1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Cell. Author manuscript; available in PMC 2021 November 19.

-, HHS Public Access
«

Published in final edited form as:
Mol Cell. 2020 November 19; 80(4): 633-647.e7. doi:10.1016/j.molcel.2020.10.026.

Stabilization of ERK-Phosphorylated METTL3 by USP5 Increases
msA Methylation

Hui-Lung Sun12:9, Allen C. Zhul23.9, Yawei Gao?, Hideki Terajimal-2, Qili Feil-2, Shun
Liul:2, Linda Zhangl?, Zijie Zhang':2, Bryan T. Haradal2, Yu-Ying He®, Marc B.
Bissonnette®, Mien-Chie Hung’, Chuan Hel2:8:10.*

1Department of Chemistry and Institute for Biophysical Dynamics, The University of Chicago,
Chicago, IL 60637 USA.

°Howard Hughes Medical Institute, The University of Chicago, Chicago, IL 60637, USA.
SMedical Scientist Training Program, The University of Chicago, Chicago, IL 60637, USA.

4Clinical and Translational Research Center of Shanghai First Maternity and Infant Hospital,
Shanghai Key Laboratory of Signaling and Disease Research, School of Life Sciences and
Technology, Tongji University, Shanghai 200092, China.

SDepartment of Medicine, Section of Dermatology, University of Chicago, Chicago, IL, 60637,
USA.

8Department of Medicine, The University of Chicago, Chicago, IL 60637, USA.
“China Medical University, Taichung 404, Taiwan.

8Department of Biochemistry and Molecular Biology, The University of Chicago, Chicago, IL,
USA.

9These authors contributed equally.

10] ead Contact

Summary

AB-methyladenosine (m8A) is the most abundant MRNA modification, which is installed by the
METTL3-METTL14-WTAP methyltransferase complex. Although the importance of méA
methylation in mRNA dynamics has been well-documented recently, the regulation of méA
machinery remains obscure. Through a genome-wide CRISPR screen, we identify the ERK
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pathway and USPS5 as positive regulators of the m8A pathway. We find that ERK phosphorylates
METTLS3 at S43/S50/S525 and WTAP at S306/S341, followed by deubiquitination by USP5,
resulting in stabilization of the m6A methyltransferase complex. Lack of METTL3/WTAP
phosphorylation reduces decay of m6A-labeled pluripotent factors and traps mouse embryonic
stem cells in the pluripotent state. The same phosphorylation can also be found in ERK-activated
human cancer cells and contribute to tumorigenesis. Overall, our study reveals an unrecognized
function of ERK in regulating m8A methylation.
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Sun et al. demonstrate that activation of the ERK pathway promotes m6A methylation by
phosphorylation of METTL3 and WTAP. Phosphorylation of METTL3 increases interaction with
USPS5, thereby decreasing ubiquitination to stabilize the m®A methyltransferase complex.
Activation of the ERK-METTL3/WTAP signaling axis promotes stem cell differentiation and

tumorigenesis.
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Introduction

Results:

Recent studies have shown that messenger RNA (mRNA) modifications play a critical role
in regulating biological and pathological processes (Frye et al., 2018). Among over 150
known RNA modifications, Af-methyladenosine (m8A) is an evolutionarily conserved and
the most abundant internal MRNA modification in eukaryotic mRNA. m6A is reversibly,
site-selectively installed on mRNA transcripts by “writers,” with a portion that can be
removed by “erasers”. The m6A methylation is mediated by a core complex of three
components: METTL3, METL14, and WTAP (Liu et al., 2014). The crystal structure of the
METTL3 and METTL14 complex suggests that METTL3 is the catalytic component while
METTL14 contributes to substrate RNA binding. WTAP, on the other hand, recruits
METTL3 and METTL14 to nuclear speckles (Ping et al., 2014; Wang et al., 2014b).
Meanwhile, “eraser” proteins FTO and ALKBH5 remove m®A modification (Jia et al., 2011;
Zheng et al., 2013).

Increasing evidence suggests that the m®A modification is involved in the regulation of RNA
splicing, localization, stability, and translation (Shi et al., 2017; Wang et al., 2014a; Wang et
al., 2015; Xiao et al., 2016; Zhou et al., 2019). It has been found that m®A affects numerous
physiological and pathological processes. For example, loss of METTL3 in mouse
embryonic cells (NESCs) depletes m®A and increases stability of certain transcripts such as
Nanog (Batista et al., 2014; Wang et al., 2014b). This impedes decay of pluripotency factors,
thereby delaying proper lineage priming and fate transition, leading to early embryo lethality
(Geula et al., 2015). Furthermore, METTL3 knockdown is known to induce apoptosis
(Dominissini et al., 2012) and METTL3 overexpression can promote tumorigenesis in
multiple cancer types (Barbieri et al., 2017; Cai et al., 2018; Chen et al., 2018; Cheng et al.,
2019; Dahal et al., 2019; Hua et al., 2018; Li et al., 2019; Lin et al., 2016; Liu et al., 2019;
Miao et al., 2019; Taketo et al., 2018; Visvanathan et al., 2018; Vu et al., 2017).

