional investiga-
tion. Importantly, the reduced body weight, eye and
craniofacial malformations, and a reduced locomotor ac-
tivity we observed, together suggest that Mettl5 plays an
important role during mouse development and that its
loss can result in failure to thrive, as well as in morpholog-
ical and behavioral abnormalities. In summary, our
Mettl5 KO mice may be useful as a mouse model system
in which to study the potential consequence of mutations
affecting METTLS5 in patients.

Overall, we demonstrate that METTL5 catalyzes m°A
in 18S rRNA. Our work reveals the impact of METTL5
on translation, mESC pluripotency, and differentiation ca-
pacity. With our Mettl5 KO mice we have created a new
mouse model system with human relevance.

Materials and methods

GST protein purification

BL21 Gold (DE3) E. coli cells were transformed with plasmids for
recombinant protein expression (Supplemental Table S6) fol-
lowed by induction with 0.5 M IPTG overnight at 18°C. Cell pel-
lets were lysed in 25 mM Tris-HCI (pH 8), 150 mM NaCl, 1 mM
EDTA, 0.5% Triton X-100, and 0.2 mM PMSF with mild sonica-
tion. Lysates were centrifuged at 20,000g for 30 min at +4°C, and

m°A methyltransferase Mettl5 regulates stemness

supernatants collected and incubated with glutathione-sepharose
beads for 4 h at +4°C with rotation, followed by washes with lysis
buffer (300 mM NacCl), elution with 10 mM reduced glutathione
in 50 mM Tris-HCI (pH 8.0) and dialysis overnight against meth-
yltransferase buffer assay.

In vitro methyltransferase assay (MTA)

Methyltransferase assays were performed in 6 mM HEPES-KOH
(pH 8), 0.4 mM EDTA, 10 mM DTT, 80 mM KCl, 1.5 mM MgCl,,
0.2 U/mL RNasin, and 1.6% glycerol in the presence of 460 nM
[*H]-SAM (1 mCi/mL; Perkin Elmer). Five micrograms of total
RNA was used as a substrate. Assays were performed at +16°C
overnight, followed by acid phenol-chloroform extraction. Triti-
um incorporation was analyzed by liquid scintillation counting
(Triathler counter [HIDEX] in Ultima Gold LSC cocktail [Perkin
Elmer]) as counts per minute (CPM). All data of in vitro methyl-
transferase assays are shown as mean +SD (standard deviation)
from three replicates. For nonradioactive assays, SAM from
NEB was used as methyl group donor.

Cloning of METTL5 WT and catalytic mutants

Plasmid encoding GST-METTL5 was obtained from OriGene
(EX-Z2099-B06; accession no. NM_014168) and subcloned into
a HeLa-FRT vector as described before (Ignatova et al. 2019).
GFP-METTL5 D81A, D81H, and N126A mutants were cloned
by Q5 site-directed mutagenesis following the standard protocol
from NEB and verified by Sanger sequencing. Mutagenesis prim-
ers are listed in Supplemental Table S7.

GFP-METTLS5 affinity purification and mass spectrometry

GFP-METTLS5 interactors in HeLa cells were identified using GFP
affinity purifications from whole-cell extracts coupled to label-
free mass spectrometry as described before (Ignatova et al. 2019).

Enzymatic digestion of RNA for mass spectrometry

Three-microgram to 100-ng portions of RNA were digested for 2 h
at 37°C to single nucleosides with 0.2 U of alkaline phosphatase
(Sigma-Aldrich), 0.02 U of phosphodiesterase I [VWR), and 0.2 U
of benzonase in 5 mM Tris (pH 8) and 1 mM MgCl, containing
buffer. Tetrahydrouridine (THU; 0.5 png; Merck), 1 uM butylated
hydroxytoluene (BHT), and 0.1 pg of pentostatin were added to
protect modification (Cai et al. 2015). Afterward, samples were
filtered through 96-well filter plates (AcroPrep Advance 350
10K Omega, Pall Corporation) at 3000g for >10 min to remove di-
gestive enzymes.

