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Embryonic stem cell

Mouse embryonic stem cell
Human Embryonic Stem Cells
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N6-Methyladenosine

Methyl trasferase-like 3
Doxycycline

Knock-out Serum Replacement
Fetal Bovine Serum

PD0325901 and CHIR99021 (2 inhibitors of the MERKZ/2 and
GSK33, respectively)
Inner Cell Mass

Embryonic Bodies

Mouse Embryonic Fibroblasts

Somatic Cell Nuclear Transfer

Pluripotent Stem Cells, including ESCs and iPSCs
Epiblast Stem Cells

Oct4, Sox2, KlIf4 and c-Myc

serum free medium with addition of Lif, Erki andk3gi
False Discovery Rate

Reads Per Kilobase per Million reads

Relative Quantity

Clustered Regularly-Interspaced Short PalindrdRepeats



Abstract

While murine naive and primed pluripotent statefmine distinct transcriptional and
epigenetic properties, limited knowledge is avddabn how their circuitry interprets
defined perturbations of epigenetic regulatorsthis study we identify Mettl3, an N
Methyladenosine(m°A) RNA epigenetic modification writer, as a critiaggulator for
terminating naive pluripotency and enabling cellimong and commitment to
differentiation, bothn vitro andin vivo. Mettl3 knockout pre-implantation epiblasts and
naive ESCs nearly lack % in mRNAs and are viable. Yet, they fail to adeigla
terminate the naive pluripotent state, and subsetyuendergo aberrant and partial early
lineage priming at the post-implantation stagedileg to embryonic lethality. Our
analysis identified G\ as a critical determinant that destabilizes naspecific
pluripotency genes (e.g. Nanog, Klf2 and Esrrb}, rmt Oct4 that is expressed in both
pluripotent states. PA restrains transcript stability and translatiorfigéncy, and
therefore safeguards rapid exit from naive plugpoy. On the contrary, Mettl3
depletion in already established EpiSCs perturlespihimed pluripotent state towards
differentiation or promotes reversion towards naplaripotency, when ground state
promoting conditions are provided. In summary, findings provide, for the first time,
evidence for a critical role for an mMRNA epigenatiodification in early mammalian
developmentn vivo, and identify regulatory modules that functionalfluence mouse

naive and primed pluripotency in an opposing manner
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Introduction:

Developmental potency

Life originates following fertilization of the ferfe oocyte by the male
spermatocyte, after which a single cell embryo estaélge zygote, is formed. The zygote
subsequently gives rise to an entire multi-celldeganism and has the developmental
potential to give rise to any cell type in the ewtbmproper and extra-embryonic
trophoblast tissue that forms the placenta. Thiestrnicted developmental potential is
termed totipotency. During early embryo developnibatzygote undergoes a number of
cell divisions leading to the formation of a debsd-like structure of sixteen cells called
the morula. The cells of the morula are at fitesely aggregated, but soon they become
arranged into an outer or peripheral layer, thphoblast, and an inner cell masg his
formation is called the blastocyst in which the eyobcells had committed lineage
commitment either towards extra-embryonic trophsileor the pluripotent pre-
implantation epiblast in the inner cell mass (ICNHIGURE A]. The ICM of the
blastocyst can give rise to all embryonic lineadpes,not to any extra-embryonic tissues,
and are hence called “pluripotent”. The ICM thiemmther gives raise after implantation
to the post-implantation pluripotent epiblast tlogtickly goes on to give rise to all
somatic tissues in the embryo. Notably, a smatitioa of the post-implantation epiblast
cells start reverting back towards pluripotency fcoming primordial germ cells
(PGCs) that give rise to sperm and oocytes [FIGUREIn the adult somatic tissues
different populations of adult stem cells can benid, and can only give rise to cell types

within their lineage and are therefore called “tipdtent” or “unipotent”.

Capturing Pluripotency

Embryonic Stem Cells (ESC)
Capturing pluripotent stem cells and maintainingenthin vitro in an
undifferentiated state has been a difficult taskrf@any years. A major breakthrough

was the establishment of immortal pluripotent dieés from teratocarcinoma tumors.



These cell lines were called embryonal carcinomias ¢ECCs¥ and could be clonally
expanded in culture while retaining pluripotehcphe fi
nding that pluripotent cells can be derived fromatecarcinomas, motivated

attempts to isolate non-teratogenic pluripotensadifectly from normal embryos.

These efforts led to the derivation of murine erobrg stem cells (ESCs) from
the ICM of mouse blastocysts in the 1986'sand subsequently, also from human
embryog. ESCs are typically derived from the ICM of preplantation blastocysts.
Under optimizedin-vitro growth condition§FIGURE A], ESCs are able to proliferate
indefinitely, while maintaining the pluripotent ttathat shares defining developmental
features with that of their founder ICM célfs

The differentiation capacity of ESCs is evidenttbgir ability to incorporate into
host blastocyst upon micro-injection, and subsetjyelifferentiate into all cell types in
the developing embryo , including the germ celediged'®. And finely by the ability to
create a chimeric animal. Another evidence forgleipotency of ESCs is their ability to
form teratomas, a tumor that consist of the 3 gayers (Endoderm, Mesoderm and
ectoderm), upon injection of ESC to immune-defitience'. In-vitro differentiation of
pluripotent stem cells was possible either spordaslky when these adherent cells were
detached from the plate and formed embryoid bo(#) that contained many cells
types, or through specific protocols directed ttiedentiate the cells to particular cell
types such as neurons or cardiomyocytes throughratonf signaling pathway$.
Finally, mouse ESCs recapitulate epigenetic featofdCM cells, including possessing
pre-X inactivation state in female cell lines, anshintaining an open chromatin

structuré®,

Somatic cell nucleus transfer (SCNT)

In parallel to the acquiring of pluripotent stemligeBriggs, King and Gurdon
were pioneering in acquiring pluripotency by somagll nucleus transfer (SCNT° In
this technology the somatic cell nucleus is “repangmed” back to pluripotency by
donor host egg or oocyt8& When nucleus-free oocytes were injected with sionuzll

nucleus and stimulated, these zygote-like cell alde to continue to develop and form



an embryo and a whole animal. ESCs can be derivad SCNT blastocysts and these
cells resemble ESCs from regular fertilization eyolst SCNT is technically inefficient
and requires a large number of non-fertilized oesytThis technology is limited for
application in humans for ethical reasons (genamadf new lines require human oocyte

donations).

Induced pluripotent stem cells (iPSCs)

After SCNT reveled the plasticity and feasibly eprogramming the somatic
cells, the search for different factors from theurfgotent/totipotent state that can
reprogram the somatic cells have been continued00®, Shinya Yamanaka found that
transfection of somatic cells with 4 embryonic seniption factors: Oct4, Sox2, KIf4 and
Myc (OSKM) reprogrammed the cells to pluripoteHcyrhese induced pluripotent stem
cells (iPSCs) had differentiation potential ideatito embryonic stem cells (chimera
formation, teratoma formation and in-vitro diffetiation) and could proliferaten vitro
indefinitely. iPSCs can be derived from differeatratic cells, including skin fibroblasts
and B cell’, and also from human somatic cEllsThe discovery of iPSCs
revolutionized the stem cells field and become tfev hope for patient specific

regenerative medicine and for human diseases nmgdeli

Epiblast Stem Cells (EpiSC)

In 2007, a new type of pluripotent stem cells, ndrapiblast stem cells (EpiSCs),
was isolated from the post-implantation epiblastdafy E5.5-E7.5 murine embryos
[FIGURE AJ*°. EpiSCs express pluripotency regulator genes asdBct4 and Sox2, but
differ from the ICM-derived ESCs in diminished eepsion of other bona fide
pluripotency genes including Nanog, Essrb, Rex1 Kifi2l, 4, and 5. In comparison to
ESCs, EpiSCs are epigenetically and developmentakyricted as evident by their
initiation of X chromosome inactivation in femaleliclines, and reduced ability to
contribute to chimera formation upon blastocystroviojection. The cytokines required
for the maintenance of EpiSCs in a pluripotentesthGF and Activin, are different
from those required by ICM-derived mouse ESCs. &iEpiSCs demonstrate lower
developmental potential capacity, their pluripotstatte is called “primed pluripotency”,
while developmentally unrestricted ESCs are in @Va pluripotent” state, also referred

10



to as the “ground state of pluripotencyrhe molecular networks governing the
primed pluripotent state and how they compare to tbse active in naive ESCs

remain poorly understood.

ESC EpiSC
Naive pluripotent Primed pluripotent
stem cells stem cells

Multipotent / Unipotent

%&9#

Gametes One cell Two cell 4-16 cell Blastocyst Epiblast Embryo Adult animal

Totipotent
7‘ e — |
W\ (5 @ :
{ ® .“‘*\*— ) ‘/.‘

Trophoblast

Developmental potential

FIGURE A: Basic developmental progress from zygote to admitmal. Capturing
pluripotency and derivation of embryonic stem cealsvitro is possible from two
different stages — pre-implantation ICM epiblast @ost-implantation Epiblast.

N6-methyladenosine RNA Modification

Epigenetic changes in the cell are one of the leeyofs that regulate cell fate
during differentiation and during embryonic devetmmf’. Epigenetic mechanisms
include reversible modifications such as DNA metligh (5-Methylcytosine) and
histone protein modifications (Methylation, Acetytm, etc.). These chemical tuning
marks regulate gene expression by altering DNA ssibity and by recruiting specific
DNA binding proteins. According to the central dagmof molecular biology, the
information passes from DNA tBNA and then to protein. While RNA is a central
player in this dogma, until recently, its chemiagalodifications were overlooked
[FIGURE C]. RNA is decorated by more than 100 d#éfg chemical modifications, this
modification are done on mMRNA, rRNA, tRNA, smallarear RNA (snRNAs) and small
nucleolar RNAs (snoRNAS) ,but their function is still not clear. In the paecade, large
efforts were invested in discovering one of the tmalundant modifications; N6-
methyladenosine (PA) that occurs on mRN&2°

11



m°A was first discovered on polyadenylated RNA in 487", this early studies
provided evidence that % is present in mammalian mRNA and in RNA encodgd b
diverse virusé§° Subsequent studies showed th&Ans a prevalent nucleotide in
poly(A) mRNA from nearly all higher eukaryotes aplnts'®2 This modification is
widely conserved among eukaryotes, from yeast,utfirgplants and flies to mammals.
The amount of fA in isolated polyadenylated mMRNA was estimatedéo0.1-0.4% of
total adenines (2-5 %A sites per mRNA molecul&®® MPA modification do not
influence watson-crick base pairing and it is naceptible to chemical modification like
bisulfate that enable the detection of 5-Methyleyte. That limited detection strategies

hamper research of this modification and its glabflience in molecular cell biology.

In 2012, the field of #A modification research was revolutionized by a new
method of MA RNA immunoprecipitation, followed by high-througlit sequencing
(MeRIP-Seq/ MA -seq) that mapped for the first time th&Arsites in mammafé>3
m°A is prevalent, being distributed on more than 7@80RNAs and 300 non-coding
RNAs. The modification occurs on a consensus nfBiifine(G>A)mMAC(A/C/U)) and
is enriched around stop codons, 3’ untranslatetbmsg(UTRs) and within long exons.
The modification sites are highly conserved betwe@man and mouse, but also present
dynamic changes between different types of stithuli

N6-methyladenosine writers, erasers and readers

The nfA methyl-transferase complex (MT) was isolated h&mically for the
first time from HeLa cells nuclear lysdle From this, 200kDa, complex only one
protein was identified MT-A70 or METTL3 (Methyl séerase-like 3). Follow-up work
also identified METTL14 (Methyl transferase-likd)3*, and the regulatory unit WTAP
(Wilms tumour 1-associated protelnjs part of the methyl-transferase complex. Knock-
down studies of the different components indiviluashowed between 30-50% decrease
in m°A levels on mRNA***% n vitro studies showed that the complex of METTL3-
METTL14 synergy methylated RNA probes 5 time fokl each individual methylase.
Additionally**, METTL3 knock-down can also lead to apoptosispphiy by activation
of p53-mediated pathwa$*

12



Recently, two ™A mMRNA demethylase enzymes were discovered in
mammalé>*’, Fat mass and obesity-associated protein (FTO) @iKBH5) o-
ketoglutarate-dependent dioxygenase alkB homoldguBoth enzymes reduce®m
levels when over-expressed, and increas\ revels by 9-23% when knocked-
dowr?>*3*37 However, MeRIP-Seq on FTO KO mouse shows that teduction is
visible in only a few subsets of°f-containing mMRNA&>%8 The presence of theséAn
erasers suggests thafAnmodifications are dynamic and reversible, at ieassome
extent, similar to DNA and protein modifications.

RNA pull-down experiments identified several pragethat predominantly bind
to methylated RNA (YTHDF1,2,3 and ELAVL%)**3? Extensive studies on YTHDF2
in HeLa cells showed that its binding motif is iteal to nfA motif, and by this
binding, YTHDF2 actively regulates %-dependent RNA degradatith Other niA

reader proteins may affect RNA splicing, storagafitking and translation.

mSA —Writers ,Erases and Readers

Writers

Readers

Erasers

alpha ketoglutarate dependent dehydrogenase

FIGURE B: N6-methyladenosine writers, erasers and reademsodstrate fih role in

epigenetic regulation.
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The concept of AA writers, erasers and readers (FIGURE B) emphsasize
role of this modification in the epitranscriptonmegulation of gene expression (FIGURE
C). The original studies in the °& filed mainly focus on the biochemically
characterization of the protein and enzyme thatutatd this modification or try to map
and identify the site and the location in whichstmodification appear. In my Ph.D.
work | tried to explore this new emerging field BINA epigenetic and how it is
influence on mammalian development, cell differatdin and pluripotent transition
between the primed and naive states. | prob&l RNA modification in the well-
characterizedn vivo development model of the mouse embryo, and in imeali vitro
models of embryonic stem cells in culture. | shitnat Mettl3 and A have a major
role in safeguarding the fidelity of naive and prthpluripotent states maintenance and
transitions, bothin vitro andin vivo. Mettl3 knock-out leads to profound®depletion
in naive ESCs, resulting in a “hyper-pluripotentiepotype in which the cells are locked
in a naive state and severely resist to undergostgtrimingin vitro andin vivo. The
latter results in embryonic defects as early a§46%, and to embryonic lethality. W
marks transcripts of key naive pluripotency promptgenes and mediates transcript
degradation and reduces translation efficiency.r@floee, Mettl3 ablation leads to the
hyper-stabilization of the naive pluripotency citoy Finally, our study highlights that
depleting MA in already established primed pluripotent celtsvitro leads to an
opposite effect to that observed in naive pluripptells, and compromises the stability
of primed pluripotency due to predominant over-itedtion of lineage commitment

transcripts, shifting the cell fate balance towaifterentiation.
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Central dogma Chemical modification

Reversible DNA m>C
methylation
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FIGURE C: N6-methyladenosine can serve as a new regulattreaepitranscriptomic

level of the cell and influence the central dogrhgemetic information flow in the cell.

15



Experimental Methods and Procedures

Stem cell lines and cell culture

Maintenance of grounds state naive murine plueipiotells was conducted in FBS
free N2B27-based media as described previéUdbyiefly. 500mL of N2B27 media was
generated by including: 240 mL DMEM/F12 (Biologidatustries — custom made), 240
mL Neurobasal (Invitrogen; 21103), 5 mL N2 supplam@nvitrogen; 17502048), 5 mL
B27 supplement (Invitrogen; 17504044), 1 mM glutaen{invitrogen), 1% nonessential
amino acids (Invitrogen), 0.1 mM-mercaptoethanol (Sigma), penicillin-streptomycin
(Invitrogen), 5 mg/mL BSA (Sigma). Naive conditiofs murine ESC included 1@
recombinant human LIF (Millipore; LIF1005) and simalolecule inhibitors CHIR99021
(CH, 1-3 uM- Axon Medchem) and PD0325901 (PD,uM - TOCRIS) termed 2i.
Primed N2B27 media for murine cells (EpiSCs) corgdi 8ng/ml recombinant human
FGF2 (Peprotech Asia), 20ng/ml recombinant humainiviic (Peprotech), and 1%
Knockout serum replacement (KSR- Invitrogen). FBISH.IF growth conditions, ESCs
were expanded in 500mL of High-glucose DMEM (Inegen), 15% USDA certified
fetal bovine serum (FBS- Biological Industries),niM glutamine (Invitrogen), 1%
nonessential amino acids (Invitrogen), 0.1 nfAmercaptoethanol (Sigma), penicillin-
streptomycin (Invitrogen), i recombinant human LIF (Prepared in house). Qedie
maintained in 20% ©conditions on irradiation inactivated mouse emhbigdibroblast
(MEF) feeder cells, or fibronectin coated plateserehindicated. Naive pluripotent
cultures where passage following 0.2% trypsinizativhile primed stem cell cultures
were passaged every 3—4 days enzymatically wittagehase type IV (Invitrogen; 1
mg/mL) (with or without pre-treatment with ROCK ibitor). Chromosomal karyotyping
of ESC lines was performed by Multicolor Karyotypi& FISH system (HiSKY) from
ASI on 20 metaphase spreads. Cell counts and greowtties were conducted by
measurement on Innovatis Cedex XS platform (RodwEprding to manufacturer’s

instructions.
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Generation of Mettl3 knockout mice and ESC lines

Stem cell lines and mice deficient for Mettl3 wegenerated by targeted
disruption of the endogenous Mettl3 locus via hagolus recombination. A construct,
taken from Knockout Mouse Project Repository (Metthla(KOMP)Wtsi), introduced
loxP sites, spanning the fourth exon of Mettl3. Térgeting of this construct resulted an
out-of-frame and truncated product, and introdulcadZ reporter cassette driven by the
endogenoudMettl3 promoter. 50ug DNA of the targeting construct Waearized and
electroporated into V6.5 ESC line that was thenjexbd to selection with G418
(300microg/ml). After 10 days of selection, resnstalones were analyzed for correct
targeting of 5" and 3’ arms by PCEXxcision of Exon 4 and resistance cassette was don
by transfection with pPac-Cre construct and subiolp followed by genotype
validation by PCR Mettl3”" ESC were injected to BDF1 host blastocyst and ctiame
mice were generated. Chimeric male mice were matgkd C57BL/6 females. F1
offspring (Mettl3"") were screened for germline transmission by thguti coat color
and validated by PCR of LacZ transgene reportenrtfer to generat®lett|3-deficient
mice, F1 offspring were crossed on C57BL/6 backgdoior 3 generations, and offspring
pups or embryos were validated as Mettl3-deficietitey were Mettl3-Exon4 negative
and LacZ positive. Validatiowas carried out by PCR or by Mettl3 antibody stagniln
order to generatéMettl3-deficient ESC line,Mettl3"" mice were crossed and E3.5
embryos were flushed and transferred to MEF co@6dell-plates, cultured in N2B27
2i/LIF. ESC expansion clones were genotyped by RG&Rvalidated as Mettl3-deficient
by gPCR and by Western blot.