The importance of m8A methylation has been well described, yet gaps in our understanding
of how this process is regulated remain. We therefore used a genome-wide CRISPR screen
to identify regulators of m8A methylation. The biological importance of these regulations
was further studied in mESCs and relevant cancer cells.

ERK Activation Promotes mMRNA m8A Methylation

To identify regulators of mSA RNA methylation, we employed a circular RNA GFP reporter
containing a consensus GGACU motif in HeLa cells. The GFP pre-mRNA transcript is
assembled by back-splicing to generate a circular RNA that joins two exon fragments of
GFP, as depicted in Figure 1A. m8A methylation of the GGACU motifs on the circular RNA
can drive translation initiation of the GFP transcript, producing GFP fluorescence signal.
Consequently, the GFP signal from this circular RNA reporter can be used as a readout of
mOA methylation. Indeed, consistent with a previous report (Yang et al., 2017), circRNA
containing GGACT was translated into GFP, whereas mutation to GGTCT reduced GFP
levels. Co-expression of METTL3 increased GFP expression from the GGACT reporter but
not the GGTCT control (Figure S1A). Furthermore, signal from the GGACT reporter was
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decreased by catalytic mutant D395A METTLS3, as well as SIMETTL3, sSiIMETTL14, and
SIWTAP, but was increased by siFTO and siALKBHS5 (Figure S1A).

Next, we performed a CRISPR knockout-based genomic screen targeting 19,050 genes and
1,864 miRNA (Joung et al., 2017). Combining a CRISPR knockout library with a circular
RNA m8A-GFP reporter allowed us to screen for possible regulators of m8A methylation
(Figure 1B). Knockout of genes that promote or suppress m®A methylation would decrease
or increase translation of the GFP transcript, respectively. Cells with the top and bottom 5%
of GFP expression were therefore collected, followed by high-throughput sequencing in
order to identify negative and positive regulators of mA methylation, respectively. We
compared the genes that were enriched in the low-GFP-expressing and the high-GFP-
expression populations (Table S1). As expected, knockout of METTL3 led to low GFP
signal in the screen (Figure 1C). Interestingly, pathway enrichment analysis of the gRNAs in
low-GFP-expressing cells identified genes involved in the RAS and MAPK signaling
pathways (Figure 1C-D and Table S2). Several hits which are known to activate ERK,
including SHC1, CDC42, MAP3K1, PTPN11, and GRB2, decreased GFP signal from the
GGACT reporter significantly more than the control GGTCT reporter (Figure S1B).

To determine how the RAS/MAPK pathway affects m6A methylation, we investigated the
status of the m8A methyltransferase complex during MAPK pathway activation. A phos-tag
gel (Kinoshita et al., 2006) revealed that constitutively active MEK S218D/S222D, BRAF
V600E, or HER2 V659E, increased the phosphorylation-dependent mobility shift of
METTL3 and WTAP, but not METTL14 (Figure S1C). We further co-transfected a panel of
13 oncogenic kinases, including ATM, ATR, IKK-a, IKK-B, IKK-g, AKT, GSK-38, mTOR,
MEK, CDC2, FAK, EGFR, and HER2 with METTL3 in 293T cells. As shown in Figure
S1D, MEK and HER2, which activate ERK, induced the most significant phosphorylation-
dependent mobility shift of METTL3. We also employed NANOG 3’ UTR, which contains
three mBA consensus RRACT motif sites that mediate the methylation-dependent decay of
NANOG (Zhang et al., 2016), as a readout of the cellular m6A methylation activity.
Mutation of the adenosine residue (AAACT to AATCT, and GGACT to GGTCT) resulted in
increased luciferase activity, suggesting that the mutation prevented methylation and thereby
increased the stability of the luciferase- NANOG 3’-UTR fusion mRNA. We noticed that
overexpression of the m8A methyltransferase complex (METTL3-METTL14-WTAP)
decreased wild type RRACT but not mutant RRTCT reporter expression. Overexpression of
the ERK activators alone decreased WT NANOG 3’UTR reporter expression, and the effect
was enhanced with the m®A methyltransferase complex (Figure S1E). Together, our results
show that the activation of MAPK pathway promotes mMRNA m8A methylation.

ERK Phosphorylates METTL3 and WTAP

To determine how ERK activates m8A methylation, we first tested whether ERK interacts
with the mRNA m®A methyltransferase complex. Co-immunoprecipitation showed that
METTL3 associates with ERK1 and ERK2 upon BRAF transfection (Figure S2A).
Considering that ERK1 and ERK2 are highly similar and possess identical substrate
specificity /n vitro, we focused on ERK2 hereafter because ERK2 expression exceeds ERK1
in most cells. The interaction between ERK2 and WTAP was also observed after RAF
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activation (Figure S2B). The interaction of endogenous ERK2 with METTL3 and WTAP
was observed in A375 cells, a human melanoma cell line with constitutively active ERK due
to a BRAF V600E mutation (Fig 2A). After MEK stimulation, activated ERK translocates
into the cell nucleus to activate nuclear substrates, or forms a dimer to activate cytoplasmic
substrates (Casar et al., 2009). As shown in Figure S2C, ERK activated by BRAF co-
localizes with METTL3 and WTAP in the nucleus, suggesting that METTL3 complex could
be a nuclear substrate of ERK.