LC-MS/MS analysis of in vitro methylated RNA

Ribonucleosides were separated using a Luna Omega Polar, 150 x
2.1 mm, 2.5-um particle size, 100 A pore size from Phenomenex
(Torrance), on an Agilent 1290 series HPLC system equipped with
a diode array detector. Mobile phase A was 5 mM NH;OAc
(>99%, HiPerSolv Chromanorm, VWR|) adjusted to pH 5.3 with
glacial acetic acid (>99%, HiPerSolv Chromanorm, VWR) and
mobile phase B was pure acetonitrile (Roth, LC-MS grade, purity
>99.95%). Gradient elution started with 98% A, increased to
10% B after 2 min, 30% B after 3 min, and 60% B after 3.5 min.
Starting conditions are re-established at 4 min, followed by
2 min of equilibration. The flow rate was 0.4 mL/min and column
temperature was 30°C. The effluent was directed through the
DAD before entering the Agilent 6490 Triple Quadrupole mass
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spectrometer in dynamic multiple reaction monitoring (MRM)
mode. The MS was operated in positive ion mode with the follow-
ing parameters: electrospray ionization (ESI-MS, Agilent Jet-
stream), fragmentor voltage (set in tunefile to) 250 V, cell
accelerator voltage 2 V, N, gas temperature 150°C, N, gas flow
15 L/min, nebulizer 30 psi, sheath gas (N,) temperature 275°C,
sheath gas flow 11 1/min, capillary 2500 V, and nozzle voltage
500 V. The instrument was operated in dynamic MRM mode
with the method listed in Supplemental Table S2a.

LC-MS/MS analysis of fractionated RNA

For quantification, an Agilent 1290 Infinity II equipped with a
DAD combined with an Agilent Technologies G6470A Triple
Quad system and electrospray ionization (ESI-MS, Agilent Jet-
stream) was used. Operating parameters were as follows: positive
ion mode, skimmer voltage 15 V, cell accelerator voltage 5 V, N,
gas temperature 230°C and N, gas flow 6 L/min, sheath gas (N,)
temperature 400°C with a flow of 12 L/min, capillary voltage of
2500V, nozzle voltage of 0V, and the nebulizer at 40 psi. The in-
strument was operated in dynamic MRM mode with the method
listed in Supplemental Table S2b. The mobile phases were A as
5mM NH,4OAc aqueous buffer, brought to pH 5.6 with glacial ace-
tic acid and B as pure acetonitrile. A Synergi Fusion-RP column
(Phenomenex, Synergi 2.5 um Fusion-RP 100 A, 150x 2.0 mm)
at 35°C and a flow rate of 0.35 mL/min was used. The gradient
began with 100% A for 1 min, increased to 10% B by 5 min, and
to 40% B by 7 min. The column was flushed with 40% B for
1 min and returned to starting conditions to 100% A by 8.5 min,
followed by re-equilibration at 100% A for an additional 2.5 min.

Purification of RNA by size exclusion chromatography

For size exclusion chromatography (SEC), an Agilent 1100 HPLC
system (Degasser G1279A, Quat Pump G1311A, ALS G1313A,
COLCOM G1316A, VWD GI1314A, and Analyt FC G1364C)
with an AdvanceBio SEC-5 column, 1000 A pore size, 5-pm parti-
cle size, and 7.8 x300 mm (Agilent, Germany) was used. RNA
was eluted with an isocratic gradient with a flow rate of 1 mL/
min of 0.1 M ammonium acetate (>98 % purity). RNA was detect-
ed at 254 nm with a diode array detector. The fractions were col-
lected and evaporated (GeneVac, EZ-2 Plus) to a volume of ~30 uL
before precipitation by a standard ammonium acetate protocol
overnight at —20°C. Each RNA fraction was pelleted by centrifu-
gation at 12,000g for 40 min at 4°C, washed once with 70% eth-
anol, and resuspended in 20 pL of water.