Generation of Mettl14 knockout murine ESC lines viaCRISPR/Cas9

In order to knock out Mettl14 gene, oligos encodg®NAs targeting this gene
were inserted into px335 vectrUnique gRNA sequences were chosen with the Help o
Zhang Lab website http://www.genome-engineeringasigpr/ (Fig. 13). 100 pg of
resulting construct and 10 pug of GFP expressingovegere electroporated into naive
V6.5 mESC. 3 days later GFP expressing cells wened by FACS and seeded at low
density. 9 days after seeding, colonies were pidkeceach experiment and genomic

DNA was extracted. DNA was analyzed by High ResofutMelt assay (HRM) using
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MeltDoctor reagent (Life Technologies) and the elthat showed reduced Tm for both
alleles, compared to wild-type controls, were exjehfor further validation analysis. In
these selected clones targeted locus was ampéfieldsequenced. Primers for HRM of
Mettll4 locus were: Forward: TGTTTCCTGGTTTGGCAGGT;Reverse:
CACTAATGCTCCCTCCCACC. All relevant plasmids haveehedirectly deposited by

our group and are made available through Addgene.

Inhibition via siRNA

Inhibition via sSIRNA for Mettl3 specific inhibition male C57BL/6 and
C57BL/6x129Jae F1 V6.5 ES and EpiSC lines carr@agl-GFP knock-in reporter were
used for evaluating effect of Metttl3 depletionmuaripotent cell stability. Mettl3 sSIRNA
(stealth MSS285706 (targeted sequence: GCCAAGCCAGGBUGCUCUUACA),
MSS285707 (targeted sequence (CAGGAGAUCCUAGAGCUAWMIA) and the
control siRNA (stealth 12935-300) were purchasednfinvitrogen. 25 pmol siRNA or
control was used for each transfection of pluripbteells by using LipofectamineTM
RNAIMAX (Invitrogen) according to manufacturer’'ssimuctions. For naive and primed
pluripotency screen in Figure 1A and Figure S1ABt4GGFP+/+ knock-in reporter mice
(B6;129S4-Pou5f1tm2(EGFP)Jae/J — Jackson stockl@)&te maintained on C57BL/6
background in our lab for over 10 generations. M8 and EpiSC lines were derived
from E3.5 and E6.5 embryos in naive and primed ttmmd, respectively (13). Cell lines
were validated for naive and primed features ptigpcy (including expression of Esrrb,
Fgf5, Oct4 enhancer activity) (13). For screeniagdpigenetic factors that destabilized
naive or primed pluripotent cells, cells were exjezhin feeder free fibronectin (2 pg/ml)
coated plates at 20% 02, 5% COZ2. Cells were tratesfewith 25 pmol of different
siRNAs (Invitrogen) in 2 rounds of transfection asgged by 72 hours (h) as indicated in
Figure 41. After 10 days, cells were harvested andlyzed by FACS for GFP.
Transfections were conducted with RNAIMAX (Invitg) according to manufacturer
instructions for 24 hours. All siRNA mixes used weralidated for >70% efficiency
knockdown as determined by gPCR in ESCs. In Figudrethe following Stealth sSIRNA
mix from Life technologies were obtained: Gadd48BNA (MSS248270, MSS248271,
MSS248272), Oct4 (Pou5fl) siRNA (MSS237605, MSSP87/6MSS237607), Sox2
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SiRNA (MSS277199, MSS277200, MSS277201), Tcf3 sSiRNMSS210710,
MSS210711, MSS277871), Tbx3 siRNA (MSS210620, M®621, MSS277825),
Dnmt3b siRNA (MSS203634, MSS203635, MSS274012)1 B#RNA 3 (MSS284895,
MSS284896, MSS284897), Satbl siRNA (MSS208797, N08B28, MSS276943),
Satb2 siRNA (MSS210341, MSS210342, MSS210343), KHBNA (MSS202449,
MSS202450, MSS273427), Hdac3 siRNA (MSS205073, MS824, MSS205075),
Hdac2 siRNA (MSS205071, MSS205072, MSS274783), HdaiRNA (Utx
(MSS212321, MSS212322, MSS212323), Jmjd3 siRNA (RS259, MSS211260,
MSS211261), Jaridlb siRNA (MSS233166, MSS233167SRA3343), Jaridla siRNA
(MSS277953, MSS277954, MSS277955), Dnmtl siRNA (RES24, MSS274010,
MSS274011), Dnmt3a siRNA (MSS203630, MSS203631, RI8832), Mbdl siRNA
(MSS206537, MSS206538, MSS206539), Mbd2 siRNA (MI520, MSS206541,
MSS206542), Mbd3 siRNA (MSS237238, MSS275658, M$839), Wdr5
(MSS274289, MSS274290, MSS274291), Aridla siRNA 8234962, MSS234963,
MSS234964), Mettl3 siRNA (MSS226050, MSS285706, &5 07), Eed siRNA
(MSS203789, MSS274071, MSS274072), Suzl2 siRNA (@25321, MSS225222,
MSS225223), Rest siRNA (MSS208605, MSS276827, M8823), Rnf4 siRNA
(MSS208665, MSS276866, MSS276867). Control siRNalgh 12935-300 was used in
the screen. siRNAs for Hdacl (GS433759) was ohdafrem Qiagen. The following
Stealth siRNAs (Invitrogen) were used for partieaue experiment: Nanog AM16708
(targeted sequence: ACGCUGCUCCGCUCCAUAATT); Esmt56240926 — targeted
sequence GCCAUCAAAUGCGAGUACAUGCUUA), (MSS240927argeted sequence

GGCGUUCUUCAAGAGAACCAUUCAA) (MSS240928 — targeted gsence
GCCAUUGACUAAGAUCGUCUCGAAU); Klf4 (MSS275229 — tarted sequence
CGGCCGGAGUUGGACCCAGUAUACA) (MSS275240 — targeted qusence
UUCAUGUGUAAGGCAAGGUGGUCCG) (MSS275241 — targeted queence

ACGACCUCCUGGACCUAGACUUUAU).

Epigenetic reversion of mouse primed epiblast cells

Male naive V6.5 mouse ES cells carrying deltadR4-GFP naive specific

transgenic reporter (Addgene 52383)(were maintained on fibronectin coated plates in
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N2B27 FGF2/Activin conditions. For epigenetic resien of murine EpiSCs to naive
pluripotency, 5000 single EpiSCs were passagedNi2B27 10% KSR, LIF conditions
on fibronectin (2pg/ml) and DR4 feeder cell coaptates (without overexpression of
exogenous reprogramming factors). After 48 houre@s supplemented for additional 6
days. As epigenetic reversion assay involved singleplating, EpiSC growth medium
was supplemented with ROCK inhibitor for 24 hourefdoe trypsinization and
throughout the entire assay. Mettl3 siRNA (stedt§S285706, MSS285707) and the
control siRNA (stealth 12935-300) were purchasedfinvitrogen. 10 nM siRNA was
used for each transfection with Lipofectamine RNAXI (Invitrogen) according to
manufacturer’s instructions. GFP+ colonies werented at day 8. All reprogramming

experiments were done in triplicates.

In-vitro naive to primed mouse pluripotent cell conversion

For epigenetic reversion of murine naive pluripoteBSC to primed, 5xfESC
were passaged from N2B27 2i/LIF conditions to Fiectin (2pug/ml) coated plates with
N2B27 FGF2/Activin conditions. Converted cells wenaintained permanently | these
conditions and passaged with collagenase type I\VFibnonectin (2pg/ml) or feeder

MEF-coated plates.

Reprogramming of mouse somatic cells to iPSCs

Mice carrying collagen locus insertion of STEMCCAOR inducible OKSM
(Oct4, Kilf4, Sox2, c-Myc) polycistronic vector anBOSA26 locus insertion of
consistently active M2rtTA™ were crossed or mated with Oct4-GFP reporter mice
(GOF18) for generating secondary double heterozygoCol-STEMCCA-OKSM+/-
ROSA26-M2rtTa+/- (Jackson laboratories mouse str&0i11001) MEFs from E13.5
embryo. 1x10" MEF cells were plated on gelatinered plate and reprogramming was
induce by adding 2ng/ul Doxycycline (DOX). siRNAmsfections were started at -2, -1,
0, +2, +3, +4 days relative to Doxycycline additias indicated for each experimental
scheme. Reprogramming was conducted in FBS/LIFitond and under physiological

5% O, IPSC formation was analyzed by AP staining andmplquantification, or by
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FASC analysis for Oct4-GFP/SSEA-1 pluripotency rearkxpression. All conditions

were conducted in technical triplicates for caltnjaverage and s.d.

LC-MS/MS for m®A detection and quantification

Polyadenylated RNA was purified from total RNA hbyot rounds of oligo-dT
selection (GenElute mRNA miniprep, Sigma-Aldricl)léwed by one round of rRNA
depletion (Ribo-Zero Gold, epicentre). 300 ng ofif,ed RNA were digested by P1
nuclease (2 units) in 38 buffer containing 25 mM NaCl and 2.5 mM of ZnGt& 2
hours at 37C. Buffer pH was adjusted by addition of NHAHCOBM, 3ul), and
alkaline phosphatase (0.5 unit) was added for aitiadal 2-hour incubation at 3T.
Samples were diluted to 50 ul, filtered (022, Millipore) and injected into a C18
reverse phase column coupled on-line to Agilent06@DQ triple-quadrupole LC mass
spectrometer in positive electrospray ionizatiordedQuantitation was performed based
on nucleoside-to-base ion transitions (282-to-160 rfPA, 268-t0-136 for A) and a

standard curve of pure nucleosides.

Southern-Blot analysis

Genomic DNA was extracted from each Neomycin rasistargeted subclones.
10-15¢g of genomic DNA was digested with EcoRI or Aflgstriction enzyme for 6
hours and separated by gel electrophoresis. The @h#transferred to a nitrocellulose
membrane that was next hybridized with a radioackabeled probe (against neomycin
transgene, Geula et al, Supplementary Table 4)gulsndom Primers DNA Labeling
System kit (Invitrogen). The membrane was exposel-tay sensitive film (Fuijifilm)

for detection of corrected size band formation.

Embryoid bodies and teratoma formation

For embryoid body (EB)n vitro differentiation 5x18 ESC were disaggregated
with trypsin and transferred to non-adherent susipenculture dishes, and cultured in
MEF medium (DMEM supplemented with 1% L-Glutamiri®€s Non-essential amino
acids, 1% penicillin/streptomycin and 15% FBS) 821 days. For teratoma generation,
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2*10° ESC were injected subcutaneously into both flamksecipient SCID immuno-
deficient mice. Six weeks after initial injectiomntors were harvested for paraffin
embedding and sectioning or for FACS analysis. Mouse embryo micromanipulation
naive ESCs expanded in 2i/LIF were injected into FBDdiploid blastocysts.
Microinjection into blastocysts placed in M16 meadiwnder mineral oil was done by a
flat-tip microinjection pipette. A controlled numbef 10-12 cells were injected into the
blastocyst cavity. After injection, blastocysts weeturned to KSOM media (Invitrogen)
and placed at 3T until transferred to recipient females. Ten téieéin injected
blastocysts were transferred to each uterine hb2nSodays post coitum pseudo-pregnant
females. Determining germ-line transmission was$goered by mating chimeric animals
with C57BL/6 females, and checking for agouti cetbrpups. For All animal studies
were conducted according to the guidelines anaviollg approval of the Weizmann
Institute of Science (IACUC approval #00960212-3).

gPCR analysis

Total RNA was isolated using the Direct-Z6RNA miniprep (Zymo Research),
gDNA was omitted by on-column DNase treatment. Omierogram of RNA was
reverse-transcribed using High-Capacity cDNA Rewefganscription Kit (Applied
Biosystems). Quantitative PCR analysis was perfdrimetriplicate for each sample by
using 10ng of the reverse transcription reactioa Viia7 platform (Applied Biosystems)
with Fast SYBR®Master Mix (Applied Biosystems). iRars used for amplification are
indicated inSupplementary Table 4.Data were extracted from the linear range of
amplification. Error bars indicate standard dewiatof triplicate measurements for each

measurement.

Whole-mount X-Gal staining

The noon of the vegetal plug was considered as. Edibryos were dissected out
of the uterus, separated from extra-embryonic manss, and placed in cold phosphate
buffered saline (PBS, PH7.2). E8.5-E12.5 embryosrew¢hen fixed in 4%
paraformaldehyde (PFA) in PBS for 15 min at 4°Chvgientle shaking, washed twice for
10 min in PBS (1st wash at 4°C and 2nd at RT),|dgated twice for 15 min each at RT
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in a X-Gal washing buffer (2 mM MgClI2, 0.01% sodig®oxycholate, 0.02% NP-40 in
PBS). Staining was performed in freshly prepare@al-washing buffer containing 5
mM potassium ferricyanide, 5 mM potassium ferroegarand 1 mg/ml X-gal at 30°C
for 1-16 hours, with shaking and protection fromghti When the desired intensity of
staining was achieved, usually within 12 hours, b were washed twice in pre-
warmed PBS, post-fixed O.N in 4% PFA in PBS at 4fi@sed twice in PBS, dehydrated
in 70% ethanol, and stored at 4°C. Throughout theuscript, experimental and control
samples were handled for staining, exposure antysimaunder identical conditions

simultaneously to eliminate variability or bias.

Immuno-fluorescence and immuno-histo-fluorescenceaining

Immuno-fluorescence on cells was conducted aftdis agere fixed in 4%
paraformaldehyde for 10min at RT, washed threegimi¢h PBS and blocked for 15 min
with 5% FBS in PBS containing 0.1% Triton X-100.t&f incubation with primary
antibodies (Over night, 4°C in 5% FBS in PBS canteg 0.1% Tween20) cells were
washed three times with PBST (PBS containing 0.1#@€énh20) and incubated with
fluorophore-labelled appropriate secondary antié®dipurchased from Jackson
ImmunoResearch and counter stained with DAPLgAMI, 0215754; MP Biomedical).
Specimens were analyzed on a Zeiss (Oberkochemabg) Axioscope microscope, and
images were acquired with a Zeiss Axiocam HRM camalkaline phosphatase staining
on cellsin vitro was performed with Vectastain ABC — alkaline phwgpse kit (Vector
labs).

For immuno-histochemistry, pre-implantation E3.8dbbcysts were flushed from
Mettl3*" crossed maternal uterus and transferred to watdsglish (Genenet), fixed for
15 minutes in 4% PFA in PBS, rinsed three timesPBS containing 3mg/ml PVP
(Polyvinylpyrrolidone, Sigma), permeabilized in FBSP with 1% triton X-100 for 30
minutes, and blocked in blocking solution (5% ndrrdankey serum, 0.05% BSA,
0.01% Tween in PBS) for 1 hour. Embryos were thegulbated overnight at 4°C in
primary antibodies diluted in blocking solution, sk&d three times in blocking solution
for 15 minutes each, incubated with secondary adiés for 1 hour at room temperature,
counterstained with DAPI for 15 minutes, washectenin PBS, and mounted in 96 well
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glass bottom plates for confocal imaging. Post-antdtion embryos were dissected from
uterus X-days post coitum (dpc). Embryos fixedreshly prepared 4% PFA in PBS at
4°C over-night. Afterwards, the tissue was washe®BS for 10 min, dehydrated and
embedded in paraffin using standard proceduren@ections were cut on a microtome
(CM1850, Leica), mounted on Superfrost plus slidégsermo Scientific, Menzel-Glaser),
dried at 38 for 4h and transfer to H&E or immunofluorescensgining. For
immunofluorescence, sections were rehydrated,etleaith antigen retrieval, rinsed in
PBS for 5 min, and permeabilized in 0.1% Triton @01lin PBS, then blocked in
Blocking solution (5% normal donkey serum in PB3Thumidified chamber for 1 h at
RT. Slides were then incubated in the appropriait@gy antibody diluted in blocking
solution at 4 °C overnight. Sections were then wddhree times (5 min each) in PBST,
incubated with appropriate fluorochrome-conjugatatondary antibodies diluted in
blocking solution at RT for 1 h in the dark, washmtte in PBS, counter stained with
DAPI for 10 min, rinsed twice in PBS and mountedhm&handon Immu-Mount (Thermo
Scientific, 9990412). All images were collected anZeiss (Oberkochen, Germany)
Axioscope microscope or LSM700 confocal microscapel processed with Zeiss
ZenDesk and Adobe Photoshop CS4 (Adobe SystemsJ& CA). The following
primary antibodies were used: Oct4 (Santa Cruz 8C30 SC5279), Nanog (Bethyl,
A300-397A), SSEA1l (Developmental Studies Hybridomank, MC-480), Mettl3
(Proteintech Group 15073-1-AP), Foxa2 (Santa Cee@5b4) Brachyury (Santa Cruz,
sc-17743), Nestin (Millipore, MAB353), Tujl (Covas)cMMS-435P), Tfe3 (SIGMA,
HPA023881), Esrrb (R&D systems, PP-H6705-00), H3K2# (Millipore, 07-449),
Gata4 (Santa Cruz, sc-1237) Gata6 (R&D systems/BF) troponin T (Developmental
Studies Hybridoma Bank, CT3), Dnmt3a,b (ImgenexGHZ68A, IMG-184A), Nanog
(eBioscience, 14-5761), Cdx2 (Biogenex, AU392A-U&)d Soxl1l7 (R&D systems,
AF1924).