ERK displays a specificity for phosphorylation at the serine/threonine-proline (S/T-P) motif.
Since the S/T-P motif is found in many proteins, ERK either uses a common docking
domain (Matsuoka et al.) to bind to a D domain (K/Rg_»-X1_g-¢-X-¢) or uses the F-site
recruitment site (FRS) to bind to the F-site (FX-F/Y-P) (Roskoski, 2012). Analysis using the
Eukaryotic Linear Motif database (http://elm.eu.org) revealed residues 415-421 in METTL3
and residues 71-77 in WTAP as potentially conserved D domains (Figure 2B). We found
that a CD mutant (321N) form of ERK2, but not an FRS mutant (263A) form, abolished its
interaction with METTL3 and WTAP (Figure 2C). Mutational analysis of the putative D
domain residues of METTL3 and WTAP abolished the interaction. Co-IP showed that ERK2
only binds to the myc-tagged domain where the D-domain is located (Figure S2D). These
results support the interaction of ERK with METTL3 and WTAP.

Given the physical interaction between ERK and METTL3, and that calf intestinal alkaline
phosphatase can eliminate the mobility shift induced by ERK (Figure S2E), we examined
whether METTLS3 is a physiological substrate of ERK. /n vitro kinase assay suggests that
ERK directly phosphorylates METTL3 (Figure S2F). We noticed that p38 and JNK, but not
ERKS, phosphorylate METTL3, although not as strongly as ERK2. Mass spectrometry
analysis showed that ERK phosphorylates METTL3 at three highly conserved residues S43,
S50, and S525 (Figure 2D-E). Mutational analysis further confirmed these three sites as
main ERK phosphorylation sites (Figure 2F). There is no available structure for WTAP, and
published studies of the METTL3 structure focus on the SAM-binding and
methyltransferase domains, which cannot provide information for S43 and S50. However,
we noticed that S525 lies on the same face and close to the D Domain of METTLS3 (Fig
S2H). This suggests that the phosphorylation occurs near the ERK binding region.

To investigate METTL3 phosphorylation by ERK inside cells, we raised a polyclonal
antibody that targets S43-phosphorylated METTL3. This antibody recognizes S43-
phosphorylated METTL3 but not a mutant form of METTL3, 3A METTLZ3, in which all
three phosphorylation serine sites are replaced with alanine (Figure S2F). This P-S43
antibody was then used as a tool to monitor METTL3 phosphorylation. The endogenous
METTLS3 phosphorylation can be detected in A375 (BRAF-V600E mutant) and HCT116
(K-Ras-G12D mutant) and abrogated by MEK inhibitor treatment for 1 hour (PD0325901 or
trametinib) (Fig S21-J). Although this antibody is not suitable for immunoprecipitation (data
not shown), phos-tag gels suggested about 80% of endogenous METTL3 was
phosphorylated in A375 and HCT116 and decreased to 40% upon addition of MEK
inhibitors.
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To determine the phosphorylation sites of WTAP, we examined whether mutations of the
S/T-P matif affect the ERK-induced phosphorylation. Among the three S/T-P motifs in
human WTAP (Figure 2G), we found that S306 and S341 are the main ERK
phosphorylation sites of human WTAP (Figure 2H). We noticed that S306 is not conserved
in mouse and rat WTAP orthologs; however, there is a unique S/T-P motif at T298 in mouse
and rat WTAP, which can also be phosphorylated by ERK (Figure S2K). In conclusion, we
show that ERK interacts with and phosphorylates METTL3 and WTAP.

USP5 is Required for ERK-Mediated METTL3 Stabilization

Next, we investigated how ERK-induced phosphorylation increases RNA méA
methyltransferase complex activity. We noticed that ERK activation increased wild-type
(WT) but not 3A METTL3 expression (Figure 2F), and that WT METTL3 stable
transfectants maintained consistently higher expression levels than those of 3A METTL3 in
both mouse ESCs (mMESCs) and human A375 cells. (Figure 3A). This observation suggested
a model in which METTL3 phosphorylation by ERK stabilizes the protein, which could
explain the higher METTLS3 protein level and elevated m8A methylation activity observed
with ERK activation. We then investigated whether ERK activation could affect METTL3
stability and found that inhibition of ERK by PD0325901 increased its ubiquitination at 8-
hour treatment (Figure S3A). Furthermore, the degradation of METTL3 induced by
inhibition of ERK activity was restored by addition of a proteasome inhibitor MG132
(Figure S3B). The ubiquitination level of 3A METTL3 was also higher than that of WT
METTL3 (Figure 3B). To assess more directly the effects of ERK on METTLS3 stability,
cycloheximide was used to suppress protein synthesis and the degradation of METTL3
protein was monitored. As shown in Figure 3C, ERK activation increased the stability of
WT but not non-phosphorylatable 3A METTL3; meanwhile, phospho-mimetic 3E METTL3
showed an increase in stability compared to WT METTLS3.