Cell culture

HAP1 WT and METTL5 KO (Horizon Discovery clones C631,
HZGHC29081, and HZGHC005029c005) cells were cultured in
high-glucose Dulbecco’s modified Eagle medium (IMDM) supple-
mented with 10% FBS and 1% penicillin-streptomycin (Life
Technologies, Inc.).

mESCs were maintained on 0.2% gelatin-coated dishes in Dul-
becco’s modified Eagle’s medium (Sigma) supplemented with
16% FBS (Sigma), 0.1 mM pB-mercaptoethanol (Invitrogen),
2 mM L-glutamine (Sigma), 1x MEM nonessential amino acids
(Sigma), 100 U/mL penicillin, 100 pg/mL streptomycin (Sigma),
homemade recombinant LIF tested for efficient self-renewal
maintenance, and 2i (1 pM PD032591, 3 uM CHIR99021 [Axon
Medchem, the Netherlands]).

For Methyl-NAIL-MS of in vitro reactions, cells were cultured
in the RPMI1640 medium (Sigma Aldrich R7513) lacking methi-
onine with the addition of L-methionine-methyl-D3 (98 % atom)
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(Sigma-Aldrich), 10% FBS (Life Technologies, Inc.), and 2 mM
L-glutamine (Sigma) for 5 d.

The stable GFP-METTL5 doxycycline (DOX)-inducible HeLa-
FRT cell line was created by transfecting HeLa-FRT cells (van
Nuland et al. 2013) with modified pcDNA5/FRT/TO and
pOG44 plasmids. Cells were cultured in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% FBS
and 1% penicillin—streptomycin (Life Technologies, Inc.). At
80% confluency, cells were treated with doxycycline at a final
concentration of 1 ug/mL for 16 h.

CRISPR/Cas9 gene editing in mESCs

For the generation of the Mettl5 KO mutants, Mettl5-specific
gRNAs were cloned into a modified version of the SpCas9-T2A-
Puromycin/gRNA vector (Addgene 62988) (Ran et al. 2013),
where we fused truncated human Geminin to SpCas9 for increas-
ing homology-directed repair efficiency. A pUC57 minivector
harboring a mNeonGreen poly(A) cassette of 1068 bp and ~300
bp of homology to the genomic locus was synthesized (Gen-
Script). For targeting in WT J1 ESCs, cells were transfected with
a 4:1 ratio of donor oligo and Cas9/gRNA construct. After 2 d,
cells were subjected to puromycin selection (1 pg/mL) for 48 h
and enriched by flow cytometry. Colonies were allowed to grow
for 6 d, then picked into 96-well plates, and screened using restric-
tion fragment length polymorphism analysis as described previ-
ously (Mulholland et al. 2015). Mettl5 mutation was confirmed
by Sanger sequencing.

AP staining

Five-thousand serum LIF cultured cells were seeded, fixed after 5
d (4% formaldehyde), and stained with alkaline phosphatase blue
membrane substrate solution (Sigma-Aldrich AB0300), according
to the manufacturer’s protocol.

Embryonic body formation

For embryonic body (EB) formation, mESCs were cultured for 8 d
in serum LIF medium. mESCs (4 x 10°) were seeded on bacterio-
logical Petri dishes and cultured in Dulbecco’s modified
Eagle’s medium (Sigma) supplemented with 10% FBS (Sigma),
0.1 mM pB-mercaptoethanol (Invitrogen), 2 mM L-glutamine
(Sigma), 1x MEM nonessential amino acids (Sigma), 100 U/mL
penicillin, and 100 pg/mL streptomycin (Sigma). Every second
day, the EBs were transferred to a new Petri dish.

Neural progenitor differentiation

Neural progenitor differentiation was performed as described in
Bibel et al. (2007). Briefly, mESCs were cultured in serum LIF
for 5 d. Every second day, the formed cellular aggregates (CAs)
were transferred to a new Petri dish. After 4 d, retinoic acid
(RA) was added with a final concentration of 5 nM. After 4 d,
CAs were dissociated using 0.05% trypsin and seeded at 2 x 10°
per cm? in DMEM/E-12 supplemented with 1x N-2 supplement
(Gibco), 0.5x L-glutamine (Sigma), 1x Pen/Strep (Sigma), and
50 pg/mL BSA on PORN/laminin-coated plates.