Western blot analysis

SDS/PAGE was performed according to Laemmli andnsfeared to
nitrocellulose membranes for immunostaining. Membga containing the transferred
proteins were blocked with 5% (w/v) non-fat driddnsmed milk powder in PBST and
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then incubated with primary antibody in 5% BSA RBST (Over night, 4°C).
Secondary antibodies were horseradish peroxidakedi appropriate secondary
antibodies (Jackson). Blots were developed using @@ermo). The following primary
antibodies were used: Mettl3 (Proteintech Group7B50-AP), GAPDH, Hsp90, Actph
(Epitomics, 2251-1,1492-1, 1854-1),0ct4 (Santa (3G9081), Nanog (Bethyl, A300-
397A), Klf4 (Santa Cruz,SC20691) Sox2 (Cell Signgli#2748) Dnmtl (Cell Signaling,
#5032), Dnmt3a,b (Imgenex, IMG-268A, IMG-184A), Bs(R&D systems, PP-H6705-
00), Foxa2 (Santa Cruz,sc-6554), KIf2 (Millipore,9-820) ,Mettll4 (NOVUS
Biologicals, NBP1-81392), Wtap (proteintech, 601188y).

Cell cycle analysis and Flow cytometry

For cell cycle analysis, 1x10"6 ESCs were incubatgd 10uM BrdU (SIGMA)
for 30 min, then harvested with trypsin, washedchvi#BS and fixed with ice cold 70%
ethanol. The cells were then incubated with 2M Hi&@l 30 min in RT, washed with
PBST, and incubated with FITC conjugated BrdU atip (Abcam) in 5% BSA in
PBST for 1h at 4°C. The cells were afterwards wasded incubated with 20ug/ml
propidium iodide (SIGMA) and RNAaseH (SIGMA) for 30 min at RT. Cellvere
washed and analyzed by FACS. Flow cytometry amabsd cell sorting were conducted
on BD FACS CANTO Il analyzed and BD FCAS ARIA llIFor surface marker
expression analysis, cells were disaggregated withsin, washed with PBS and
incubated with either: anti-SSEA-1 (BD Biosciencej anti-Thyl (CD90, BD
Bioscience) in binding buffer (5% BSA in PBST) 20 min 4°C.

Poly-A RNA Sequencing

Total RNA was extracted from the indicated celltatds using PerfectPure RNA
cultured cell kit (cat#2302340, 5 Prime). To av@lA contaminations all samples
were treated with DNase (5 Prime). RNA integrity swavaluated on Bioanalyzer
(Agilent 2100 Bioanalyz). Libraries were prepareatading to Illumina’s instructions
accompanying the TruSeq RNA Sample PreparatiorvKi(RS-122-2001). Sequencing
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was carried out on Illumina HiSeq2500 accordingtite manufacturer’s instructions,

using 10pM template per sample for cluster geramaind sequencing kit V2 (lllumina).

RNA-seq analysis

Poly-A RNA sequencing was measured in 4 conditioh®, Mettl3”, ESC and
EB, each condition had 2 duplicates, resulting iR8A-seq samples. The paired-end
reads were aligned to mouse genome version mm10 TdpHat2 aligner (v2.0.85)
using TopHat2 default input parameters. The nundferads mapped to each of the
Ensemble genes (version GRCm38.74) was counted tisnHTSeq python packadé
with the ‘union’ overlap resolution mode, and —sttad=no. Normalized counts were
calculated for each gene using DESeq package with bioconductor edgeR v.3.2°3
(used for the correlation matrices) . DESeq prodummints that are normalized by the
sample size, but not by the length of the transtrigGenes were considered
differentially expressed genes if their ECand theip value was below FDE% using
Benjamini—-Hochberg multiple testing adjustment. Tioemalized expression levels are
available alongside the raw data, in NCBI GEO sef@@eula et al, 2015).

mCA IP and Sequencing

m°A mapping was carried out using théArSeq protocol as describ@d’. In
short, RNA samples were chemically fragmented id@ducleotide-long fragments and
400 pg of total RNA were subjected to immunopreatmn (IP) with affinity purified
anti-nPA rabbit polyclonal antibody (Synaptic Systems).uBd nfA-methylated RNA
fragments were eluted with free®¥hethyladenosine (Sigma-Aldrich) and used for
library generation. Sequencing was carried outlloimina HiSeq2500 according to the
manufacturer’s instructions, using 10pM template g@mple for cluster generation, and

sequencing kit V2 (lllumina).

m°A-seq Analysis

m°A IP and total input were measured in ESC (3 bilalgreplicates), EB (3
biological replicates) and fibroblast (MEF, 2 bigical replicates). Reads were aligned to
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the mouse transcriptome (UCSC mm10) using TopHéthexr (v2.0.8bj°. Regions
enriched in the IP sample over the input controtenielentified as A peaks using
MACS2 peak-calleg0) with the following parameters: The "effective geme size"
parameter was adjusted to the calculated moussectiptome size 994,080,837. Peaks
were considered if their MACS2-assigned fold chamgs FG2 and FDR value5%,
they appeared in at least 2 out of 3 independesiodical replicates, and they fall in
annotated gene whose expression level was equalver the first quartile of the
expression level of all genes®#npeaks are available alongside the raw data, ilBNC
GEO series (Geula et al, 2015).

Motif search

Identified peaks were sorted according to theirdfd the top 500 peaks were
chosen foide novo motif analysis. 101-nucleotide-long sequencesvedrirom the sense

strand and centered on the peak summit were usegusfor MEME®.

mC°A peak scores

m°A peak scores were calculated for all significaeéls in the following way:
the number of reads in each peak was counted bsidtpols coverage softwareThis
number was normalized by the peak length and bgdngple size to give RPKM (reads-
per-kilobase-per-million-reads) score. The finalrecof each peak is the score calculated
from the IP sample minus the score calculated fitwerinput sample.

RNA and mPA Profiles

Figures of read landscape (e.g. Fig. 28) were géedrusing UCSC genome
browser®. Alignment files (.bam) were converted to bedGrdjies using genome
CoverageBed command from bedtools package (veib®.2§°. We used a scaling
factor (-scale flag) to normalize each sample byite. The factor is L/rwhere nis the
number of aligned reads in each sample i. The begultfiles were then converted to
bigwig file using UCSC bedGraphToBigWig softwareydawere uploaded to UCSC
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genome browser as explained in the browser insbngt Profiles are available to view
with UCSC genome browser via link http://urlmin.cdoicsc_m6a.

RNA stability assay

For RNA stability 5x10 cells were plated on gelatin-coated 6cm platehdi@s
after the medium replace to fresh medium contaii Zyctinomycin-D that was used as
MRNA transcription inhibitor. Cells samples werendest in different time point
(0,2,4,6,8,10,12h) and total RNA were extract asddufor qPCR and for 3’ Poly A-

RNA-sequencing (described below).

3’ Poly A- RNA-sequencing libraries preparation

Total RNA was fragmented into average size of 30€leotides by incubation of
the RNA in 95C for 4:30 minutes (NEBNext Magnesium RNA Fragmé&ataModule).
The 3’ polyadenylated fragments were enriched blectien on poly dT beads
(Dynabeads Invitrogen). Strand specific cDNA wastlsgsized using a poly T-VN oligo
(18 T) and Affinity Script RT enzyme (Agilent). Dble strand DNA was obtained using
Second strand synthesis kit (NEBNext second strsyiithesis module). DNA was
purified by adding paramagnetic SPRI beads (Agemd@Pure XP, Beckman Coulter)
pipette-mixed 15 times and incubated for 2 minuBegernatant were separated from the
beads using a 96-well magnet for 4 minutes. Beaate washed on the magnet with 70%
ethanol and then air dried for 4 minutes. The DNa&swluted in EB buffer (10 mM Tris-
HCI pH 8.0) by pipette mixing 25 times. For the ender of the library construction
process (DNA end-repair, A-base addition, adapgatibn and enrichment) a general
SPRI cleanup involves addition of buffer contain2@% PEG and 2.5 M NaCl to the
DNA reaction. DNA ends are first repaired by T4ymoérase (NEBNext), next,
T4 polynucleotide kinase (NEB) adds a phosphateigrat the 5ends. An adenosine
base is then added to the blunt-ended fragmenitsg Wdenow enzyme (NEB), and a
barcode Illumina compatible adaptor (IDT) was leghto each fragment using T4 quick
ligase (NEB). DNA fragments were amplified by 1Zleg of PCR (Kapa HiFi) using
specific primers (IDT) to the ligated adaptors. raity quantity was determined by Qubit
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Fluorometric Quantitiation (Life Technologies) amide quality of each library was

analyzed by Tapestation (Agilent).

3’ Poly A- RNA-sequencing Analysis

3’-Poly A-RNA-seq was measured from ESC and EB, avid Mettl3". In each
condition, three time points were measured, 0, d &nhours after Actinomycin-D
induction. Reads were aligned to mouse genome orersnml10 with BOWTIE2
softwaré® using its default parameters. Gene expressiorislavere estimated in the
following way: each gene was divided to 50-bp binsm its transcription-start-site and
to 3kb after its transcription-end-site. The genofacation of the genes was downloaded
from UCSC Table browser, “refGene” table. The numbg reads in each bin was
counted, and the bin with the highest number ofisesas chosen as the representative
expression level of that gene. Note that in thisy,wi& there are several alternative
transcription-end-sites for a specific gene, thagcript with the highest expression is the
only one that will be counted. These expressiorlewere normalized by the sample
size, such that each level represents RPM (readsii®on-reads), and the minimal
level was set to be 1. 3' polyA RNA-seq values avrailable alongside the raw data, in
Geula et al GEO files.

MRNA Half-Life Calculation

The half-life of all genes was calculated accordiagthe following equation:
In(Ci/Co) = -kt, where k is degradation rate; i€ the mRNA value at time i, andis the
time interval in hour¥. We first normalized expression levels to followedian
degradation level in mouse ESC, which is ?1fihe reason for this normalization is that
the number of cells that are used to extract theesamount of RNA after Actinomycin-
D treatment is increasing in each time point. Wanthalculated degradation ratdriom
the normalized expression levels, for each gene eauh time point. Half-life it is
In(2)/ks, where K is the average degradation rate measured acresdiffierent time
points. Using this method we calculated half-liflenfi 3’ poly-A RNA-seq data, and from
PCR (Fig. 35).
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Ribo-seq analysis

Ribosome binding profiles were measured with Ribesioprofiling>*>% in ESC
and EB, each in WT and KO conditions. For ribosopmefiling cells were treated
with Cycloheximide as previously described. Cellravthen lysed in lysis buffer (20mM
Tris 7.5, 150mM NaCl, 15mM MgCI2, 1mM dithiothrelfcsupplemented with 0.5%
triton, 30 U/ml Turbo DNase (Ambion) and 100upg/mycloheximide, ribosome
protected fragments were then generated as prdyidascribed. Reads were aligned to
mouse genome version mm10 with TopHat2 alighersing TopHat default parameters.
Translation levels were estimated for each geneagusliTSeqg-count and DESeq as
explained before. Translation Efficiency was meedufor each gene g and each
condition i as log2(RibgRNAy). Normalized translation levels (RPM) are avaiabl
alongside the raw data, in NCBI GEO series (Geudd, 2015).

RRS values were calculated using mRNA-Seq, Riborsads as described befdten
short- the reads were aligned to the mouse genbuilel (nm10) using TopHat. For each
transcript listed in Ensembl gene list (releasew®)counted the number of reads falling
in areas annotated as 3' UTR and CDS. The readaroples of the same type were
averaged and the ratio count_CDS/ count_UTR wagated for each gene once in the
MRNA-Seq and once in the Ribo-seq. The ratio batvileese 2 ratios is the

RRS= (Count_CDS/Count_UTR)_Ribo-seq / (Count_ CD8MAdUTR) _mRNA-Seq

The ratio for gene was the maximum ratio amonlyjgisarasncripts.

Stable isotope labeling by amino acids in cell culte (SILAC)

SILAC analysis was carried out as previously déseff. In short, cells were
differentially labeled by growing them in contrdl-(WT ESC and KO EB) or heavy (H-
KO ESC and WT EB) medium (heavy medium was labeléth both Lysine8 and
Argininel0). Cell lysates were mixed at 1:1 ratte@ding to their protein concentration
following protein quantitation (BCA kit, Thermo &citific). Proteins were separated by
SDS-PAGE and the gel excised in 40 equally sizgdhsats. Each segment was digested
with trypsin (Promega) and the resultant peptideslyaed by liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MSpgisa Waters NanoAcquity

HPLC system interfaced to a ThermoFisher Orbitrago¥ Pro. Data were processed
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using MaxQuant searching against Swissprot Mousktlaa ratio of heavy-to-light was
calculated for each protein. SILAC sample processind analyses were carried out by
MS Bioworks, Ann Arbor, MI, (http://www.msbioworksom/).

Global similarity matrices

Global similarity matrices indicate the similgribetween the overall expression
profiles of the different cells and conditions. TWedue in each matrix cell represents the
overall similarity (Pearson correlation coefficiebetween a pair of expression vectors.
Expression vectors were obtained by counting thabar of reads falling within each
gene according to mm10 RefSeq annotation. For th&-Beq data the count was based
on all aligned reads, while for the Ribo-Seq data,first removed duplicates (likely an
amplification bias) before performing the counor Ehe SILAC data we used the vectors
of the row intensity values of each reported gére Pearson correlation coefficients
between all vector pairs were calculated by Matl@be Heat map plots were also

generated by Matlab.

Alternative Splicing Analysis

Alternative splicing events were detected from RBB% data with MATS
softwaré®, using the software default parameters. Shortig, software is looking for
splicing events that are different between two giegenditions, e.g. KO vs. WT. The
events it detects are skipped-exon, retained-intnontually-exclusive-exons and
alternative 3’-site or 5-site. The inclusion ratEig. 39) reflects the percentage of
fragments that included the exon (or intron), dualbfragments. Significance of overlap
between alternative-splicing events and m6A pedkg. (39) was calculated with

Fischer’s exact test.

RNA editing analysis

Identification of hyper-editing sites: We used threviously published pipeline

for identifying A-to-I hyper-editing sité8 Briefly, we aligned the RNA-seq to the mouse
genome (mm10), using BWA and realigned the un-mapmeads to the transformed
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genome. Only reads with 5 editing-sites were cared as hyper-edited reads. To
calculate the hyper-editing index for specific RN&g sample, we calculated the ratio
between the number of hyper-edited reads and #pped reads.

Editing levels of known A-to-l sites: Reads werepmed to the mouse genome using

STAR aligner®® with default parameters. We used a list of puklis®039 mouse sites
(after filtering single genomic SNPs and not A-teifles§? . We calculated the editing
levels of these sites using Redit§dlsising the following parameters: Minimal coverage-
5, minimum quality score-20, minimum number of reaglpporting a variation-1,
minimal frequency-0.01. Editing levels were meaduwas the number of inosines divided
by the number of inosines and adenosines.

Looking for differential editing levels: We compdrediting levels in WT and KO EB

and ES separately. Each site that had editing sigred least one sample was taken into
account (totally 1949 sites). Differential sitesrevelefined with the following cutoffs-

absolute difference of more than 0.1 editing leveisre than 1.5 fold, and a sufficient
coverage (5 reads) in at least 3 out of 4 samf@iéss that have sufficient coverage in all
4 samples but have editing signal in both replgateone group and none in the other

group, were considered "exclusively edited”.
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Results

Generation of Mettl3 knockout naive ESCs with A depleted mRNA

To study the role of A\ regulatory activity in pluripotency transitionsich in
early development, we sought to generate functilmsal of this modification in mice and
in mouse ESCs. Mammalian cells contain twAmethyl-transferase proteins Mett!3
and Mettl14. Early studies show that Mettl3 or Mettknockdown in HeLA and HEK-
293 cells has shown up to 30-50% decrease’h levels*>** We decided to generate
Mettl3 KO ESCs by standard homology recombinatiathad (Fig. 1), and later on we
also generated Mettl14 KO ESCs using the CRISPR/@amome editing technology
(Fig. 13). Shortly, we introduced a conditional-k¥@d knock-in LacZ allele vector that
targets the endogenous Mettl3 locus into V6.5 mawsige ESC. Correctly targeted
Mettl3+/flox cells were analyzed by PCR and soutHaiot and treated with transient
Cre expression to delete Exon4 of Mettl3 and geeexaruncated out of frame product
(Fig. 1b-d). Mettl3+/- cells were injected to hdsastocyst and chimeric animal were
create (Fig. 1e). Those mice than backcross witAiBLE mice for 3 generation after
germ-line transmission and create a colony of Metil mice. Mettl3 KO is embryonic
lethal and we didn’t find any Mettl3-/- pups (Figa, more than 300 mice have been
scanned). This result emphasizes the importantbeoEnzyme for normal mammalian
development. When we cross our Mettl3+/- mice ake tout E3.5 blastocysts we saw
that those embryo retained normal morphology amatession of normal pluripotency
markers like Nanog and Oct4 (Fig. 2b-d).