Since METTL14 is known to stabilize METTL3 (Wang et al., 2016), we investigated
whether phosphorylation of METTL3 by ERK affects METTL3-METTL14 complex
formation. The interaction between METTL3 and METTL14 was not obviously affected by
ERK inhibition treatment for 1 hour (Figure S3C). Moreover, 3A METTL3 also interacts
with METTL14 normally (Figure S3D). Interestingly, we noticed that ERK activation
increased the interaction between METTL3 and WTAP, which became weaker with 3A
METTL3 and was further attenuated with non-phosphorylatable WTAP S306A/S341A (2A)
(Figure S3D). It has been shown that WTAP depletion does not affect METTL3 complex
stability, but rather reduces nuclear localization of METTL3 (Kobayashi et al., 2018; Ping et
al., 2014). Consistent with previous reports, knockdown of WTAP decreased nuclear
METTLS3 (Figure S3E). Considering the interaction between METTL3 and WTAP was
attenuated by non-phosphorylatable mutant forms, cellular fractionation and
immunostaining was used to examine METTL3. As shown in Figure S3F-G, nuclear
METTL3 was markedly reduced in cells expressing 3A METTL3 and 2A WTAP.

To gain further insight into how ERK phosphorylation decreases METTL3 ubiquitination,
we examined whether any ubiquitin ligases or deubiquitinases were identified in our
CRISPR-based genomic screen. Since the top hits identify regulators of GGACT reporter
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mOA methylation rather than just METTL3, not all hits—namely, USP43, USP15, or USP7
(Table S1, top 1000 sgRNAs)—affected METTL3 expression level (Figure S4A). However,
we found knockdown of USP5 and USP1 (Rank 2845 and 2339) decreased METTL3 in
A375 (Figure S4B). Commercially available USP1 inhibitor SIB3-019A and USP5 inhibitor
EOAI3402143 (EOALI) also decreased METTL3 (Figure S4C). Considering USP5 is
implicated in a wide range of pathological processes and had the most pronounced effect on
METTLS3, we chose to further investigate it.

We first investigated whether phosphorylation of METTL3 in the presence of activated
BRAF affects the METTL3-USP5 interaction. We noticed that ERK activation increased the
interaction between METTL3 and USP5, which became weaker with phospho-defective
mutant S43A, S50A, S525A, and fully attenuated when all three sites were mutated (Figure
3D). We also noticed that 3E METTL3 binds to USP5 more strongly. Interestingly, BRAF
expression further promoted 3E METTL3-USP5 interaction and increased its expression.
This suggests that BRAF may also affect USP5 activity. It has been demonstrated that USP5
activity was increased in cells expressing BRAF V600E (Potu et al., 2014). We further find
that ERK activation by BRAF promoted USP5 translocation into the nucleus to colocalize
with METTL3 (Figure S4D). USP5 is a large protein composed of five specific domains,
including the cryptic ZnF domain, ZnF domain, C-box domain, UBA1/UBA2 domain, and
H-box domain. To define which domain was critical for the action of USP5 on METTL3,
constructs of these domains were co-transfected with METTL3. The IP assay suggested that
METTL3 binds more strongly to the cryptic ZnF domain compared to the C-box domain and
H-box domain (Figure S4E). On the other hand, USP5 binds to the methyltransferase
domain of METTL3 (Figure S4F). Reciprocal IP confirmed the endogenous METTL3-USP5
interaction, which was inhibited by MEK inhibitor (Figure S4G). Lastly, ERK-
phosphorylated or phosphomimetic 3E METTL3 displayed greater stability upon USP5
inhibitor EOAI treatment (Figure S4H). Taken together, these results suggest that ERK
activation translocates USP5 to the cell nucleus, which interacts with phosphorylated
METTL3 to promote its stability.

Because USPS5 is an enzyme that could prevent protein ubiquitination, we further examined
whether USP5 stabilizes METTL3 through deubiquitination (Figure 3E). Overexpression of
wild-type but not catalytically dead C335A USP5 decreased ubiquitination and stabilized
METTLS3. Furthermore, /n vitro addition of USP5 reduced EOAI-induced METTL3
ubiquitination (Figure S41), suggesting that METTLS3 is a direct substrate of USP5. To
identify ubiquitin ligases that contribute to USP5 inhibition-induced degradation of
METTL3, we searched consensus motif and physical association databases, as well as our
CRISPR-based genomic screen. METTL3 contains an SPOP-binding consensus motif and
COP1-binding destruction motif (http://elm.eu.org). It also interacts with TRIM28, HUWEL,
and UBRS (https://thebiogrid.org), and may be ubiquitinated by SMURF1 (http://
ubibrowser.ncpsh.org). Finally, we identified FBXWS8, FBXW12, SPOPL, TRIM2, and
ANAPCI as negative regulators of mA methylation from our CRISPR screen. To find
ubiquitin ligases involved in METTL3 degradation, A375 cells with USP5 knockdown were
further transfected with siRNA targeting ubiquitin ligases. Knockdown of SPOP, TRIM28,
or ANAPC1 partially abolished USP5 inhibition-mediated METTL3 degradation (Figure
3F). Because SPOP is a well-known tumor suppressor and localizes to nuclear speckles
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(where the m8A methyltransferase localizes), we tested an SPOP inhibitor, SPOP-IN-6b,
which was able to partially reverse EOAI-induced ubiquitination and degradation of
METTL3 (Figure S4J-K). Lastly, we were interested in what type of ubiquitin linkages that
the USP5 inhibition induced. USP5 has been shown to cleave multiple types of
polyubiquitin linkage, including K6, K11, K29, K48 and K63 (Avvakumov et al., 2012;
Raasi et al., 2005). We observed K11, K48 and K63-linked polyubiquitination on METTL3
after USP5 knockdown. Furthermore, knockdown of ANAPC1 and SPOP decreased K11
and K48 ubiquitination, respectively (Figure S4L). In summary, these results suggest that
USP5 stabilizes METTL3 through deubiquitination.