Immunofluorescence

For immunostaining, mESCs were grown on coverslips as de-
scribed (Bibel et al. 2007). For the quantification of the NANOG
and KLF4 immunostaining, the mESCs were cultured for 1 wk
in serum LIF and seeded in 5 x 10° densities on geltrex-treated
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(Gibco A1569601) coverslips. All of the following steps were per-
formed at room temperature. The cells were fixed for 10 min
with 4% paraformaldehyde (pH 7.0), washed three times for 10
min with PBST (PBS, 0.01% Tween-20), permeabilized for 5 min
in PBS supplemented with 0.5% Triton X-100, and washed twice
for 10 min with PBS. Cells were then incubated in blocking solu-
tion (PBST, 4% BSA) for 1 h. Coverslips were incubated with pri-
mary and secondary antibodies (diluted in blocking solution) in
dark humid chambers for 1 h and washed three times for 10 min
with PBST. For DNA counterstaining, coverslips were incubated
10 min in PBST containing a final concentration of 2 pg/mL
DAPI (Sigma-Aldrich) and washed three times for 10 min with
PBS-T. Coverslips were mounted in antifade medium (Vecta-
Shield, Vector Laboratories) and sealed with colorless nail polish.

The following primary antibodies were used: polyclonal rabbit
anti-Klf4 (1:300; Proteintech 11880-1-AP), polyclonal rabbit anti-
Nanog (1:300; Abcam ab80892), polyclonal chicken anti-MAP2
(1:500; Acris TA336617), polyclonal goat antirabbit conjugated
to Alexa 488 (1:500; Thermo Fisher Scientific A-11034), polyclon-
al donkey antichicken conjugated to Alexa 488 (1:500; Jackson
ImmunoResearch 711-547-003).

Immunofluorescence intensity analysis

For immunofluorescence, images were collected on a Nikon TiE
microscope equipped with a Yokogawa CSU-W1 spinning disk
confocal unit (50-um pinhole size), an Andor Borealis illumina-
tion unit, Andor ALC600 laser beam combiner (405 nm/488
nm), Andor IXON 888 Ultra EMCCD camera, and a Nikon
100x/1.45 NA oil immersion objective. The microscope was con-
trolled by software from Nikon (NIS Elements, ver. 5.02.00).
DAPI or Alexa 488 were excited with 405-nm and 488-nm lasers.
Within each experiment, cells were imaged using the same set-
tings on the microscope to compare signal intensities between
cell lines. Fiji software was used to analyze images. The region
of interest of the entire nucleus was manually selected or thresh-
olded using the DAPI signal. Fluorescence intensities of these re-
gions of interest were measured in the 488-nm channel. The
mean fluorescence intensities were extracted for each cell line.

Polysome profiling and analysis

mESCs were grown in serum LIF for 5 d. At 80% confluency,
cyclohexamide was added to the medium (final concentration
100 pg/mL) and incubated for 10 min at 37°C. Cells were washed
twice in PBS/cyclohexamide and harvested by scraping. Cells
were pelleted at 500g for 5 min at 4°C. Pellets were resuspended
in lysis buffer (10 mM Tris-HCL at pH 7.5, 5 mM MgCl,, 100 mM
KCl, 1% Triton X-100, 2 mM DTT, 100 ng/mL cyclohexamide,
protease inhibitor) and incubated for 10 min on ice. Lysate was
spun at 1300g for 10 min at 4°C and supernatant was collected.
Equal concentrations of samples were carefully pipetted on top
of 10%-50% (w/v) sucrose gradients (20 mM HEPES-KOH at
pH 7.4, 5 mM MgCl,, 100 mM KCL, 2 mM DTT, 100 pg/mL
cyclohexamide). Gradients were centrifuged in a SW 41 Ti rotor
at 35,000 rpm for 160 min at 4°C and fractions were measured
in a UV/VIS absorbance detector. Experiments were performed
in biological triplicates.