Expansion of these blastocysts in-vitro producevendlettl3 KO ESCs at the
expected Mendelian ratio in 2i/LIF conditions (FRp). All obtained Mettl3-null cell-
lines were validated by PCR and by Western blotyaisafor the depletion of Mettl3
protein (Fig. 3b-c)Naive Mettl3 ESC in 2i/LIF conditions demonstratglightly reduced
growth rate compare to WT probably because the lstayer in G1 phase (Fig. 3d-e),
nevertheless they retain a normal karyotype (FigaBd their naive pluripotent identity,
despite the lack of A in MRNA (Fig. 4b), as evidenced by typical domedsshcolony
morphology and expression of bona fide pluripoterarkers including Nanog, Oct4,
SSEA-1 and positive stain for Alkaline Phosphat@d®) activity (Fig. 39).
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Figure 1: Gene targeting of murineMettl3 locus in embryonic stem cells.)aTargeting
construct that includes LacZ reporter, neomyciistasce gene and floxed exon4, was
inserted to thé&/ettl3 locus by homologous recombination in naive V6.5 B8@ created
a mutant allele. The scheme shows and the restristies (EcoRI and Aflll) and the
relative location and direction of the PCR prim@snd b) used for validation of correct
recombination event. Correct recombination wasteddid by PCRK) and southern blot
analysis €). d) Subsequently we introduced Cre-recombinase enzgraating a KO
allele that lack#Mettl3 exon4. Deletion was validated by PCR (bottom pgnaith two
primer pairs (c and d) and by testing the cellsf@omycin sensitivitye) Mettl3 mutant
chimeric mice were generated by micro-injectiotanfeted V6.5 ESC into BDF2
blastocysts. Two identified male chimeric mice weressed with C57B/6 female mice,
and Mettl3" germ-line transmitted mice were validated by celoating and LacZ
transgene genotype
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Figure 2
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Figure 2: Mettl3 KO is embryonic lethal, but showsnormal pre-implantation
blastocyst development. aMettl3”” mice were crossed and pups were genotyped for
Mettl3 Exon4 and for the LacZ cassette. PCR genotypiaggles of 2 litters are shown.
No living embryos carrying double Mettl3 exon4 dela were born (n=202 total pups
analyzed)b) Mettl3"" and Mettl3” E3.5 blastocysts showing a hormal morphology.
Bottom — Mettl3 genotyping strategy showing theagait lack ofMettl3 Exon-4, and

the presence of LacZ cassette in KO embrgpbnmunostaining of WT and Mettl3 KO
E3.5 blastocysts, for DAPI (blue), Oct4 (red) aratd® (green)d) Immunostaining of
WT and KO E3.5 blastocysts for DAPI (blue) and Nafgreen).
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Figure 3
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Figure 3: Derivation and characterization of Mettl3 KO ESCs. a) ESC derivation
efficiency following mating of Mettl3 heterozygoteice. Total of 26 ESC lines were
derived.b) The KO ESC were validated by PCR as LacZ posithaNettl3 exon4
negative €) Mettl3 KO ESC clones were validated by Westemi-Bhalysis for complete
depletion of Mettl3 proteind) Growth rate curves of WT and KO ES@sCell cycle
profile of WT and KO ESCs. Cells were treated vdtidU and stained with Pf)
Karyotype of KO ESC clone at passaggBRrepresentative colony morphology and
immunostaining images for pluripotent markers: Ngroct4, SSEA1 and AP staining.
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Purified mRNA from Wild-type, Mettl3+/- and MettlRO cells were subjected to
liquid chromatography-tandem mass-spectrometry afocurate quantification of %A
level$®. Importantly, to avoid contamination with rRNA thare methylated by Mettl3
independent pathwa$’s mRNA was purified following 2 rounds of Oligo dselection
followed by two rounds of rRNA removal, and onlyethwe determined %A levels by
LC-MS/MS. Remarkably, fih modification was nearly undetectable in the mRNA
fraction of Mettl3 KO ESCs and embryoid bodies JEBFig. 4 a-c), suggesting that
deletion of the Mettl3 is sufficient for near corag@ depletion of i\ from mRNA. This
argues against a compensatory activity of Mettld¥Vd AP containing complexes in the
absence of MettP3% . It is impotent to mention that Mettl3+/- cell® chot show
significant reduction of i level even though the reduction of 50% in Me®BIA and
protein levels (Fig. 4a, 3c). These results hidftlithe fact that Mettl3 Enzyme can
function even in below normal expression level withreduction in A levels and only
strong reduction in it expression can effeBAMRNA modification levels.

The derivation of Mettl3 KO ESCs is particularly céing since METTL3
knockdown in a variety of mammalian cells leadsrtassive apoptosis and cell cycle
arrest*®® which has hampered and complicated studyirté fiunctional biology in
mammalian cells. This cells allow us in the firsné to test the function of %A
modification on mMRNA biology in viable cell-line daog pluripotent state and

differentiation.
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Figure 4
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Figure 4: characterization of mMRNA nPA modification in Mettl3 KO ESCs.

a) gPCR analysis of the relative expression of Id&tton4-exon5 junction and LacZ
expression, validating the genotyping results. ¥ fraction relative to adenosine
fraction in purified mMRNA from WT, heterozygote ak@® ESC quantified by LC-
MS/MS. The A ratio does not decrease in the Mettl3 heterozygetls despite the
50% decrease in mMRNA levels. Error bars indicate(8=2). c) Mass-spectrometry
analysis of MA fraction relative to adenosine fraction in piedimRNA from Mettl3
WT and KO ESC and EB. Error bars indicate s.d. jn=2
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Mettl3 KO ESCs resist terminating the naive groundstate of pluripotency

In vitro-differentiation, embryoid bodies

After characterize the cells in the pluripotenttestave next wanted to test the
ability of Mettl3-/- ESC to differentiate in-vitrby using embryoid bodies (EB) assay.
Wild-type (WT) and Mettl3 KO cells were transferrexnon-adherent plate with serum-
based media without the self-renewal cytokine LdF8-21 days, in this condition ESC
undergo spontaneous germ layer cell differentiaffeig. 5a). KO cells generated dense
EB spheres but failed to undergo the charactertstigtation observed in WT EB (Fig.
5b). In addition, analysis of differentiation markédy gPCR and western-bolt shows
that KO EB failed to robustly up regulate early eepment markers such as Gata6,
Foxa2, Fgf5 and Dnmt3a/b and to adequately repkesgotent genes such as Nanog,
Rex1 and KlIf4 after 8 days of differentiation (Flg-d). The fact that our KO cells do
not shut-down the pluripotent gene led us to sugpeat they “trapped” in the pluripotent
state. To test this hypothesis 21 days old EB wiesaggregated and re-plated on feeder
cells in ESC naive condition. KO but not WT cebéfjciently generated ESC colonies
and stable ESC lines that were positive for AP,d¢pand Oct4 expression (Fig. 6a-b).

When we tried to apply directeiah vitro neuronal differentiation protocol by
retinoic-acid induction, our KO cells failed to f@ifentiate into mature neurons. The KO
samples showed residual number of Nestin+, neurmaaenitor, cells and near absence
of Tujl+ mature neurons. During the differentiatiwva observe massive cell death in the
KO plate (Fig. 6c).
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Figure 5
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Figure 5: Mettl3 KO ESCs resist termination of naie pluripotency programin

vitro. @ A schematic illustration of the EB differentiati@xperiment. WT and KO ESC
were transferred to serum-based media without lliR@n-adherent plates, to promote
cell differentiationb) Phase images showing EB differentiation from W KQ® naive
ESCs after 21 days. WT EBs undergo maturation amiation, while KO EBs remain
densely packed) gPCR analysis for differentiation (lower panelyigsuripotency gene
expression (upper panel) after 8 days of EB diffeation. Error bars indicate s.d. (n=3).
d) Mettl3 WT and KO ESC and 11 day EB were subjetted/estern-blot analysis to
compare the levels of Oct4, Sox2, Nanog, Klf4, Dhandd Dnmt3a and b. Gapdh was
used as loading control. Mettl3 KO EB failed to aeregulate the tested naive ESC
markers Oct4, Sox2, Nanog and Klf4, as well agxoagulate differentiation markers
(Dnmt1/3a and 3b)
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Figure 6
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Figure 6: Mettl3 KO ESCs resist termination of naie pluripotency programin vitro

a) WT and KO ESC were transferred to serum-basedaneithout LIF for 21 days, to
promote cell differentiation. The cells were thésaggregated, re-plated on feeder cells
and grown in ESC conditions for 7 days. Mettl3 KOt not WT cells generated ESC
colonies positive for AP enzymatic activity) Cells were immunostained for Nanog and
Oct4 expression and imaged by fluorescent microsdé@ cells maintain Oct4 and
Nanog expression even after 21 daymoiitro EB differentiationc) WT and Mettl3 KO
ESC were subjected to retinoic acid neuronal dfiéation assay for 20 days. Mettl3
WT cells started to adopt neuronal shape and exgdabe early neuronal marker Nestin
and mature neuronal marker Tujl. Mettl3 KO celldemvent massive cell death and

showed severely poor differentiation ability.



In vitro/vivo-differentiation, teratoma formation

To test the ability of Mettl3-/- cells to differeate in a more stringent
developmental assay, WT and KO cells were introdueégh Oct4-GFP pluripotency
reporter and injected into immunodeficient miceondler to generate mature teratomas
(Fig. 7a). After 6 weeks we surgically removed thmors and analyzed them by FACS
and by histological section staining. While MetH3ESC generated very large tumors
(Fig. 7b), the histological section analysis showbkdt KO teratomas were poorly
differentiated and did not exhibit characteristierrg layer structures, while mature
structures were abundant in WT ESC derived terasoffigure 7c¢). Immunostaining for
specific differentiation markers showed that KO atemas poorly expressed
differentiation markers such as Gata4, Gata6 arapdnin, and diffusely expressed
pluripotent markers such as Oct4, Esrrb and Nangen eafter 6 weeks following
subcutaneousn vivo injection (Fig. 7d-f). Single cell disaggregatiof KO dissected
tumors followed by FACS analysis, demonstrated #7&% their cells still expressed the
Oct4-GFP reporter (Fig. 8b). Dramatically, the K&t not WT, teratomas contained
pluripotent cells that could rapidly recover intoué and give rise to ESC colonies within
6 days, and formed stable ES lines that retain -G expression and other
pluripotency markers (Fig. 8c).In addition FACSabsis of dissociated teratoma cells
were stainedvith anti-Thyl (somatic marker) and anti-SSEA-1(eanbryonic stem cell
marker). This analysis revealed that Mettl3 KO setkpress high levels of SSEA-1 and
low levels of Thyl relative to WT after 42 daysiofivo differentiation (Fig. 8d).
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Figure 7

Teratoma formation in vivo Differentiation Assay
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Figure 7: Metttl3 KO ESC show severely impairedn vivo differentiation into

mature teratomas. a)A schematic illustration of the Teratoma differatiton
experiment. 5x10WT or KO ESCs (with or without Oct4-GFP pluripotgrreporter)
were injected subcutaneously to NSG immune-deficigne, and teratomas were
collected after 42 dayb) KO teratomas were significantly bigger (WT=1.2+08c
KO=2.5+0.3cm)c) Paraffin sections and H&E staining reveal charsstie three germ
layers structure (gut-like epithelia - endodernttitzage - mesoderm and keratin pearls -
ectoderm) in WT, but not in KO teratomas. Only intuna neuroectoderm and
endodermal pseudo-structures were dete@€dg.Representative immunostaining of
teratoma sections for differentiation markers (Fyxeuj1, Gata4, Gata6 and Troponin)
and pluripotent markers (Oct4, Nanog and Esrrb)tIB1&O teratomas do not up-
regulate differentiation genes and do not turrtledéfexpression of pluripotent genes.
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Figure 8
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Figure 8: Metttl3 KO ESC show severely impairedn vivo differentiation into
mature teratomas. a)Schematic illustration of the experimental deslgnTeratomas
generated from WT and Mettl3 KO expressing GFP utiteecontrol of Oct4 promoter

(Oct4-GFP) were generated as described in MetAdusteratomas were disaggregated

and GFP levels were analyzed by FACS. KO, but ndttgvatomas show a very high
amount of Oct4-GFP+ celly Mettl3 WT or KO teratomas were disaggregated and
plated for 6 days on MEF cover plates with ESC-sufipg media. KO, but not WT cells
recreated ESC colony morphology, expressed Oct4-#&i@Ryenerated stable ES lines.
d) FACS analysis of dissociated teratoma cells wer@atiwith anti-Thyl somatic
marker and anti-SSEA-1, an embryonic stem cell erarkhis analysis revealed that
Mettl3 KO cells express high levels of SSEA-1 anwt level of Thyl relative to WT

after 42 days oin vivo differentiation.
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In vitro -differentiation, EpiSC conversion

We next wanted to test the ability of Mettl3-/- ESQ convert from naive
pluripotent state into primed epiblast-like staf@is can be donén-vitro, by changing
the medium from naive-supporting N2B27 2i/LIF tanped-supporting FGF2/Activin
medig’®® By 2 passages in primed pluripotency growth comns, WT colonies showed
a typical flat morphology rather than the charastierdomed morphology of naive cells
(Fig. 9a). In addition, WT cells down-regulated eegsion of naive markers such as
Nanog, Rex1 and Klif4 and up-regulated primed marlseich as Xist, Foxa2 and Fgf5
(Fig. 9b). Mettl3-/- colonies, on the other handpktheir naive-domed shape, failed to
down-regulate naive markers, and up-regulated Bgiy but not Xist or Foxa2 (Fig. 9b).
We observed a similar trend after extended pasgagso by immunostaining and by
Western blot analyses (Esrrb, KlIf2 and Nanog= Naivarkers. Foxa2 and
Brachyury=Primed markers, Fig. 9c-e 10a). Enrichgtbplasmic localization of Tfe3
upon pluripotency priming was observed only in K@l (Fig 10b), consistent with a
general deficiency in exiting naive and entering pnimed pluripotent state. One of the
major changes that occur in epigenome in the ceierbetween naive to primed
pluripotent state is the inactivation of one of thehromosome in female cells. Mettl3
KO female cells (XX) do not up regulate the XistdRNA (Fig 9b) that involve in the X
inactivation process and do not marked with theaggve histone marker H3K27me3

(Fig 10c) that coated one of the X chromosome ihfdmale cells.

In vivo -differentiation, Blastocyst complementation

In order to complete the characterization of thigedgntiation impairing of the
Mettl3 KO cells we perform blastocyst complememtatand test the ability of the cells
to contribute to chimera embryo formation. WT an@® Kells were introduced with
mCherry constitutive tg reporter and injected toFBDhost blastocyst (Fig 11a). After 10
days embryos have been taken out for the analfsisimera formation. Not surprisingly
only WT cells can contribute to chimera formati@gcan indicated by embryo Whole-

mount mCherry imaging and by FACS analysis (Fig-&)Lb
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Overall, Mettl3-/- cells maintain normal and prdadat characteristics of
embryonic stem cells in-vitro, but show a "hypenspotent” phenotype; where naive
Mettl3-/- cells are highly resistant to terminatbeit already established naive
pluripotency program in response to a variety ofngent differentiation induction
protocols, and subsequently fail to upregulate deyelopmental markers. To the best of
our knowledge, this is one of the most dramaticistasces to exit pluripotency

phenotypes observed thus far.

Rescue of differentiation competence of KO cells bgxogenous Mettl3 transgene

In order to validated that our phenotype is Me#ti@cific we decided to perform
a rescue experiment. We cloned the mouse Mettl3ngosequence from ESC RNA
extract and cloned in into constitutive pBRY-CAGaghid. The recovery plasmid
encoding a mouse Mettl3 transgenic allele (tg) BRES-PURO selection cassette (Fig
12a). Mettl3 KO cells were introduced with the phed and after 10 days of selection
with puromycin we validate the rescue of Mettl3tpimo by WB analysis (Fig 12a). For
analyzing the rescue phenotype we repeatedrouitro differentiation experiment and
test the ability of the rescue cells to differetd@ito EBs and to teratoma. gPCR analysis
for differentiation and pluripotency gene expressaiter 8 days of EB induction show
that the Mettl3 tg restore the WT differentiatiohepotype (Fig 12b). In the teratoma
assay, our rescue line were able to differentistedvalidated by histological H&E
staining that reveal characteristic three germ rlaystructure (gut-like epithelia -
endoderm, cartilage - mesoderm and neurons - eobdd@=ig 12c). In other assay
Teratomas generated from WT, Mettl3 KO and Metyj3dscued KO ESCs, expressing
Oct4-GFP specific reporter, were used. The terasonwere disaggregated and Oct4-GFP
levels were analyzed by FACS. KO, but not WT or t\etg rescued teratomas show a
very high amount of Oct4-GFP+ cells (Fig 12c), diespeing 6 weeksn vivo without

supplementation of exogenous pluripotency promatimditions.