Phosphorylation of METTL3/WTAP by ERK Facilitates Resolution of Pluripotency

Autocrine FGF4 is reported to be the major stimulus for ERK signaling in mESCs.
Interference with FGFR or ERK activity impeded the ability of mESCs to undergo
differentiation and retain expression of pluripotency factors including Manog. We observed
that p-43 METTL3 phosphorylation was enhanced by FGF4 and reduced by MEK inhibitor
PD0325901 or FGFR1 inhibitor PD173074 (Figure S5A). Because both ERK activation and
METTLS3 expression have been reported to be required for mESCs to exit the pluripotent
state upon differentiation, we further investigated whether phosphorylation of METTL3/
WTAP affects mESCs fate. We introduced TetOn-shWTAP into METTL3-KO mESCs to
tune endogenous WTAP expression. Cells were then transduced with WT or a phospho-
inactive mutant of CuO-METTL3-T2A-WTAP constructs. With 50 pg/ml cumate, the
expression level of exogenous R-WT METTL3 is comparable to that of endogenous
METTL3 and we noticed that 3A METTL3 expression is consistently lower than that of WT
(Figure S5B). Quantification of m%A by LC-MS/MS showed a synergistic reduction of 3A
METTL3 and 2A WTAP (Figure 4A). We then examined whether pluripotency of mESCs
expressing R-3A2A was affected. R-3A2A mESCs exhibited higher stage specific
embryonic antigen 1 (SSEA-1) expression (Figure S5C) and increased proliferation (Figure
4B). These observations support the notion that loss of METTL3 and WTAP
phosphorylation trap mESCs in the pluripotent state.

Mettl3-deficient mESCs fail to exit pluripotency despite differentiation cues, likely because
loss of m8A impedes the degradation of pluripotency-promoting transcripts. We
subsequently examined reported m8A-methylated pluripotency factor transcripts, including
Nanog, Zfp42, KIf2, Sox2, and LeftyI (Batista et al., 2014; Bertero et al., 2018; Geula et al.,
2015). Pou5f1, which does not harbor any m8A modification, was also used as a negative
control. mbA-RIP-gPCR confirmed decreased m8A (Figure 4C) and RT-qPCR indicated
upregulation (Figure 4D) of these m®A-labeled pluripotency transcripts in R-3A2A mESCs.
Furthermore, after transcription arrest by actinomycin D treatment, these transcripts showed
delayed turnover in R-3A2A (Figure S5D). These findings suggest that METTL3
phosphorylation controls the level of critical pluripotency regulators. Considering ERK
activation is the primary stimulus for mESCs to exit self-renewal and acquire competence of
differentiation (Kunath et al., 2007), we then compared the capacity for differentiation by
transferring mESCs to differentiation media for embryoid bodies (EBs). R-3A2A mESCs
generated smaller EB spheres (Figure S5E), failed to repress pluripotent genes, and
adequately up-regulated developmental markers (Figure 4E). Lastly, because ERK activation
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controls the transition from the primitive ectoderm-like cell state to a neural progenitor cell
state, we tested whether METTL3 phosphorylation could affect differentiation towards a
neural lineage. As shown in Figure S5F, even upon induction of differentiation, R-3A2A
mMESCs continued to express Nanog and failed to upregulate primary neural markers SoxI
and Aestin. These results support the notion that ERK-dependent phosphorylation of
METTL3 and WTAP promotes mESC differentiation.

Transcripts Affected by Phosphorylation of Methyltransferase Complex in mESCs

To gain further insight into how the phosphorylation of the m8A methyltransferase complex
affects the m®A-modified transcripts, we mapped the m8A methylome in mESCs.
Comparison of the R-WT with R-3A2A mESCs revealed a global loss of methylation sites
(Figure 5A). Consistent with previous m8A-seq results (Dominissini et al., 2012; Meyer et
al., 2012), the m®A peaks identified are enriched near the start and stop codons and were
characterized by the canonical GGACU motifs (Figure S6A-B). Using our in-house R-
package “MeRIPtools,” which tests for m8A-IP enrichment using a binomial-distribution-
based model, we found 7,591 m8A peaks that exhibited a significant decrease in the R-3A2A
cells compared to the R-WT cells (Figure 5B, Table S3), such as modification sites in
Nanog, Leftyl, and Zfo219 (Figure 5C). The genes showing decreased m6A methylation
significantly overlap with those in functional gene sets important for pluripotency, including
targets of NANOG and MY C (Figure S6C). The transcripts exhibiting differential
methylation were consistent between replicates (Figure S6D). Furthermore, the transcripts
showing decreased m®A methylation (Figure 5D) and differential expression (Figure 5E)
were enriched for gene ontology (GO) terms related to pluripotency and mRNA processing.
Importantly, many of the genes involved in pluripotency showed reduced m8A methylation
in R-3A2A when compared with R-WT mESCs (Figure 5F).