Total RNA sequencing according to RiboZero protocol was
performed to determine RNA abundance. For ribosome foot-
printing we used RNase A +T1 instead of RNase 1, which has
been found to be detrimental to mammalian ribosome integrity
(Gerashchenko and Gladyshev 2017). Cell lysates were incubat-
ed with 60 U of RNase T1 and 30 U for RNase A per Aygg absor-
bance unit of cell extract at room temperature, then loaded onto
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a 10%-50% (w/v) sucrose gradient (20 mM HEPES-KOH at pH
7.4, 5 mM MgCl,, 100 mM KCl, 2 mM DTT, 100 pg/mL cyclo-
heximide) and spun at 35,000 rpm for 2 h, 40 min in a SW40Ti
rotor. The 80S fraction was collected. Total RNA was isolated
using an equal volume of Trizol followed by isopropanol precip-
itation. RN As 26-32 nt in size were isolated from the total RNA
by running the samples on a 15% denaturing acrylamide gel.

Single-end libraries were demultiplexed using in-line barcodes
with Novobarcode (Novocraft V3.02.08), and adapters removed
keeping only reads >26 nt using Fastx toolkit (V0.0.14). Reads
were mapped to the transcriptome (Gencode VM20) using the
splice-aware STAR-aligner (V2.5.3a), and uniquely mapped reads
were extracted using samtools (V1.3). RPKM per gene (NCBI
Refseq) for both ribosome footprint density and RNA abundance
was counted by RSEM (V1.3). Differential expression was calcu-
lated using DESeq2 in R (V3.6). Replicates with other KO clones
gave similar results.

Gene ontology (GO) by overrepresentation analysis was per-
formed with WebGestalt (Liao et al. 2019) on transcripts (iden-
tified by >10 reads) with decreased ribosome occupancy (log,
FC < -0.3) but without down-regulation at the transcript level
(logo FC>0) in Mettl5 KO (clones C9) compared with WT
mESCs using BH P-values <0.05.

Flow cytometric analysis

For apoptosis and cell cycle assays, mESCs grown in serum LIF for
5 d were stained with Annexin V/propidium iodide according to
the manufacturer’s protocol (Annexin V apoptosis detection kit
FITC, eBioscience), fixed in ethanol, and stained with PI followed
by flow cytometry analysis.

For translation assays mESCs grown in Serum LIF for 8 d and
primary MEFs (passage 4) were stained with Click-iT Plus OPP
Alexa fluor 594 protein synthesis assay kit (Life Technologies).
Cells were incubated with OPP (20 uM final concentration) for
30 min, fixed with ethanol, and processed according to the man-
ufacturer’s instructions.

Events were recorded by the FACSArialll sorter and analyzed
with the FlowJo 10.6.1 software. Sequential electronic gating
was performed to obtain single cells. Cell cycle analysis was per-
formed in FlowJo 10.6.1, statistical analysis for translation assay
was performed in R.

RNA-seq and analysis

mESC were lysed in Trizol, total RNA was isolated by Trizol ex-
traction followed by purification with a ZymoReseach RNA
mini-prep kit, two rounds of poly(A) selection (with oligo dT
beads) and RNA fragmentation to 100 nt with NEB RNA frag-
mentation solution. Illumina TruSeq stranded mRNA protocol
was used with 0.1 pg of poly(A) RNA for the sequencing libraries
preparation. Libraries were pooled and sequenced on Illumina
HiSeq 4000. Reads were mapped to the complete transcriptome
(mm10) and quantified using Kallisto (V0.45.0) (Bray et al.
2016). Differential expression was calculated using Sleuth
(v0.30.0) (Pimentel et al. 2017) in R (V3.5.3). Gene Ontology
(GO) analysis was performed with WebGestalt (Liao et al. 2019)
on misregulated (Benjamin-Hochberg adjusted P-values<0.01,
log, FC>|1]|) genes using gene set enrichment analysis (GSEA)
method.