46



Figure 9
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Figure 9: Mettl3 KO ESC resistin-vitro conversion into primed epiblast-like cells.

a) Schematic illustration of the experimental desigettl3 WT and KO cells that were
transferred from N2B27 2i/LIF naive conditions t@B27 FGF2/Activin primed
conditions for 21 days. Typical Morphological imagsd the cells after the conversidn).
gPCR analysis re-indicated that Mettl3 KO ESC exmédluced down-regulation of
pluripotency markers (Oct4, Nanog, Sox2, Klf4 arekB as well as reduced induction
of primed markers (Foxa2 and Xist). Notably Fgfbigegulated Mettl3 KO cells upon
priming, indicating that the cells undergo partipfegulation of some primed genes.
gPCR and WB analysis of converted cetjsWestern blot analysis of WT and Mettl3
KO naive and primed ESC lysates revealed that B1&iD cells fail to down-regulate the
naive markers; Oct4, Esrrb, KIf2 and Nanog andtéaihduce expression of Foxa2.
Actin was used as a loading contrdj.Immunostaining for the pluripotent markers; Oct4
(red), and Esrrb (yellow), and for the differenbatmarker Foxa2 (green) are shown.
KO cells fail to express Foxa2 and to down-reguisgeb.

Foxa2
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Figure 10
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Figure 10: Mettl3 KO ESC resistin-vitro conversion into primed epiblast-like cells.

a) Immunostaining for the pluripotent markers;Dged), and Nanog (yellow), and for
the differentiation marker Brachyury (green) arewgh. KO cells fail to express
Brachyury and to down-regulate Nanog. b) Immunaostgifor Oct4 (red) and the Tfe3
(green) marker that is exported from the nucleuseacytoplasm in primed cells,
demonstrate that KO cells retain the Tfe3 predontinaclear localization in primed
conditions. ¢) Immunostaining for K27met3 (red) siastrong nuclear foci that indicated
for X inactivation.
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Figure 11
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Figure 11: Naive Metttl3 KO ESCs show impaired abity to contribute to chimeric
embryos. a)Schematic illustration of the experimental designrhicroinjecting WT and
Mettl3 KO naive ESCs, constitutively labeled withanstitutive mCherry reportdn)
Representative phase images showing lack of caniwib with Mettl3 KO ESCs in
E12.5 BDF2 host embryos (total of n=12, E12.5 emmbnyere analyzedy) FACS
analysis of chimeric embryos shows little contribntof Mettl3-KO cells to host

embryo.
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Figure 12
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Figure 12: Rescue of differentiation competence &O cells by exogenous Mettl3
transgene. @ Schematic representation of pPBRY-CAG plasmid elivog a constitutive
mouse Mettl3 wild type (WT) transgenic allele (tahd IRES-PURO selection cassette.
Western blot validating rescue of Mettl3 expresdgrihe transgene in Mettl3 KO ESCs
(rescued cell line = Mettl3 KO + Mettl3 tg) gPCR analysis for differentiation (lower
panel) and pluripotency gene expression (upperlpafier 8 days of EB induction. Error
bars indicate s.d. (n=3)) Paraffin sections and H&E staining reveal chamastic three
germ layers structure (gut-like epithelia - endodecartilage - mesoderm and neurons -
ectoderm) in Mettl3-tg rescued KO teratomas, batimé&O teratomas. Only immature
neuroectoderm pseudo-structures were detected itekibmasd) Teratomas generated
from WT, Mettl3 KO and Mettl3-tg rescued KO ESCspressing Oct4-GFP specific
reporter, were used. The teratomas were disaggegad Oct4-GFP levels were
analyzed by FACS. KO, but not WT or Mettl3-tg resdueratomas show a very high
amount of Oct4-GFP+ cells, despite being 6 werksvo without supplementation of
exogenous pluripotency promoting conditions.
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Mettl14 KO ESC lose m6A RNA modification and phenocpy the Mettl3 KO
phenotype

Different reports**° had previously shown that Mettl14, a mammalian blog
of Mettl3, possesses also®mmRNA methyltransferase activity. In order to assése
activity of Mettl14 in ESC we knocked-out Mettl14ing the CRISPR/Cas9 technology
(Fig. 13a). Clones that contain deletion in the tMdt locus scan by high resolution
melting curve analysis (HRM), and positive clonesrgvsequence and analysis by WB
for Mettl14 depletion (Fig. 13a,b). To our surpriddettil4 KO ESC showed identical
phenotype as Mettl3 KO ESC. Mettl14KO showeguivalent reduction in A in
MRNA (Fig. 13c) and equivalent reduction in celblgeration (Fig. 13d). Mettl14KO
ESC maintained their naive pluripotent markers ewodphology (Fig. 13e) and showed
the saman vitro resistance to differentiation in EB assay as was seith Mettl3 KO
ESCs (Fig. 13f). WB analysis of different componeiitthe nfA methyltransferase
complex showed that the depletion of Mettl3 or Mdttresults in destabilization of the
other. The results suggested that this protein mdged work as METTL3/METTL14
complex, and the depletion of each one of them leasnihe stability of the other partner
and abolishes the % methyltransferase activity in the mammalian cdlhis result was
recently supported by an independent follow-up gtud

The fact that Mettl14 KO recapitulated tirevitro resistance to differentiation as
seen with Mettl3 KO ESCs shows that the phenotypeis due to the loss in globafan

modification that has important regulatory effdctsnammalian cells.
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Figure 13
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Figure 13: Mettl14 KO ESCs recapitulate mMA depletion and differentiation block
seen in Mettl3 KO ESCs. afschematic representation showing sgRNA sequenees us
to target Exonl of Mettl14 mouse locus. Locus sageeafter deletion in clone G7 that
was used for further analysis is showhWestern blot confirming ablation of Mettl14 in
two correctly targeted clones (B4 and GH)LC-MS/MS analysis of m6A fraction
relative to adenosine in purified mRNA. Error bmdicate s.d. (n=34d) Growth rate
curves of WT and KO ESCs in 2i/LIE) Phase and immunostaining for pluripotency
markers on WT and Mettl14 KO naive ESQPCR analysis for differentiation (left
panel) and pluripotency gene expression (right pafier 8 days of EB induction. Error
bars indicate s.d. (n=3)) Western blot analysis for naive WT, Mettl13 and t\d&t KO
ESCs. The results indicate that direct knockowleftl3 or Mettl14 results in protein
loss of the other. Arrows highlight specific relav®and.
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Divergent response of naive, primed and metastabieESC to Mettl3 depletion

Crystal Zhao group conducted in 269erturbation experiments with shRNA
against Mettl3 and Mettl14 in mouse ESC. The paescribed that mouse ESC undergo
differentiation under Mettl3/Mettll4 KD and suggest that A destabilized
developmental regulation genes and upon its deplethe latter gene group becomes
more stable and the ES cells undergo differentiatio

The results of that studf/seems inconsistent with our results that show K@t
of Mettl3/Mettl14 makes our ESC "hyper-pluripoterdahd the cells lose their normal
ability to exit the naive pluripotent state andttier differentiate. However, we believe
that this is not the case. Looking more closelthatculture condition of Wang et al. we
could see that they culture their mouse ESC onefeé@e gelatin coated plate with
FBS/serum conditions. This sup-optimal culture c¢tod generate metastable naive
condition that share several features in commoin pwiimed EpiSC (e.g. H3K27me3
deposition at bivalent genes in FBS/LIF expande@ ESsimilar to primed EpiSCs, and
not to ground state naive ESCs grown in 2i/f{R)Ve can appreciate by the morphology
of Wang et al. cells that they expend in poor celtoondition and lose the naive-like
pluripotent morphology (Fig. 14).

To deeply investigate this discrepancy in our ltssue thought to compare side-
by-side the effect of Mettl3 depletion in groundtst naive (2i/LIF), metastable naive
(FBS/LIF) and primed EpiSC genetically matched neopduripotent cells that carry
Oct4-GFP (pluripotent reporter) or deltaPE-Oct4-GHRaive specific pluripotent
reporter). The cells were expended 10 days in eadture condition before the
transfection with Mettl3 siRNA. Indeed Mettl3 knatdwn in FBS/LIF (C57BL/6) or
EpiSC (C57BL/6 and C57BL/6/129Jae cells), led fbedentiation and down-regulation
of Oct4-GFP+ cells, while Mettl3 knockdown in nai2iLIF cells did not compromise
their stability, consistent with our initial KO nd$s (Fig. 15a). Importantly, the divergent
response to Mettl3 depletion of naive and primedipbtent cells was evident by qPCR
analysis, which showed that naive cells expreds lleigels of pluripotency genes and low
levels of lineage commitment markers. Mettl3 depteamplifies the highly expressed
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naive pluripotency genes and further boosts nareeitry stability (Fig. 16b-d). As the
cells progress towards primed EpiSCs, pluripotegeyes are down regulated and
lineage commitment markers become highly expre@Sigd 16b-d). At this stage, Mettl3
depletion by siRNA leads to minimal amplificatioh pluripotency genes and further
boosts the already upregulated lineage commitmesutkens, leading to tipping the

balance towards differentiation (Fig. 3e).

We next evaluated influence for Mettl3 depletion @programming towards
naive pluripotency (Fig. 15b). During primed EpiS@programming to naive
pluripotency, early depletion of Mettl3 had a negateffect on efficiency (Fig. 15c),
consistent with its negative influence on stabibfyprimed pluripotent state (Fig. 16b).
However, Mettl3 depletion during late stages of Epireprogramming significantly

boosted reversion efficiency (Fig. 15d).

These results highlight the divergent dependencileiti3 to maintain naive and
primed pluripotent cells, and the importance ine@aty evaluating outcomes following

introducing perturbations in distinct pluripotetates (Fig. 17).

Figure 14
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Figure 14: Wang et al paper- Mettl3/14 Knock-down ¢ads to destabilization of
pluripotency a) mouse ESC morphology after Know-down of Mettl3/THe cells
cultured in non-stringent conditions (gelatin+sefiifR), and can see that the cell
morphology is not typical to naive mES§.mESC morphology under stringent naive
promoting culture conditions (feeders+N2B27 2i/LIF)
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Figure 15
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Figure 15: Divergent effect of Mettl3 depletion omaive and primed mouse
pluripotent cells. a) Oct4-GFP knock-in V6.5 and C57B/6 pluripotent celtpanded in
either ground state naive N2B27 2i/LIF, Metastatdéve FBS/LIF, primed-N2B27
FGF2/Activin on matrigel coated plates. Mettl3 dgjan did not compromise
pluripotency stability of naive cells, but onlymed cells. Metastable naive cells, only
C57B6 cells showed a slight decrease in pluripgtenaintenance upon Mettl3
depletion. This result is consistent with the fhett C57B6 ES cells are less stable and
have increased primed pluripotency feature in caorspa to hybrid V6.5 C57B6X129Jae
F1 ES cells which are relatively more stable in EBiS conditions.b) Schematic for
EpiSC reversion and reprogramming strategy to ngliwepotency.c) Efficiency of
EpiSC reversion to naive pluripotency was evaluatedounting deltaPE-Oct4-GFP+
colonies. Note that early depletion of Mettl3 hansp@e reversion; consistent with the
fact that it disturbs primed pluripotent cells.@Bpletion of Mettl3 at later stage of the
reversion positively regulates reprogramming tov@giluripotency. These results show
an opposing effect for Mettl3 depletion on muriradve and primed pluripotency.
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Figure 16
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Figure 16: Divergent effect of Mettl3 depletion omaive and primed mouse
pluripotent cells. a-c) V6.5 derived pluripotent cells were cultured infelient media
conditions (Ground state naive N2B27 2i/LIF, Meth& Naive FBS/LIF, primed-
N2B27 FGF2/Activin), on matrigel covered plateseTdells were transfected with
Mettl3 or control siRNA. After 120h RNA was extradtand cells were analyzed by
gPCR. Mettl3 knockdown enhanced stabilized bothipident genes (Nanog, Klf4, Sox2
and Rex1) and differentiation genes (Fgf5, Gatata®). Values were normalized to
ground state siControl naive sample. This dematestthe high levels of pluripotency
genes in naive cells, and low levels of lineagerm@ment markers. The opposite occurs
as the cells become primed. Mettl3 depletion leadsnplification of already expressed
genes, thus those expressed at high levels domiFatexample note that Fgf5 levels
become extremely high in Mettl3 depleted primedsceindicatesp value <0.05.
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Figure 17
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Figure 17: Divergent effect of Mettl3 depletion omaive and primed mouse
pluripotent cells. A schematic illustration demonstrating the baéabhetween expression
levels of pluripotency genes and of linage commithgenes in naive and primed states.
The expression levels of differentiation markergdive cells are very low, and it
increases with priming. The opposite applies teipbiency genes. Thus the outcome of
Mettl3 depletion has an opposite effect on naive@imed states, because in primed
cells the primed genes are expressed at much Hegleds, and their further boosting
pushes a threshold toward differentiation, degpieslight increase in the weakly
expressed pluripotency genes. Mettl3 depletiodaive pluripotent cells creates a
“hyper” naive pluripotent states because the ayréagh naive pluripotency genes
become increased, while the lineage commitmentgeeeain at residual very low
levels. Thus, the outcome of the pluripotency (@d)ifization can change between media
conditions depending on the sate they promote énaiiprimed).
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The effect of Mettl3 depletion on somatic cell regggramming into iPSCs

Finally, we wanted to check the effect of Mettl3pkition on mouse IPSC
generation. We used secondary OKSM tetracyclineaded MEF system that also carry
Oct4-GFP pluripotent reporter and analyzed iPSGné&tion after 16 days of dox
induction by Oct4-GFP FACS analysis, SSEA-1 (plotgmt surface marker) and AP

staining.

Applying Mettl3 depletion during somatic iPSC regramming after at least 3
days of reprogramming factor induction did not coompise iPSC reprogramming
efficiency (Fig. 18 a-d), consistent with Mettl3 ihhg dispensable for ICM naive
pluripotency establishmeim vivo (Fig. 2, Fig 3). Notably, Mettl3 depletion duriegrly
stages of reprograming reduced iPSC derivation. (ER) e-f), however this can be
attributed to severe block in somatic cell replmat(Fig. 18g), rather than epigenetic
reconfiguration per se. Collectively, loss of Mettcompromises the stability of
adequately established primed pluripotent cells prmmotes establishment of naive

pluripotency from EpiSCs.
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Figure 18
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Figure 18: Mettl3 is dispensable for somatic intoRSC reprogramming.

a) 1x10™ secondary MEFs transgenic for Dox indec8T EMCCA-OKSM vector

caring Oct4-GFP (GOF18) transgenic reporter weaieglon gelatin covered plate and
reprogramming was induced by adding 2ug/ml doxyogclsiRNA transfections were
started in day 3 as indicated in the scheme. by€@ogramming outcome conducted in
(a) was analyzed by FACS for SSEA-1 expressioragtl®. c) iPSC reprogramming of
MEF cells was analyzed by FACS for Oct4-GFP expoasat day 16. d) MEF
reprogramming was also analyzed by AP activity agsaay 16. e+f) 1x10"4 secondary
MEFs transgenic for Dox inducible STEMCCA-OKSM warctvere plated on gelatin
covered plate and reprogramming was induce by gdzlig/ml doxycycline. SIRNA
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transfection was started in -2, -1, 0, +2, +4 da&ajative to doxycycline addition. IPSC
formation was analyzed in day 10 by AP activityags®Numbers and s.d. of 2 technical
replicates are shown. g) Proliferation rate of M#ter Mettl3 depletion. 2x10"5 MEF
were plated and 24h later transfected with Mettl8anmtrol sSiRNA. 24h later cell were
harvested and 2x10"5 cells were re-plated. Celfsber were measure in day 2 and 4.
One out of 2 representative experiments is sholirese results indicate that Mettl3 is
only important for early reprogramming, howevestts attributed to severe block in
somatic cell replication. Applying Mettl3 depletithroughout reprogramming but after
at least 3 days of DOX induction did not compromiB8C reprogramming. The latter is
consistent with Mettl3 being dispensable for ICMwvesgpluripotency establishment in
Mettl3 KO embryos.

Mettl3 regulates pluripotent state reconfigurationand lineage primingin-vivo

Mettl3 KO embryos show aberrant development in the post-implantation stage

We aimed next to determine the extent to whichithétro observed phenotypes
correlate within vivo developmental dynamics. Mettl3 is uniformly exges in the
mouse developing embryos as we can appreciate thienactivity of the LacZ reporter
that we introduced into the Mettl3 locus (Fig. 19a) by immune-staining of paraffin
section embryo with Mettl3 antibody (Fig. 199).

We crossed F1 heterozygote offspring mice to oltéettl3-/- litters. Genotyping
of F2 newborn pups yielded no newborn KO mice withevidence for escape mutants
(n=202), leading to the conclusion that the KO a#tti8 is embryonic lethal (Fig. 2a and
Fig. 19b-d). Next, we aimed to detect the exactestsm which the embryo stops to
develop. We started by looking at E12.5, E10.5 B&® embryos and found that all KO
embryos were absorbed (at expected 25% ratio, Fp-d). By examining earlier
developmental stages, we found that E3.5 knockiagtdcysts show normal morphology
and were obtained at the expected Mendelian ramsistent with the ability to form
naive pluripotencyn vivo andin vitro (Fig. 2b-d and Fig. 3). However, post-implantation
E5.5-E7.5 KO embryos were smaller in size (conststeth the observed reduced
vitro growth rate Fig. 3d), deformed and deficient inogtthg the typical post-
implantation epiblast egg cylinder shape (Fig. b@eFrom this observation we conclude
that Mettl3 KO defects manifested in or during gost-implantation stage during the

vivo transition between naive to primed pluripoteneyest
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Mettl3 KO embryos show aberrant pre-implantation markers expression in the post-
implantation stage

Closer examine of the Mettl3 KO post-implantatianbeyo shows that Oct4+
cells were readily detected at E5.5-E7.5 KO pogtlamtation epiblasts suggesting that
pluripotent cells existeth vivo and excluded precocious differentiation as theseduor
embryonic lethality (Fig. 19h and Fig. 20).