To expand our observation of pathways that are enriched when comparing R-WT and
R-3A2A mESCs, we performed a functional class scoring approach (gene-set enrichment
analysis, GSEA) in addition to GO analysis. GSEA showed enrichment of histone binding
proteins (Figure S6E, Table S4). Considering that it has been reported that m6A regulates
histone modifications in part by destabilizing mRNA of histone-modifying enzymes (Wang
et al., 2018), we used an ELISA kit to compare 21 different Histone H3 modifications.
H3K27me3 showed the most dramatic changes (Figure S6F) and we detected reduced m6A
peaks in several components of the PRC2 complex mRNA (Figure S6G). These results
suggest phosphorylation of the m8A methyltransferase complex decreases H3K27me3
partially by regulating the PRC2 complex.

Phosphorylation of the méA Methyltransferase Complex May Affect Tumorigenesis

As one of the most frequently mutated signaling pathways in cancer, the
RAS/RAF/MEKI/ERK signaling cascade has long been viewed as a promising target for
cancer therapy (Liu et al., 2018a). Given that phosphorylation of the m®A methyltransferase
complex by ERK facilitates resolution of pluripotency in mESCs, we further investigated
whether the m8A methyltransferase complex can be similarly regulated in certain cancer
cells. Using CancerMine (Lever et al., 2019), a literature-mined resource, we summarized
that METTL3 could behave as an oncogene in many cancer types (Figure S7A).

Mol Cell. Author manuscript; available in PMC 2021 November 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal.

Page 10

We first examined melanoma due to the high prevalence of constitutively active BRAF
V600E mutation (50-60%) and clinical success with BRAF and MEK inhibitors
(Schadendorf et al., 2018). The m°A levels on mRNA are higher in MEL-624 and A375
cells, which harbor a BRAF V600E mutation (Fig S7B). As expected, the stability of the
mBA methyltransferase complex was reduced in the R-3A2A A375 cells (Figure 6A), which
contributed to the overall lower m8A level on mRNA (Figure 6B). MEK inhibitors
PD0325901 and trametinib were found to reduce the protein levels of the mSA
methyltransferase complex at 8 hours (Figure 6C) and the overall mMRNA mSA levels at 48
hours (Figure 6D) in A375 melanoma cells. In addition, these two MEK inhibitors also
decreased m8A methyltransferase complex level in HCT-116 cells, which is a colon cancer
line that possesses the most common KRAS mutation (G12D) (Figure S7C).

Because knockdown of USP5 increases METTL3 in A375 melanoma cells (Figure S5B), we
assessed the potential clinical relevance of USP5. Interestingly, melanoma patients with high
USP5 had shorter overall survival (Figure S7D). Two structurally unrelated USP5 inhibitors,
EOAI3402143 and vialinin, were employed to evaluate the effect of USP5 on the METTL3
level in melanoma cells. We found that these two USP5 inhibitors increased ubiquitination
of METTLS, resulting in decreased METTL3 protein level (Figure 6E and S7TE-F).
Furthermore, MEK inhibition, R-3A2A, or METTL3-WTAP knockdown can sensitize
melanoma and colon cancer cells to USP5 inhibition (Figure 6F and S7G), supporting the
connection between USP5 and METTLS3.

Lastly, considering that HER2 expression phosphorylates METTL3 and WTAP (Figure S1C
and S7H) and m®A levels are higher in the HER2-overexpressed SKBR3 and BT474 cells
(Figure S71), we investigated whether inhibition of HER2 could affect mSA methylation.
Two HER? inhibitors, tucatinib and lapatinib, could reduce METTLS3 protein level at 8 hours
and cellular mMRNA m®A methylation at 48 hours in HER2-positive breast cancer (Figure 6G
and 6H). Overall, our data support that ERK-dependent METTL3 stabilization affects
cellular mRNA m®8A methylation which could contribute to tumorigenesis. More focused
cancer studies are required to assess the effects and scope of such a regulatory mechanism in
the future.

Discussion

m8A RNA methylation plays crucial roles in regulating RNA metabolism. While many
studies have shown the importance of METTLS3 (Batista et al., 2014; Choe et al., 2018;
Geula et al., 2015; Lin et al., 2016; Liu et al., 2018b; Wang et al., 2014b), few have shown
how the methyltransferase complex itself is regulated. Here, we identify an ERK-METTL3/
WTAP signaling axis that regulates mESCs differentiation and potentially affects
tumorigenesis. Initially, we deployed a genome-wide CRISPR screen using an m6A
methylation-dependent GFP reporter. RAS and MAPK pathways were identified as the top
pathways in the positive regulation of m8A methylation. Biochemical studies showed that
ERK proteins could phosphorylate METTL3 on S43/S50/S525 and WTAP at S306/S341.
We also found that phosphorylation of METTL3 decreases METTL3 ubiquitination through
interaction with USP5. These findings explain elevated m®A levels on mRNA upon ERK
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activation. This pathway underlines a previously unrecognized effect of ERK activation
through RNA methylation during differentiation of pluripotent mESCs (Figure 7).