RT-PCR analysis

Total RNA was isolated using the NucleoSpin RNA miniprep kit
(Macherey-Nagel). Five-hundred nanograms of RNA was reverse-
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transcribed using high-capacity cDNA reverse transcription kit
(Applied Biosystems). Quantitative PCR analysis was performed
in triplicate for each sample by using 5 ng of the reverse transcrip-
tion reaction in a Light Cycler 480 (Roche) with Fast SYBR Master
Mix (Roche). Error bars indicate standard deviation of pooled trip-
licate measurements.

Western blot

Cells growing in Serum LIF for 5 d were harvested, washed with
PBS, and lysed by adding five cell pellet volumes of RIPA buffer
(1% NP-40, 400 mM NaCl, 50 mM Tris at pH 8.0, 1% SDS,
0.5% sodium deoxicholate). Cells were sonicated twice for 0.5
sec (10% amplitude), incubated for 30 min at 4°C on a rotation
wheel, and centrifuged at 16,000g for 30 min, after which soluble
whole-cell extracts (WCEs) were collected. Total protein concen-
tration was measured with a Pierce BCA protein assay kit
(Thermo Fisher Scientific). Twenty micrograms to 40 pg of
whole-cell extract was used per lane.

Antibodies used for immunoblotting were as follows: anti-
SOX2 (1:1000; Abcam ab92494), anti-RPS2 clone 3G6 (1:1000;
Abnova H00006187-MO01), and anti-RPS4X (1:1000; Abnova
PAB17574) primary antibodies followed by horseradish peroxi-
dase (HRP)-conjugated secondary antibodies goat antimouse
(1:1500, Dako P0447) and antirabbit (1:100,000, Jackson Labora-
tory 111-035-003).

CRISPR/Cas9 gene editing in mice

The Mettl5 KO mouse model was derived using CRISPR/Cas tech-
nology and systematically characterized in the German Mouse
Clinic phenotyping screen as described previously (Gailus-Durner
et al. 2005; Fuchs et al. 2018). For the single-guide RNA (sgRNA)
selection in vitro, two 20-bp sgRNA sequences targeting Mettl5
exonl (gene ID 75422) were screened on the Web site http
:/[crispor.tefor.net and synthesized by using the in vitro transcrip-
tion EnGen Kit (NEB E3322S). The primers were generated with
the NEB tool (http://nebiocalculator.neb.com/#!/sgrna) from
Metabion. Following in vitro transcription, RNA was purified us-
ing the RNA Clean & Concentrator-25 from Zymo (R1017). Cas9
protein was purchased from IDT (1081059). The deletion allele in-
jection mixes consisted of 50 ng/uL Cas9 mRNA, 40 ng/uL Cas9
protein, and 25 ng/pL sgRNA (each) in a final volume of 20 pL of
1x modified TE (10 mM Tris, 0.1 EDTA; RNase-free).

For microinjection C57BL/6NCrl female mice (32 d old) were
injected with 5 IU/mouse of pregnant mare serum, followed 48
h later with 5 ITU/mouse of human chorionic gonadotropin. The
females were then mated to C57BL/6NCrl males, and fertilized
oocytes were collected at 0.5 dpc. The Cryo Unit of the Institute
of Experimental Genetics microinjected the sgRNA/Cas9 mix-
ture into the pronucleus of pronuclear stage zygotes. Microinjec-
tions were performed using a microinjection needle (I mm outer
and 0.75 mm inner) with a tip diameter of 0.4-1.6 pm, an Eppen-
dorf Femto Jet 4i to set pressure, and time to control injection vol-
ume (0.5-1 pL per embryo). Injections were performed under a
400x magnification with Hoffman modulation contrast for visu-
alizations. Injected zygotes were cultured overnight and devel-
oped two-cell embryos were transferred into pseudopregnant
(day 0.5pc) CD-1-females on the day after the injection, on aver-
age, 16 embryos per recipient female.