Remarkably, the typical down-regulation and retoactin Nanog (naive
pluripotent marker) expression seen in WT embrydssaES5.5, was not observed in KO
embryos (Fig. 21a). Moreover, at E6.0-7.5, Nanogression in WT embryos is
reinitiated and restricted to proximal posterioibégst (Fig. 21b)°, however in KO
embryos Nanog was diffusely expressed throughaiOiti4+ post-implantation epiblast
cells (Fig. 21 and Fig. 22). In addition, Tfe3 skaalrxexclusive cytoplasmic localization in
WT embryos, but mixed cytoplasmic and nuclear Téealization was observed only in

some of the KO embryos (Fig. 23), consistent wéitiuced tendency for primifig

Mettl3 KO embryos show do not upregulate normally linage markers in the post-
implantation stage

Remarkably, reduced competence to undergo primesgailso evident by the fact
that early linage markers such as Brachyury or Eaxare not induced in KO embryos

(Fig. 24 and Fig. 25), consistent with eawitro findings (Fig. 9 and Fig. 10).

However, the naive pluripotency marker Esrrb wasrdcegulated in both WT
and KO post-implantation embryo epiblasts. Furtleenthe up regulation of the primed
marker Otx2 and the inactivation of the X chromosdmXX embryos occur both in WT
and KO cells (Fig.26 a-c), indicating that someelenf pluripotency priming does occur
and that the phenotype is less severe in someatkasdics relative to that characterized

invitro.

Collectively, the retention of widespread Nanogrespion, maintenance of Oct4
expression without up-regulating lineage commitmgeriesin vivo are consistent with
thein vitro observed phenotypes, and reiterate resistanegrtonate naive pluripotency

and the formation of an aberrant primed pluripostate in Mettl3 KO embryas vivo.
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Figure 19
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Figure 19: Mettl3 is critical for proper embryo post-implantation in vivo. a) LacZ
staining of WT and Mett/$°“*embryo, showing ubiquitous expressiorvst|3 locus

in the embryob) Mettl3*" mice were crossed and pups were genotyped fot3viEetbn4
and for the LacZ cassette. Table summarizes nuoflenbryos detected at each
developmental stage. No living pups carrying doldtI3 exon4 deletion (n=202) were
born. *Indicates Mettl3 absorbed embryos at E8.5-E10c5d) Representative Metil3
cross litter at E10.5 and E8.5, showing absorbedorgms, either in the uterus or after
dissectione+f) H&E staining of WT and KO E7.5/E6.5 histologicat8en. The KO
embryos are smaller by a factor of 1.8 and lostypeal post-implantation epiblast egg
cylinder shapeg) Immunostaining of WT and KO E6.5 histological sect for Mettl3
(red) and Gata4 (green). The KO embryos do nat g@sitive for Mettl3, yet show
normal development of primitive endoderm (PE) Gattaditive cells. PE is marked with
dash lineh) Immunostaining of WT and KO E7.5 histological sae, for Mettl3

(green), Oct4 (red) and DAPI (blue). KO embryosraggative for Mettl3, but stain
positive for Oct4 pluripotent marker in the Epililédashed outline).
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Figure 20
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Figure 20: Mettl3 KO embryos show abnormal post-impantation morphology,

while maintaining the expression of Oct4 in thebégst pluripotent cells.
Immunostaining of WT and KO histological sectioDashed line marks the post-
implantation epiblast part of the embryos. a) Em8 b) E6.0 embryos were stained with
Mettl3 (gray), Oct4 (red, pluripotent marker) andt&# (green, primitive endoderm
marker). c) E6.5 embryos were stained with Cdx2ygextra-embryonic marker), Oct4
(red) and Gata4 (green). Note that post-implamaki® epiblasts continued to retain
Oct4+ cells, excluding precautious differentiateord loss of pluripotency defects.
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Figure 21
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Figure 21: Aberrant expression of Nanog in Mettl3 KO Oct4+ post-implantation
epiblast. Immunostaining of WT and KO histological sectiobashed line marks the
post-implantation epiblast part of the embrye4) WT and KO E5.5 embryos .Nanog
(naive pre-implantation marker) is normally dowgulated in the post-implantation E5-
E5.5 embryo and is re-expressed at E6.0-E7.5 artlye proximal-posterior part of the
epiblast(see WT at b) In KO embryos, not only Nanog was not down regdat E5.5,
but it was also expressed in nearly the entire ®epiblast cells and showed no saptio-
temporal restriction. This result is consistentmaberrant termination of naive
pluripotency in Mettl3 KO embryas vivo.
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Figure 22

a Nanog Oct4 Merge+DAPI

E3

+

o

= %
=

s

©

w

2

°

=

©

©

w

b DAPI

Merge+DAPI

E7.5 MettI3**

E7.5 MettI3"

Figure 22: Aberrant expression of Nanog in Mettl3 KO Oct4+ post-implantation
epiblast. Immunostaining of WT and KO histological sectiobashed line marks the
post-implantation epiblast part of the embry&) Additional example of Mettl3 KO
Nanog expression.
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Figure 23
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Figure 23: Mettl3 KO embryos undergo incomplete prming. Immunostaining of WT
and KO embryo histological sections. Dashed lineksithe post-implantation epiblast
part of the embryosE6.5 embryos were stained with Tfe3 (green) and Qed)
pluripotency markers. While Tfe3 showed exclusiytplasmic localization in WT
embryos, mixed cytoplasmic and nuclear Tfe3 loadilin was observed only in KO
embryos (white arrowheads).
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Figure 24
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Figure 24: Mettl3 KO embryos failed to upregulate ineage commitment markers
and undergo differentiation priming. Immunostaining of WT and KO embryo
histological sections. The dashed line marks tre-poplantation pluripotent epiblast
part of the embryosa) E6.5 embryos were stained with Brachyury (greeaesddlermal
marker) and Dnmt3a (red, primed marker). (n343) E7.5 embryos were stained with
Mettl3 (gray), Brachyury (green, Mesodermal marle) Oct4 (red, pluripotent
marker). The KO embryos failed to up-regulate thiyedevelopmental marker
Brachyury in the post-implantation epiblast, WA embryos expectedly did (white
arrowhead) (n=4).
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Figure 25
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Figure 25: Mettl3 KO embryos fail to upregulate keylineage commitment markers and
undergo differentiation priming. Immunostaining of WT and KO histological sectiofi$ie
dotted white line marks the pluripotent post-impddion epiblast (Epi) part of the embryo, and
the yellow dashed line marks the primitive endodéRi).a) E6.5 embryos were stained with
Dnmt3b (magneta) and Foxa2 (green, Endodermal markke KO embryo, like the WT, up-
regulated Dnmt3b, but failed to up-regulate thdyedevelopment marker Foxa2 in the post-
implantation epiblast. Notice that the only celiattexpressed Foxa2 in the KO embryo are in
the PE partb) E7.5 embryos were stained with Foxa2 (green)inAg), the KO embryo failed

to express Foxa2 in the Epiblast, and expressauyitin the PE. (n=4)
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Figure 26
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Figure 26: In-vivo Mettl3 KO embryos exhibit less severe phenotype as-vitro cells
and show partially priming. a) E6.5 embryos were stained with Mettl3 (grayd Bsrrb
(red, naive pluripotency marker). Both WT and K@beyo down-regulate the
expression of Esrrb in the post-implantation etilavivo. b) E6.5 embryos were
stained with Otx2 (red, primed marker). Both WHa&0O embryo up-regulate the
expression of Otx2 in the post-implantation epibiasivo. c) E6.5 embryos were
stained with Oct4 (green) and K27met3 (red, X ivation primed marker). Both WT
and KO female embryo undergo X inactivation in plest-implantation epiblast vivo.
These results suggest that some level of pluriggteriming does occun vivo of
Mettl3 KO embryos, and that the phenotype is ntitey identical to the characterized
invitro. However, the retention of widespread Nanog expyassaintenance of Oct4
expression without up-regulating lineage commitngartesn vivo (Fig. 20-23) is
consistent with then vitro observed phenotypes.
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The molecular mechanisms behind fiA modification

Our results show that the near absence ¥ m mRNA of Mettl3-/- hampers
priming and differentiation competence of naiverjplatent cells. To explore the roles of
m°A modification in mRNA and its effects on gene eqmion regulation governing
pluripotency and differentiation, we decided to lgped changes in different aspect of
the mRNA molecule between WT and Mettl3 KO cellse Wmed to track after the
MRNA molecule trough transcription, splicing, edfj export from the nucleus,

translation and degradation (Fig. 27a).

Figure 27
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Figure 27: Decipher the molecular mechanism behinch®A mRNA modification.

a) Schematidescription of the methods we used and the Datamhacquire from WT
and Mettl3 KO cells. b) fil\-seq from different cells type and generatintprmodifying
transcripts list.
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moA-seq reveals méA modification prevalence in pluripotent and differentiated cells

First we wanted to compose a list of the entire PARMNnscripts that undergo
modification in our model system. In order to do we applied PA-seq®**’ on mMRNA
purified from mouse naive ESC, 8-day old embryaidibs (EB) and mouse embryonic
fibroblasts (MEFs) (Fig. 27b). Reads were alignedhe mouse genome (mm10) and
peaks were identified. To assess the robustneggeqieak assemblies we compared the
peaks called in different biological replicates.alhanalyses peaks were considered only
if their fold change (FC) was2 at false detection rate (FDR) valg&%, and they
appeared at least in 2 out of 3 independent bictdgeplicates (Methods). We identified
10,431, 8,356 and 11,948°m peaks within 6,412, 5504 and 6,427 adequately
expressed, annotated genes of ESC, EB, and MES§jseatevely, which constitute 33-
41% of expressed genes (data available on NCBI GESE61998, Geula et al 2015,
Examples are presented in Fig. 28, 30-32, and $uoppitary Table S1).

We than performed quality control validation anceck of our data. Unbiased
search for motifs enriched in regions surroundimhbESC and EB & peaks using
MEME 2*“® recapitulated the previously establisheBAntonsensus motif (Fig. 29a).
The distribution of the fiA consensus motifs around the peak summit revéatedased
density of motifs flanking the summits relative negative control peaks (Fig. 29b). In
addition, ESC and EB %A peaks exhibited the expected a non-random distdib along
transcript architecture, appearing mostly arourap stodons and within long internal
exons (Fig. 29c-d), similar to previously charaizied methylomed*® . Both ESC and
EB mPA methylomes display a non-monotonic relationshgiween methylation and
expression levels, where transcripts of moderatelynid-highly expressed genes are
more likely to be methylated, and transcripts aiegeexpressed at the two extremes are

less methylated (Fig. 29e).

To validate our ability to specify uniquely’fpeaks, we performed %-seq on
RNA obtained from Mettl3 KO ESC, where °m levels in mRNA are virtually
undetectable by LC-MS/MS. Only 995 peaks out ofigl32 WT ESC were detected in

KO. The overwhelming majority of the detected pedk8%) correspond to cap
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associated ikm (N6,2-O-dimethyladenosine) modification near the TSSiclis not
deposited by Mettl3 and is not detected by LC-MS/$proach we applied, but is
recognized by the antibody used fofAHP *’ The remaining 370 peaks (3.5% of the
total WT ESC peaks) may indicate false positivekpeand this number is in general
agreement with the anticipated 5% FDR. Further stpfor this hypothesis may be
found in the fact an unbiased motif search withie $equences of the 370 peaks failed to
find neither the RRACH consensus motif nor any psignificant known motifs (data
not shown). Collectively, our results support magtapletion of A from mRNAs
following Mettl3 knockout, and high specificity ah®A-IP protocol applied herein.
However, we cannot exclude residual compensatdy methyltransferase activity by
other enzymes (e.g. Mettl14) when Mettl3 is fulpteted.

A search for functional enrichment ofAnmethylated genes both in ES and EB
revealed statistically significant enrichment ohgg involved in various basic cellular
processes such as transcription regulation, metabmlocess regulation, protein
phosphorylation and transport, cell cycle and dgwaent (FDR<1%, Fig. 29f).
Importantly, 28 out of 35 critical naive pluripotan promoting genes (80%) were
methylated by #A including Nanog, Klf4, KIf2, Esrrb, Prdm14, Utfbut not Oct4 that
is similarly expressed in both naive and primedipaient states (Fig. 28a and Fig. 30,
Supplementary Table 3). Lineage priming genes asaictin EB like Foxa2, Sox17 and
Otx2, were also positive for % (Fig. 28b).
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Figure 28
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Figure 28: mPA-seq reveal mMA modification prevalence in pluripotent and
differentiated cells. a-b)Examples of A methylation (green) and transcriptional
landscape (blue shades for WT and pink/red for IBO) of Oct4, Nanog and Kilf2
(pluripotent genes) and Foxa2, Sox17 and Otx2den@ommitment genes). Normalized
read density (RPM) levels are shown, UCSC ranglasvn at the right side of each
track.Green shades — i\ IP in ESCs, EBs and MEF&ray - m°A input in ESCs, EBs
and MEFsBIlue shades — RNA-seq in WT ESCs, EBs and Mk shades — RNA-
seq in KO ESCs and EBs. IrPfnsamples all replicates are shown, in RNA-seq, arte
of two replicates is shown. Significant peaks tgear in at least 2 out of 3 replicates,
and at least 2-fold above input, are indicatedanzontal black squares. Levels are
normalized by the number of reads in each sampée that Oct4 transcripts are not

positive for MA.
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Figure 29
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Figure 29: Molecular Characterization of nTA peaks. m°A profiles of WT ESC and
EB (11days) were determined and analyzgd.he previously identified consensus motif
identified in A peaks of ESC (lefp=9.8x10"") and EB (rightp=4.5x10") using
MEME. b) Distribution of nfA consensus motifs around the peak summit was leaézl
using CentriMo in ESC (solid blue line) and EB {dokd line), showing increased
density of the consensus motifs flanking the summalative to negative control peaks
(dashed lines). P-values are indicated in matcbinars.c) Identified nfA peak
distribution along the gene segments of ESC (ldn€e)EB (red)d) Distribution of exon
length (in CDS only), show that exons carryinffnfred line) tend to be significantly
longer (T tesp<1.9e-19, median=362 nts) compared to overall gapulation
(median=148, gray linep) The fraction of ESC (red) and EB (blue) genes wifi
peaks as a function of expression level. Genes dieided into 25 bins according to
their expression levels and the percentage of netd/genes in each bin was calculated.
A non-monotonic relationship is observédCompact representation of functional
enrichment of methylated genes, that were caladilaséng gene ontology enrichment
tool (http://cbl-gorilla.cs.technion.agilEnrichment was calculated for all methylatedegen
lists of ESC, EB, MEF, methylated genes common3€E&nd EB (ES&EB) and lists of
exclusively methylated genes in ESC and EB (asatdd). GO analysis show
enrichment of basic cellular processes such asholtgrocesses, transcription, cell
cycle, protein transport and development. Colodskaeflect p-values according to the
scale.

75



Figure 30
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Figure 30: nPA methylation and transcriptional landscape of naie pluripotency
promoting genes. a) Normalized read density (RPM) levels are show@SQ range is
shown at the right side of each traGiteen shades — flA IP in ESC, EB and MEF;

Gray - m°A input in ESC, EB and MEmBIue shades — RNA-seq in WT ESC, EB and
MEF; Pink shades — RNA-seq in KO ESC and EB. ffArsamples all replicates are
shown, in RNA-seq, one of out of two replicateshewn. Significant peaks that appear
in at least 2 out of 3 replicates, and at leasil@-bove input, are indicated in horizontal
black squares.
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m°oA topology and dynamics in pluripotent and differentiated cells

To evaluate the levels of % conservation and dynamics between ESC and EB,
peak locations were first compared to identify camnnfoverlapping) and unique (non-
overlapping) peaks (Supplementary Table 2). Wetifled 7,205 ES peaks overlapping
6,765 EB peaks falling into 4,756 genes. A sub$&,226 ESC peaks residing in 2,073
genes was uniquely identified in ESC, and 1,59kpea 1,407 genes were uniquely
identified in EB. These numbers are comparable withnumber of peaks obtained in
yeast upon sporulation (1,308 peaks) (SchwartZ.e2@13). To estimate whether the
uniquely identified peaks emerge from a differdntiaethylation or from a mere
difference in expression, RNA levels should be wered. We performed massively
parallel sequencing of MRNA (mMRNA-Seq) (Mortazaviaé, 2008) purified from WT
and KO ESC and EB samples, in 2 biological reptisaReads were aligned to the mouse
genome (mm10) and mRNA levels were calculated. $es1gf conserved PA peak and
differential nfA peak between MEF, EBs and ESC is presented im&igl.