Phosphorylation of METTL3 and Potential Effects

Our studies reveal METTL3 phosphorylation by ATM and ATR (Figure S1D).
Phosphoproteomic studies of ATM/ATR substrates have previously uncovered that, in
response to DNA damage, METTL3 was phosphorylated at residues S350 and T356 in an
ATM-dependent manner (Matsuoka et al., 2007). Furthermore, phosphorylation of METTL3
was found to be an early responder to DNA damage (Bennetzen et al., 2010). Considering
that m8A rapidly accumulates at UV-irradiated sites (Xiang et al., 2017) and lack of
METTL3 catalytic activity delays DNA repair and Pol x-mediated response to UV DNA
damage, it would be interesting to explore the role of ATM/ATR-induced METTL3
phosphorylation in the future. In addition, /n7 vitrokinase assay showed that certain stress-
activated MAP kinase, p38 and JNK, can also phosphorylate METTL3. Interestingly,
METTL3 has previously been linked to MAPK signaling. In dendritic cells, dental pulp stem
cells, or intestinal epithelia, depletion of METTLS3 leads to reduced phosphorylation of p38,
ERK, and JNK (Feng et al., 2018; Wang et al., 2019; Zong et al., 2019); whereas
phosphorylation is increased in osteoblasts and colorectal cancer cells (Deng et al., 2019;
Zhang et al., 2019a). Although effects of METTL3 on MAPKSs may vary based on cell type,
taken together, these data suggest potential feedback loop mechanisms between METTL3
and MAPK pathways.

Our phosphorylation studies estimated the relative levels of phosphorylated and non-
phosphorylated METTL3. We noticed that trametinib was more effective than PD0325901 in
decreasing the mobility shift of METTL3 in A375 cells, although these two MEK inhibitors
inhibited ERK activation and METTL3 S43 phosphorylation equally well (Figure S3H).
Trametinib is known to inhibit the proliferation of BRAF V600E cells with lower IC50 than
PD0325901, even though they had similar potency against MEKZ1 /in vitro. Part of the reason
is that trametinib inhibits the CRAF-driven signaling more effectively than PD0325901 (L.ito
et al., 2014). We observed that CRAF phosphorylates METTL3 and leads to an additional
band in the 3A METTL3 mutant, when comparing to MEK and BRAF expression (data not
shown). Therefore, we propose that the more potent effect of trametinib could be partially
due to CRAF inhibition. Although the RAF family of enzymes are canonically depicted as
activators of MEK, they carry out additional functions as well. BRAF is the most potent
MEK activator /n vivo, whereas ARAF and CRAF interact with several other proteins in a
MEK:-independent manner (Desideri et al., 2015; Leicht et al., 2007). Interestingly, ARAF is
also detected in our CRISPR screen (Figure 1C). How ARAF and CRAF affect METTL3
through MEK-independent signaling pathway still needs future investigation.

Ubiquitin Ligases and Ubiquitin Linkages of METTL3

To systemically study the regulation of METTL3 ubiquitination, we plan to construct a
reporter encoding both DsRed and EGFP-METTL3, which allows us to use EGFP:DSRED
ratio as an indicator of the stability of METTL3 in the future (Yen et al., 2008). CRISPR
activation (CRISPRa) and CRISPR inhibition (CRISPRI) screens, which focus on
proteostasis, could be used to identify ubiquitin ligases and deubiquitinases for METTL3. In
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the current study, we found that SPOP, ANAPC1, and TRIM28 promote degradation of
METTL3, while USP5 reverses this process. A previous study showed that TRIM28
immunoprecipitated with METTL3, METTL14, and WTAP (Yue et al., 2018), which raised
the possibility that TRIM28 could be a component of the m8A writer complex. SPOP is
known to mediate K48-linked ubiquitination and proteasome degradation of various
substrates, such as estrogen receptors, PTEN, BRD4, MyD88, and PD-L1 (Wei et al., 2018).
Interestingly, when SPOP oligomerizes with increased cellular level, it localizes to nuclear
speckles (Marzahn et al., 2016), where METTL3-WTAP is located.

We observed K11, K48 and K63-linked polyubiquitination on METTL3 after USP5
knockdown. We also found that K11 ubiquitination of METTL3 can be elevated by USP5
inhibition and attenuated by ANAPCL1 (subunit of anaphase-promoting complex, APC)
knockdown. APC is the major E3 ligase that assembles K11-linked ubiquitin chain to drive
proteasomal degradation and mitotic exit (Wickliffe et al., 2011). The abundance of K11
linkage strongly increases when APC is active during mitosis. In accordance with our
observation, recently it was found that METTL3 is significantly downregulated during M
phase (Fei et al., 2020). Elucidation of the post-translational and proteolysis degradation of
METTLS3 during cell cycle may shed further insights on how METTLS3 contributes to normal
cell differentiation and tumorigenesis.

METTL3/WTAP Phosphorylation by ERK is Important for mESCs Differentiation

Consistent with previous observations (Batista et al., 2014; Geula et al., 2015), our m6A-seq
data revealed extensive mMRNA m8A methylation in mESCs. Differentially methylated
transcripts upon loss of METTL3/WTAP phosphorylation are enriched for genes involved in
pluripotency and RNA processing, like those found in METTL3 KO studies. Our report
suggests that ERK activation increases m8A methylation on key pluripotent transcripts, thus
contributing to their decay. Tuning the phosphorylation state of METTL3 could be an
effective post-translational way to adjust global MRNA m®A methylation.