Mice phenotyping

For testing fertility of Mettl5 mutant mice, two homozygous
Mettl5 males (9 wk old) were mated with WT females of the
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same age (two females per male). Breedings were kept for 2 wk
and separated afterward. Female cages were inspected daily to re-
port litters born dead or alive.

For the analysis of body weight, a linear mixed-effects model
was applied with random intercept and slope as well as the fixed
effects genotype, age, and the interaction of these two.

The open field (OF) analysis was carried out as described previ-
ously (Garrett et al. 2012). The arena consisted of a transparent
and infrared light-permeable acrylic test arena with a smooth
floor (internal measurements: 45.5 x 45.5 x 39.5 cm). [llumination
levels were set at ~150 lux in the corners and 200 lux in the mid-
dle of the test arena. Data were recorded and analyzed using the
ActiMot system (TSE).

Morphological alterations of the eye posterior segment, eye
fundus, and retina were analyzed with a Spectralis OCT (Heidel-
berg Engineering) modified with a 78-diopter double-aspheric
lens (Volk Optical, Inc.) fixed directly to the outlet of the device.
A contact lens with a focal length of 10 mm (Roland Consult)
was applied to the eye of the mouse with a drop of methylcellu-
lose (2% methocel; OmniVision). For measurements, anaesthe-
tized mice were placed on a platform in front of the Spectralis
OCT such that the eye was directly facing the lens of the re-
cording unit. The parameters evaluated were number of
main blood vessels (fundus), retinal thickness, and morphology
of retinal layers. Images were taken as described previously (Puk
et al. 2013). X-ray imaging was performed in an UltraFocus DXA
system (Faxitron Bioptics, LLC) with automatic exposure
control.

For the skull analysis, data sets were acquired at 36-um3 voxel
resolution using a SkyScan 1176 in vivo micro-CT system
(Bruker). All scans were acquired with the following parameters:
50 kV, 45 ms exposure time, 500-pA source current, 0.7° rotation
step, 0.5-mm aluminum filter. Image reconstruction was per-
formed using InstaRecon (InstaRecon, Inc.), 3D model generation
was done with CTAn (Bruker), and GOM Inspect software (GOM
GmbH) was used for 3D rendering and visualization.

For pathological analyses, hematoxylin and eosin (H&E) stain-
ing was performed on formalin-fixed paraffin-embedded sections
(4 pm) of testis and epididymis. The slides were analyzed by two
independent pathologists.

Mice

Mice were maintained in IVC cages with water and standard
mouse chow according to the directive 2010/63/EU, German
laws, and GMC housing conditions. All tests were approved by
the responsible authority of the district government of Upper
Bavaria.

Mouse embryonic fibroblast (MEF) generation

MEFs were isolated from postcoitus day E13.5-E14.5 embryos.
Each embryo was dissected into 10 mL of cold sterile PBS, voided
of its internal organs, and head and blade minced. The resulted
material was cultured in 25 mM DMEM high glucose without
L-glutamine supplemented with 100 pg/mL puromycin, gluta-
max (alanine + glutamine) 200 mM, and 10% FCS. MEFs were
kept in liquid nitrogen tanks.

Genotype analysis

Genomic DNA was extracted from tissue samples collected from
mice during ear labeling at weaning age (3-wk-old) and PCR reac-
tion was performed with Mettl5 specific primers (Mettl5-1 for
AGAACTTCCTTATATCCAAATCGCT and Mettl5-1 rev
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CTGGGGAGTTTCGGGTTAGGTAGAC). After purification,
PCR products were sequenced.

Data accessibility

Proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (Vizcaino et al. 2016), data set identi-
fier PXD015582. RNA-seq data (Fig. 3C) have been deposited to
GEO under accession number GSE144346. Ribosome footprint-
ing and RNA-seq data (Fig. 4C) have been deposited to GEO under
accession number GSE144313.
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