We next compared (Fig. 32b-c) normalized peak Eev@RPKM) in ESC
compared to EB for the union of all peaks as wslif@ a subset of peaks that have
similar mRNA level in both conditions (MRNA exprass FC<1.2, shown in black), or
peaks that their mRNA levels are above 2-fold higineESC (light blue), or in EB
(blue). If methylation is differential, we shoul@ve identified cases of similar RNA and
differential methylation, or cases in which mettigla change is not consistent with the
change in mRNA (e.g. mRNA higher in ESC, but medtigh is higher in EB). Overall,
most peaks in ESC and EB were correlated (PearsOrbR7), however, there were 232
peaks mapped to 211 genes, in which the chang&Annmethylation was not consistent
with the change in expression. When comparing ESQVEF, we observed lower
correlation (Pearson R=0.346) and identified 122&ks mapped to 916 genes, of
differential methylation that is not consistent lwihe change in expression (Fig. 32b,
concrete examples Fig. 32c). These findings reiete notion that A distribution can
be actively written or removed in distinguished maadian cells, consistently with
previous study in yed$t and the discovery and expression of FTO and AHEBtwo

m°A mRNA demethylases in mammalian céfs’.
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Figure 31
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Figure 31: Characterization of differential methylation between different cells types.
Examples of dynamic methylation between differegit types. In blue shades- RNA-seq
data in WT ESC, EB and MEF. Green shad&-i® data in WT ESC, EB and MEF. In
the upper panel: example of conservédpeak that decorate the last exon of the Brix1
transcript in all the samples. In the lower panalexample of differential $A peaks that
decorate the firsts exon of Ucp2 transcripts onlthe ESC and EB samples, but not in
the MEF sample. Notice that the RNA-seq data shbafsthis gene is expressed in the
same level in all the samples.
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Figure 32
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Figure 32: Characterization of differential methylation between different cells type
a) nfA peak levels in ESC vs. EB. Peak levels, preseintémty scale, were calculated by
estimating IP coverage (RPKM) minus input coverd@gfeKM) in each peak and each sample.
Median was taken from triplicates. Colors indigag¢aks that their normalized RNA levels
(measured by RNA-Seq) are above 2 fold-change @ @ght blue, n=733) or in EB (blue,
n=1764), or peaks with similar expression level /RFbld-change < 1.2) in ESC and EB (black,
n=5571). Pearson correlation coefficients are imigid. b) A peak levels in ESC vs. MEFs.
Peaks and correlation coefficients calculated ga)inColors indicate peaks that their normalized
RNA levels (measured by RNA-Seq) are above 2 folaige in ESC (light blue, n=9273) or in
MEFs (blue, n=2329), or peaks with similar expressevel (Fold-change < 1.2) in ESC and EB
(black, n=1109). c) Example of genes that haveréfitial methylation despite similar
expression levels are shown. Normalized read de(RRM) levels are shown, UCSC range is
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shown at the right side of each track. Green shaadd IP in ESC, EB and MEF; Gray -
Input in ESC, EB and MEF; Blue shades — RNA-sey/ihESC, EB and MEF; Pink shades —
RNA-seq in KO ESC and EB. In% samples all replicates are shown, in RNA-seq, afrmut

of two replicates is shown. Significant peaks tigbear in at least 2 out of 3 replicates, and at
least 2-fold above input, are indicated in horiabbtack squares.
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Mettl3 depletion leads to specific preferential increase of mRNA levels of methylated

transcripts

Our next goal was to elucidate the function dfAnand specifically of Mettl3 in
the cell, and try to understand how does depletibm®A lead to the “hyper”-naive
pluripotent phenotype we observed. Correlationyabstween global expression profiles
showed high similarity between WT ES, KO ES and EB samples, supporting the
observed hyper-pluripotent phenotype (Fig. 33a)er@aV a substantial number of genes
had altered transcription level in the KO compa@dVT (Supplementary Spreadsheet
File 1), with 1487 genes significantly up-regulateti 1615 down-regulation in KO-ES
compared to WT-ES, and 1503 up-regulated and 1338ndegulated in KO-EB
compared to WT-EB (consisting of 7-8% of the geimethe genome). The global effect
did not have a clear trend, either up or down-raiuh (Fig. 33c), however, when we
looked at specific sets of genes, we found thategethat have an % peak, are
significantly up regulated in KO compared to WTJF83d-e). Consistently, genes that
are up regulated in KO compared to WT (>2 FC), sagmificantly enriched (p<10-17)
for genes with PA modification. Genes that are known targets ofdf#°, and genes
that are known targets of Mettl3 in mouse ES@ere also significantly up regulated in
the KO compared to WT (Fig. 33f). Notably, the nembf nA peaks in a given gene
positively correlated with the transcript abundaimc&O compared to WT of that gene
(Fig. 33d-e). The difference in ratio followed adar trend (Fig. 33g), exhibiting an
increase of ~8.8% per ¥ peak (Pearson, r=0.995, p=3.3x10-6). Functional
characterization of differentially expressed geinelkO compared to WT cells (Fig. 33c)
showed that genes that are down regulated in KOVEER enriched for developmental
genes (1.4 enrichment fold, FDR<0.1%), consistentith the observed functional
phenotype. Genes that are up regulated in KO ESf& wariched for transcription
regulation (1.75 enrichment fold, FDR<0.5%). Whes laoked at specific sets of genes
we could see an increase in the expression ofpatent regulatory genes in KO EB
compared to WT. In a few cases, this increase heggpalready in ESC, e.g. Esrrb (>2.2-
fold increase in KO compared to WT) and Klf4 (>20ld increase). Early development
genes are also highly affected from Mettl3 KO (Rga): while WT EB samples are

characterized with high expression of early endodémarkers such as Foxa2, Gata4
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and Gata6, in KO EB these markers are completetynished (Fig. 34b). The results
described above demonstrate thatAndepletion from mRNA due to Mettl3 KO

positively affects mRNA levels and particularlyrathylated transcripts.

Figure 33
a 3
§)§ 7000 P Upregulated
1 o O 6000 -
@I Down-regulated
RO ESC - 0.98 @ o 5000
WT ESC 10.96 s 8% 4000
X0
0.94 #* O 3400
KO EB 20
KO WT KO WT o
ESC ESC EB EB o EB ESC
C
0 2 4 6 8 10 12 14 16 18 enrichmentfold d,\ 1.0 —_ —
1 ; =
lipid biosynthesis N E o= :
development A §
méa o S 0 LJI_];J 1 ¥
development i O LI |_| ’ x
transport — S -0.5 i : o
transcription e %) . H
protein phosphorylation : """""""""""""""" . w .10 lil 77§_;‘, *
MAPKKKPAthWay iy aoocoeem #méA 0 1 2 3 4 5 6+
L —— Peaks
lipid biosynthesis ey -
endoderm formation ey , e
EMT g 10{ ¥ l I & & =
eVl oM Nt o — g
cellproliferation &growth
cell migration _. 5 0.5 . -
BMP/SMADsignaling e X i ! .. |
angiogenesis & coagulation e 4 [0 Down ESCKO (c\l» 0.0 i
M — [ UpESCKO g
iontransport gy [ Down EB KO ; -0.5 : :
development ot Il UpEBKO w 1.0 I l § .
0 5 10 15 20 25 30 35 40 45 -log(p-value) ’; mZA o 1 2 3 4 5+
eakxks
f 2 g
1.7 o
; s g R2=0.99011
S X215
=) a=1
o E ool . (. x O
<5 cX13
(@) O w © =<
n X = 0
w> - ' ! B E1.1
i =2
-2 . 1.0
-m°6
Non-mfA Mettl3 Ythdf2 gmA 0 1 2 3 4 5 6+
Peaks

82



Figure 33: Characterization of Mettl3-KO transcriptional profile. a) Pearson
correlation matrix that was calculated genome-viaeieveen WT and KO ESC and EB
samplesb) genes with altered transcription level (FC>2)ha KO compared to WT ,
with 1487 genes significantly up-regulated and 18a%n-regulation in KO-ES
compared to WT-ES, and 1503 up-regulated and 18W-aegulated in KO-EB
compared to WT-EBc) Functional enrichment of genes that are eithesrugiown
regulated in KO compared to WT. Genes that are d@gualated in KO EB are enriched
for early development and epithelial-to-mesenchytraaisformation. Genes that are up-
regulated in KO ESC and EB are enriched f8Ardecorated genes. Bars represent
Fisher exact test —log(p-value), dotted line repnégnrichment fold-changke)
Transcriptional change in KO ESC compared to WT E§®@r KO EB compared to WT
EB (e), as a function of the number ofAnpeaks found in each transcript. Transcription
upregulation in Mettl3-KO increases with the numben’A peaks. Box plots describe
the distribution of fold-change; medians are intBdan the center of the boxédy.
Transcriptional change in KO ESC compared to WT E8@argets of YthdfZ9) and
targets of Mettl386). g) Expression levels of Mettl3 KO/WT ESC, increass@a
function of the number of $A peaks/transcript (ANOVA, p=1.86 xIin a relatively

Linear trend, rising by ~8.8% in the KO ESC péAnpeak in (Pearson r=.995, p=3.3%10
) (16, 19).
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m°oA positively effects the degradation rate of methylated mRNAs

Changes in mRNA levels reflect the difference bemveranscription and
degradation rates; thus, any modulation of oneath lof these processes will result in
altered RNA level. Previous studies showed th® imas a role in mRNA degradation;
Specifically, Ythdf2 binds to i\ modifications and delivers the mRNA moleculesPto
bodies where they are processed and degriddd measure mRNA degradation rates
independently from transcription rates, mRNA lewebye monitored at times 0, 4 and 8
hours after transcription inhibition with ActinomipcD®®, using 3' DGE (digital gene
expression) method followed by deep sequencing. (Bfg). We then calculated
degradation rate and half-life of each transcigg#d Methods). Interestingly, the half-life
of genes that carry tA modification is significantly shorter than gertast do not carry
m°A modification (p<3x 10-6 and p<0.005 in ESC and EBpectively, Fig. 35b).
Subsequently, in Mettl3-KO, the half-life of thegenes is significantly longer (p<2x 10-
16 in ESC and EB, Fig. 35c). In non-m6A genes hié&life is also longer but to a lesser
extent (p<0.003 in ESC, Fig. 35c). Upon Mettl3 KaD,increase in the half-life of genes
normally methylated in WT ESC was observed, regasilof the location of the °
peak (Fig. 36a). Importantly, pluripotent gene s@ipts also showed a significantly
increased half-life that was prominent in KO EB pés (Fig. 35d and Fig. 36b-c).
Previously identified mRNA bound targets of Yth@fBo showed a significant increase
in half-life, in accordance with the role of Ythdfig. 35e). gPCR based transcript half-
life with and without Actinomycin D treatment, vddited increased half-life (>2 fold-
change) for Klf4, Nanog and Sox2, but not for Oattl Mta2 whose transcripts are not
methylated (used as negative controls, Fig. 35f).

Our findings suggest that the "hyper-pluripotentiepotype induced by Mettl3
ablation results, at least in part, from increastdbility of methylated pluripotent gene
MRNA transcripts.
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The effect of MA depletion on mRNA degradation. amRNA levels were
monitored at times 0, 4 and 8 hours after transonpnhibition with Actinomycin D,

using 3’ DGE (digital gene expression) method fekad by deep sequencin).

Distribution of transcripts half-life in ESC (lefEB (right), each for WT (blue shades)
and KO (pink/red). Distributions are shown for geméthout mA (n=12461), genes
with at least one A peak in either condition (n=7181), and genes \aitteast 3 peaks
(n=427). The genes with 3 peaks or more have éfisgntly shorter half-life than the

genes without fiA peaks (WilcoxorP-values are indicated)) Distribution of

transcripts half-life of genes without’s (left) and genes with PA (right), as measured
in ESC and EB, each for WT (blue shades) and K@k(pmd). Half-life of m6A genes is
significantly longer in Mettl3-KO compared to WToth in ESC and EB (Wilcoxon p-
value <2'9). d) Distribution of transcripts half-life of naiveyipotency genes, as
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measured in ESC and EB, each for WT (blue shaaesKe® (pink/red). Half -life is
significantly longer in Mettl3-KO compared to WToth in ESC and EB, and in WT
ESC compared to WT ER) Same agc) for Ythdf2 targets. Here too, half-life of Ythdf2
targets is significantly longer in Mettl3-KO compdrto WT, both in ESC and EB
(Wilcoxon p-value <2°). f) Relative expression level of 6 genes, measuregR@R,
during 12 hours after Actinomycin-D treatment adi¢gated in the scheme.
Transcriptional levels were measured both in Wlé€bband KO (pink), showing a
reduction in degradation rate of Aadecorated genes in KO compared to WT. This
reduction is reflected in longer half-life (indieat numbers) in KO compared to WT. *
Indicatesp value <0.05. NS — not statistically significanné&representative experiments
is shown of 3 independent biological replicatesqrened.
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Figure 36
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Figure 36: The effect of MA depletion on mRNA degradation. a)Distribution of
transcript half-life, of hA-carrying genes, as a function of th&peak location,
showing that in all locations but intronic peakss half-life is significantly longer
(Wilcoxon p-value<2® in ESC KO compared to ESC WT, and similarly in. BR:)
Half-life (in hours) of naive pluripotency geneseasured in ES(] and EB €), each
for WT (blue shades) and KO (pink/red). Methylagemes are marked with bold font.
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meA mildly represses translation efficiency

The fact that PA peaks over-populate the stop codon viciifif§, suggests that
m°A may affect translation. Early studies had cotiflig results on the positive or
negative effect of A on translation”"> However such studies were confounded by
lack of exacting genetic perturbations or lookirtgiradividual transcripts. Thus, we
evaluated the global effect of°& on translation in our system. Actively translated
transcripts are found in the polysomal fractionjclican be isolated by sucrose gradient.
Profiles of polysomes isolated from WT and KO ES®@ aeparated on sucrose gradient
(Fig. 37a) indicated a mild increase in translatifficiency upon MA depletion as
evident by decrease in the translatable mRNA pas$édciated with 40S-80S subunits).
To validate this and correlate with®fnabundance, we measured translation topology at
high-resolution in WT and KO ESC and EB, by usiilpsomal foot printing profiling
assay (Ribo-sed}*°. Global similarity in the overall polysome-bounib&seq profiles
between the different cells and conditions revaéidahe similarity of both ESC and EB
KO samples to the WT ESC, differing from the WT EBig. 37b). To identify if
differences in translation correlated with®’Anabundance, we calculated translation
efficiency (TE), which is the normalized translatigRPM) in the coding sequence,
divided by the normalized transcription (RPM) oé ttame intervaf. Remarkably, when
we analyzed the TE in KO compared to WT ESC we dotimat nfA methylated genes
show a modest yet significantly increased TE in 8@npared to WT (p<0.017) (Fig.
37c). Such increase was not observed in unmetlylgémes. To further validate the
previous result, we also calculated the ribosonease score (RRS), which is the ratio
between the total number of reads within the codegion and the total number of reads
within the 3' UTR obtained in the Ribo-Seq, dividgdthe same ratio obtained from the
mRNA-Seq°’. The RRS ratios between KO and WT ESC increasgdifisiantly
between methylated and unmethylated genes ((Fig-b3BNOVA, P=0.0001), and it
changed as a function of the number 8Arpeaks, with an increase of ~11.9% p&Am
peak (Pearson r=0.953, P<0.05, Supplementary Ba:b3. The RRS was increased in
KO compared to WT, regardless of whether tH& meaks is located around the stop
codon (Fig. 38b). Finally, we measured protein egpion profile of WT and KO ESC
and EB using stable isotope labeling by amino airidsell culture (SILACY®. Overall,
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like with transcription and translation, WT and KE3C profiles cluster together with KO
EB, while WT EB are significantly different (Fig.78). A significant increase was
observed in SILAC ratios between KO and WT ESC asmation of the number of A
peaks (ANOVA, P=1.29 x 10-9). The difference in KOV ESC ratio show an increase
of ~11.3% per A peak (Pearson r=.996, P=0.0002) (Fig. 38c). mreary, absence of
mPA leads to increased RNA stability and translagdiiciency of nfA-decorated genes,
including prominent naive pluripotency regulatdnattstabilize the state and shield its’
responsiveness to lineage priming cues.

Effect of m6A methylation on alternative splicing and A-I RNA editing

m°A is more likely to be found in introns and exotmtt undergo alternative
splicing?** therefore we aimed to also globally evaluate mRM&rnative splicing in
our system. To detect %-dependent differential alternative splicing ewerin our
system, we looked for events of alternative spfjdietween KO and WT ESC and EB,
by using MATS softwar® . We found 1269 alternative splicing events in ES@ 720
in EB, compared to only 134 in the control expeninéFig. 39a-b, Supplementary
Spreadsheet, Geula et al). While 5 types of altemaplicing were tested, 2 of them,
which are skipped exons and retained introns (imchvithe intron is included in the
mature transcript) were the most frequent. Intergt, the direction of the events was
not random (Fig. 39c¢): In 84.5% of skipped exonngsethe exon was more included in
the WT and excluded in the KO. In 89.5% of retaimgtbn events, the intron was more
included in the KO and excluded in the WT. To tesiether the alternative splicing
events are a direct effect of lack ofAn we estimated how significant the overlap
between alternative splicing sites an8Ansites is. We found that although splicing
events overall are rare (in less than 1% of thengkothe percentage of exons with
alternative splicing event is significantly highesmong exons that also havéAmpeak,
compared to exons without®h peak (Fig. 39d). In addition, the alternativeisiply
events (skipped exons and retained introns) teagpear in long exons (Fig. 39e). These

results suggest that indeed there is a direct tefiedMettl3 depletion on alternative
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splicing with a tendency to occur on long exonse Hxact molecular mechanism by
which this occurs, and how this could contributeptaripotency mis-regulation is of

future scientific interest.

Finally, we investigated the effect of°n on RNA A-l editing catalyzed by
ADAR (Adenosine Deaminase Acting on RNA) family gnes, which acts on double
stranded RNA®° and can lead to protein diversificatidnWe used two approaches in
order to look for differential A-l editing in WT aMettl3 KO. First, we looked at about
9,039 sites that are known to undergo editing, emehpared their editing levels. In
addition, we measured the global editing activityADARS (see methods). In both
approaches (Fig. 40 a-b), we noticed a decreasA-linediting in KO conditions
compared to WT: The number of Hyper-edited sitesgeerage) was reduced by 1.7 fold
in KO ESC, and by 1.5 in KO EB compared to the tmadcWT samples. Similarly, the
percentage of known sites with more than 50% egli@vel was reduced by 1.3 in KO
ESC and by 1.4 in KO EB. However this effect did norrelate with HA methylation

localization, suggesting a likely indirect secorydeffect.

Mettl3 is a study case for how different epigeneticepressors have a divergent effect
on naive vs. primed murine PSCs

Our results show the divergent dependence on MéttI3naintain naive vs.
primed pluripotent states. We wondered if like N&ttother transcriptional and
epigenetic repressors might also have such an opgpadfect on naive vs. primed
pluripotent cells. We aimed to conduct a focusedARStreen targeting transcriptional
and epigenetic regulators previously implicatedplaripotency regulation. We derived
knock-in Oct4-GFB* Naive ESC and EpiSC lines from E3.5 and E6.5 C#§Bnouse
embryos, respectively, and conducted a targetedsatettive siRNA screen for ~30
factors, in search for those that specifically pdrtmaintenance of the primed, but not
the naive, pluripotent state (Fig. 41a). Factoke Oct4 and Wdr5 were expectedly
essential in both pluripotent states, and acutdéetiep of Nanog or KIf5 compromised
the naive pluripotent state, but not primed cedlghee latter cells express residual levels
of these factors and do not rely on them for naluepotency maintenance. Remarkably,

we noted a number of chromatin repressbeg specifically down-regulated Oct4-GFP
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detection and resulted in differentiation of primeglls only — most prominently both

Polycomb components Eed and Suzl2, Rest and Mbd@&ptessors, maintenance
methyltransferase Dnmtl and Mettl3 (Fig. 41b). @sults highlight the important need
to distinguish between different pluripotent statescause different regulators like DNA
and RNA methyltransferase enzymes, can have daligtatifferent influence on distinct

pluripotent configurations. It is of importance note that so far we are not aware of
successful attempts to expand DNMT1 or METTL3 KOnlam ESCs, probably because

conventional hESCs are closer to the primed sédkesr than the naive state.
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Figure 37
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Figure 37: Mettl3-KO effect on translation. a) Ribosome profiling of WT and Mettl3
KO ESC revealed a slight yet reproducible decr@atiee 80S ribosomal fraction in KO
ESCs (1 out of 2 representative experiments is ahol) Ribo-Seq profiles of WT and
Mettl3 KO ESC and EB were determined and compdgéabal similarity in the overall
polysome-bound Ribo-Seq profiles exhibited highilsirity between Mettl3 KO ESC
and EB and WT ESC, differing from the WT E&}.Change in Translation efficiency in
KO compared to WT ESC, showing a significant sligictease (t-test P-value<0.017) in
translation efficiency of m6A-carrying gened) Protein profiles of WT and Mettl3 KO
ESC and EB were determined in duplicates using SlL@&lobal similarity between
protein profiles re-exhibited the similarity shownb. showing the WT and KO ESC and
KO ESC are highly similar, differing from WT EB.
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Figure 38
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Figure 38: Mettl3-KO effect on translation. a)mRNA, Ribo-Seq and RRS WT/KO
ratios were divided into groups of increasing nundfgeaks/gene transcript. The
median ratio values in each group was calculatedhanmalized to the median ratio of
non-methylated genes. All three parameters incteasi@ the increase in peak
number/geneb) Median RRS values were calculated from Ribo-SebraRNA-Seq
data of WT and Mettl3 KO ESC, for non-methylatede® genes containing®&in stop
codon window and genes havin§Arpeak not in locations other than the stop codon
window, compared to mMRNA levels. Significant difaces in RRSs were observed for
genes with PA peaks regardless of their location relative ® $top codon window. t-
test p<0.05)c) Protein intensity ratios determined by SILAC imgps of genes having
increasing number of peaks/gene. Normalized ra&dsrmined by SILAC increased
with the number of peaks per gene demonstratireffant of nfA on protein levels.
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Figure 39
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Figure 39: Mettl3-KO affects alternative splicing.a) Number of alternative splicing
events in KO vs. WT ESC and EB and in Control. lEsutbplot presents the number of
splicing events that are different between two @ims. Blue — skipped exon, red —
retained intron, green — mutually exclusive exgnsple — Alternative 5SS, teal —
Alternative 3SSb) Selected examples of splicing events, which dferdnt in KO and
WT: skipped exons (Prrc2b, Patz1) and retainedm{Betdbl). Colors as kKigure 30.

¢) Inclusion levels of skipped exon and retainedoimtshow a non-random inclusion,
where skipped exons tend to be excluded in KO,@noins tend to be retained in KO,
suggesting that PA may increase splicing efficiency of un-favoredicipg events d)
Overlap between alternative-splicing events arfteeiéxons with A modification
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(black), or exons without $A modification (gray). The overlap with% exons is very
small (<1%), but significant (Fisher exact testgienes are indicated) compared to
background exon populatioe) Percentage of long exons (>400 nt, red) out a®adins,
or exons that are part of alternative splicing (8nt, divided to i exons (left) and
non-nfA exons (right). AS exons are enriched for longrexdoth in rHA exons (91%
compared to 81%, Fisher exact test p<0.012) amdinnfA exons (39% compared to
15%, Fisher exact test p<59.
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Figure 40
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Figure 40: Mettl3-KO affects RNA editing. We used two approaches in order to look
for differential A-l editing in WT and Mettl3 KO.iFst, we looked at about 9,039 sites
that are known to undergo editing, and comparei ¢uiting levels. In addition, we
measured the global editing activity of ADAR®e methods)a) Number of edited sites,
out of 9,039 known edited sites, which are up avgl@dited in KO vs. WT, ESC and
EB. These sites have a low overlap wittAnpeaks (numbers are indicatel).Number
of Hyper-edited reads in the different conditiolmsboth approachgs, b) we noticed a
decrease in A-l editing in KO conditions compare®\T: The number of Hyper-edited
sites (in average) was reduced by 1.7 fold in K&ZCEand by 1.5 in KO EB compared to
the matched WT samples. Similarly, the percentddg@awn sites with more than 50%
editing level was reduced by 1.3 in KO ESC and Hyid KO EB.c) Expression levels
(RPKM) of editing-related genes (dsRNA binding pins) in the 4 conditions. Genes
that carry A peaks are bold.

96



Figure 41
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Figure 41: different chromatin repressor has a divegent effect on naive and primed
murine PSCs. a)TargetedsiRNA screen for regulators that differentiallytstaze mouse
naive or primed pluripotent cells. Naive Oct4-GFielts or epiblast derived Oct4-GFP+
primed cells were transfected with the indicatelitheéed siRNAs and analyzed after 10
days by FACS for Oct4-GFP levels. Error bars indicad. (n=3)* Indicates t-tesp

value <0.05 relative to matched siRNA control. Gsagdes highlight genes specifically
perturbing the primed, but not naive, murine plotgnt state.
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Discussion
m°A RNA methylation and the decay of naive pluripoteny program

The findings reported herein highlight®#n mRNA methylation as a critical
regulation layer, acting during termination of nm&rinaive pluripotency to safeguard an
efficient, timely and authentic down-regulation o&ive pluripotency network. %
modify and destabilize many of the naive pluripoteanscripts (Fig. 27, Fig. 29, Fig. 35
and Fig. 36). This down-regulation is critical fadequate exiting the naive state and
proper establishment of the primed pluripotentestatd endowing it with competence to
response to developmental cues and undergoes din@aging at the post-implantation
stage. Knockout of Mettl3 and the subsequent mdpletion of A, results in
developmental failure at the early post-implantatsbages (Fig.18-24), and not the pre-
implantation pluripotent epiblast (Fig. 2-3). Themphasizing the fact that°f is
dispensable for establishing the naive ground stéteoluripotency, and is rather
important for terminating that state. These resufiderscore the dramatic importance of

mPA in early mammalian embryogenesis and pluripoteraysitions.

The fact that most of naive-pluripotency promotiggnes are methylated
(Supplementary Table S3) and previous evidencesnifya affects mMRNA degradation
33%ed us to evaluate that in Mettl3-KO in the contefkpluripotent cells. M6A marked
naive pluripotency gene transcripts are indeeddegraded at the expected kinetics.
Since these genes are highly expressed in the saites increased stabilization of their
MRNA molecules prevents the “cellular developmeptalgram” to overtake their place,
which leads to the exaggerated or “hyper-pluriptitphenotype that was observed both
in-vivo and in-vitro (Fig. 42). However it is imp@nt to highlight that G\ does not
exclusively mark pluripotency genes, and regulateéer networks in ESCs and in other
cell types. However, as most of bona fide naiveaiphtency genes are targeted by
Mettl3, this leads to amplification and over-steation of the most dominant
transcriptional circuit in the ground state of ghatency (Fig. 16 — upper panel, Fig. 35
and Fig. 36).
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In normally established wild-type EpiSCs, naiveriplotency genes typically
carrying A are down regulated. Simultaneously®Amiabeled lineage priming gene
transcripts (e.g. Foxa2, Sox17, Fig.28b) are nlyurapregulated in the primed
pluripotent state (Fig. 16). Thus, the outcome @itth depletion has an opposite effect
on naive and primed states (Fig .15 and Fig. 1&eidganel), because in primed cells the
differentiation priming genes are expressed at mhigfner levels, and their further
boosting following Mettl3 depletion pushes the sedbove a critical threshold toward
differentiation (Fig. 42) The latter occurs despite accompanying slight increase in the
weakly expressed pluripotency genes in primedipdtent cells upon Mettl3 depletion.
Notably, it will be of interest to analyZe vivo developmental phenotype where Mettl3 is
specifically depleted only after implantation. Bummary, the outcome of the
pluripotency (de)stabilization can change betweesdimn conditions depending on the
pluripotent state they promote and maintain (naiseprimed). A recent independent
study by Prof. Howard Chang group (Stanfortf)that also analyzed KO of Mettl3 in
mouse ESC reached similar conclusions.
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Figure 42
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Figure 42: Summarizing model.m°A marked mRNA transcripts (blue) are decorated
with a red circle. See discussion for detailed axations and summary.
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Direct and indirect regulatory effects for mM’A on mRNA

Our results point to a dramatic effect for Mettldagion on mMRNA degradation
rate (Fig. 33-36). However, this perturbation hiae a significant effect on other aspects
of mMRNA processing and function in the cell. We wbd that mRNA translation
efficiency is slightly, yet significantly, higheniMettl3-KO cells as shown by two
different statistical methods (Fig. 37-38). Altetima splicing is also directly affected in
our model system by the presence 8Armmethylation in the spliced region (Fig. 39). In
both cases of translation and splicing, the exasthanism by which A has an effect is
yet to be revealed. This is also the case with RidAing. The effect of MettI3-KO on
editing is profound (Fig. 40). In fact, as far ae know, this is the largest reduce of
editing activity, caused by manipulation of a noBAR genes. Unlike the case of
translation and splicing, here the overlap betweadh peak and edited sites is very low,
thus indicating that the effect is like to be imdit. For instance, the latter may be due to
a change in the expression of a double-strand fgngiiotein or ADAR family member,
whose expression is perturbed by depletion & nor by changing in mRNA secondary

structure do to the depletion o

Our findings may set the stage for dissecting tie of nfA in regulating other
programming and reprogramming developmental evemtsivo, and to thoroughly
explore other potential regulatory roles fofArin regulating gene expression. This may
include influencing secondary RNA structure or laadion. It will also be of future
interest to contrast the developmental potency giypes in mice and pluripotent cells
deficient for different combinations of % readers including Ytfdh1, 2,3 and Elavl1.
The latter follow-up studies should also test tigpdthesis whether distinct influences on
different aspects RNA metabolism and processingl@tated by specific readers, and/or
whether mRNA target specificity exists for suchde®. The fact that murine naive
pluripotent cells seem stable to such drastic peation in nfA regulators, is likely to
render them as a key platform for allowing sucldépth mechanistic studies. As such,
our study has emphasized the ability to recapigulad satisfying extenin vivo

developmental phenotypes related t8Anperturbations in multiple in-vitro systems,
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including embryoid bodies formation, teratoma assayd directed differentiation in the

petri dish.

mPA as a dynamic modification between different cellstate

The fact that A mRNA modification is process by a large methyisterase
complex that only several members in it identifyefif8, Mettl14), and the fact that until
now two different A demethylation enzyme also have been identify Emmalian
cells, suggest that this modification have a dymamature. We tested this dynamic
between different cells state, in Pluripotent nanleSC, in early differentiated cells- EB
and in somatic cells —-MEF. It is critical to undarsl that rHA modification is occurring
only on expressed RNA. And even if it expresseccarenot map all of it duo to detection
limitation in low expressed RNA. Therefore, when Woeking for differential MA
methylation site we need to compare between trgmtscthat have similar expression
level between the different samples. When we lobkhes dynamic we can see that
overall, most peaks in ESC and EB were correlatmvever, there were 232 peaks
mapped to 211 genes, in which the change A methylation was not consistent with
the change in expression. When comparing ESC to,MieFobserved lower correlation
and identified 1223 peaks mapped to 916 genesjffefehtial methylation that is not
consistent with the change in expression. (Fig33)l-These finding suggest a dynamic
regulation, in the methyltransferase process or dbmethylation process, on®m
modification between different cell types. It wille interesting to study how this
differential modified gene change their stabilitytanslation efficiency in different cells

type relatively to their methylation status.

Opposing outcomes for defined perturbations in nai@ and primed pluripotent stem
cells

While previous global profiling genomic studies bawdicated transcriptional
and epigenetic differences between naive and prirpkdipotent states, limited

knowledge is available on whether cardinal diffeesexist in their lineage decision
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making that go beyond dependence on distinct siggalathways in response to defined
molecular perturbations. In addition to Mettl3, #jon of multiple epigenetic repressors
was found to promote EpiSC differentiation (Fig.),4but not of naive ESCs. This
includes polycomb components Eed and Suz12, wham been previously shown to be
dispensable for naive murine ESC stability. Theniifieation of Dnmtl, is also
consistent with previous studies showing the DnKBLESCs are viable and naive ESCs
are hypo-methylated, while EpiSCs upregulate DNAhylation towards that of somatic
cells. Dnmtl KO is lethal at the post-implantatistage and Dnmtl KO ESCs can be
from KO blastocysts, reminiscent to the phenotygescribed herein for Mettl3 KO.

The fact that murine naive cells, rather than pdroells, are tolerant to depletion
of epigenetic and transcriptional repressors supgbe concept of naive pluripotency, in
comparison to primed pluripotent and somatic celtssa configuration with a relatively
minimal requirement for epigenetic repression. THneergent responses for naive and
primed pluripotent cells have direct implication patential outcomes when analyzing
potential regulators of pluripotency maintenancd arduction, and possibly should be
routinely taken into account in future studies. Tager may be particularly relevant
when comparing ESCs in expanded in serum contaumgfined conditions and from

different genetic backgrounds.

Finally, we note that conventional human ESCs #matknown to resemble to a
large extent murine EpiSCs, do not tolerate corepdeid permanent ablation of a variety
of epigenetic repressors including METTL3 and DNM{uhpublished observations).
Thus, ability to tolerate ablation of such epigenetpressors may be another one of the
features of naive pluripotency across differentcgse Therefore, it will be of great
interest to evaluate whether newly devised condltitb generate MAPK independent
naive pluripotent cells may allow generation ofrs human pluripotent cell model

systems.
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Supplementary Tables

Supplementary Tables and Legends

Table S1. Summary of m°A peaks in mouse naive ESCs, EBs and MEFs.

*To avoid mistakes due to low coverage, only MACS2-assigned peaks (FC=2.
FDR<5%), that occur in genes with expression level above the lower quartile and were
identified in at least two biological replicates, were considered. **Expressed genes were
considered when RPKM>1 in two replicates. ***Percent of methylated genes was

calculated from the total number of expressed genes.

Category ESC EB MEF
Total # of peaks 11,617 9,282 12,369
Peaks in genes* 10,431 8,356 11,948
Genes with peaks 6,427 5,518 6,273
coding genes 6,331 5,453 5993
non-coding genes 96 65 280
All expressed genes** 12,206 12,392 12,638
% of methylated genes*** 52.7% 44 5% 49.6%

Table S2. Numbers of common and unique m°A peaks in mouse naive ESCs and

EBs.

Common=overlapping peaks: Unique=non-overlapping peaks. * Due to differences in

peak length 7.205 ESC peaks overlap 6,765 in EBs.

# of peaks in

# of genes with

Peak
genes peaks
Common 7,205* 4,756
Unique ESC 3,226 2,703
Unique EB 1,591 1,407
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Table S3. List of pluripotency promoting genes and their m°A mRNA methylation
status. Y= methylated mRNA transcript, N= not methylated mRNA transcript.

Gene ID

Name

ESC

MEF

383491

Prdm14

50764

Fbx15

73703

DppaZ2

16878

Lif

11614

NrOb1

140858

wdr5

14472

Gbx2

20674

Sox2

21432

Tcll

22286

Utf1

22702

Rex1

26380

Esrrb

26424

Nr5a2

353283

Eras

54427

Dnmt3l|

58198

Salll

71950

Nanog

73693

Dppa4

99377

Sall4

12224

KIfS

16598

Klf2

16600

KIf4

16880

Lifr

21386

Tbx3

214133

Tet2

52463

Tetl

209446

Tfe3

66991

Ecatl;Khdc3

20848

Stat3

434423

Dppa5;Esgl

71981

Ecat8

73708

Dppa3

81879

Tfcp2l1

83557

Lin28

18999

Pou5f1

zlz|z|z|z|z|z|z|z|=<|=<|=<|=<|=<|=<|=<|=<|=<|=<|=<|<|=<]|<|=<|<|=<|<]|=<]|<]|=<]|<]|=<]|<]|<]|<
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