While we found that phosphorylation of METTLS3 affects its interaction with WTAP and
USP5, interaction with other binding partners could also be affected. For instance,
SMAD2/3 interacts with the METTL3-METT14-WTAP complex to promote méA binding
to particular transcripts in mESCs (Bertero et al., 2018). ZFP217 has also been found to
sequester METTLS3, thereby restricting m6A methylation of certain transcripts in ESCs
(Aguilo et al., 2015). It would be interesting to determine whether METTL3
phosphorylation affects interaction with SMAD2/3 or ZFP217 in mESCs, which could
further explain how phosphorylation of m6A writer proteins can affect methylation of core
pluripotency factor transcripts.

Other Pathways that May Regulate RNA m6A Methylation

While our study sheds light on ERK phosphorylation of METTLS3, other questions remain.
First, what are other pathways that could regulate m6A methylation? Pathways identified
from Gene Ontology enrichment analysis for genes that promote m®A include transcriptional
regulation by TP53 and HIF-1 signaling. The same analysis for genes that apparently
suppress m8A include sphingosine-1-phosphate receptor signaling and protein targeting to
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mitochondria (data not shown). Modulation of activity for these pathways may reveal more
regulators of m6A methylation.

Second, how does the interplay between different post-translational modifications of
METTL3 affect its activity? METTL3 is not only phosphorylated but also SUMOylated (Du
etal., 2018). SUMOylation of METTL3 reduces its methyltransferase activity, thereby
lowering m®A abundance. Intriguingly, MAPK activation can modulate SUMOylation;
specifically, ERK activation de-SUMOylates the EIk-1 transcription factor (Yang et al.,
2003; Yang and Sharrocks, 2010). It would be interesting to further explore whether
METTL3 phosphorylation affects SUMOQylation level.

Overall, our study sheds light on a signaling relationship between ERK pathway and m6A
methylation. Several challenges remain in understanding how cells regulate méA
methylation spatiotemporally, as well as which transcripts are methylated. The post-
translational regulation of m8A writers, readers, and erasers may provide insight for these
questions and could be an important factor in affecting the m6A epitranscriptome.

Limitations

While our results support a model in which ERK phosphorylates m8A methyltransferase
components METTL3 and WTAP, leading to stabilization by USP5, our study is not without
potential caveats. For instance, although we were able to identify ERK as an m®A regulator,
we noticed that not all known mBA regulatory proteins were among the top-ranked gene in
our genome-wide CRISPR screen. Part of the reason might be due to the use of a circular
RNA reporter in our screen. How m8A is installed on circRNA and how it affects translation
could be different from mRNA. For example, YTHDF1 is not involved in the translation of
circRNA (Di Timoteo et al., 2020). However, our targeted knockdown of METTL3,
METTL14, WTAP, ALKBHS5, and FTO did show expected reporter responses (Figure S1A).

We also showed that METTLS3 can bind to USP5, and that this binding is promoted by ERK-
mediated phosphorylation. This may be an example of how phosphorylation sites act as
switches to regulate protein-protein interactions (Jin and Pawson, 2012). Based on
expression of different USP5 protein domains, METTL3 appears to bind most strongly to
the cryptic ZnF domain, which possesses multiple positively charged residues on the domain
surface. Although there is no structure for WTAP and currently available structural data of
METTL3 do not contain S43 and S50, prediction software (Sanchez-Garcia et al., 2019)
suggests that METTL3 R523 is involved in the interaction with USP5. Its proximity to S525
likely suggests that S525 phosphorylation may increase binding affinity to a positively
charged region of USP5. These findings would be strengthened with structural studies
showing the binding site for USP5 on METTLS3, as well as the phospho-sites of the
METTL3-METTL14-WTAP structure.
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STAR METHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to the Lead Contact, Chuan He (chuanhe@uchicago.edu).

Materials Availability—Antibodies targeting the Ser43 phosphorylation of METTL3 were
generated in collaboration with Lifetein LLC. There are restrictions to the availability of the
anti-Ser43 phosphorylated METTL3 antibody due to the lack of an external centralized
repository for its distribution and our need to maintain the stock. We are glad to share the
antibody with reasonable compensation by requestor for its processing and shipping. All
other unique/stable reagents generated in this study are available from the Lead Contact
without restriction.

Data and Code Availability—The CRISPR screening and m®A-seq data generated
during this study are available at GSE138776. The human data for the skin cutaneous
melanoma (SKCM) was derived from the The Cancer Genome Atlas (TCGA).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

MESC culture and differentiation—mESCs were generated, maintained, and
differentiated essentially as previously described (Geula et al., 2015). METTL3 knockout
mESCs were Kindly provided by Dr. Howard Y. Chang (Stanford University) and regularly
tested negatively for mycoplasma contamination. Established ESC clones were genotyped
by PCR and validated as METTL3-deficient by gPCR and Western blot. mESCs were
cultured on mitomycin C-treated mouse embryonic fibroblasts in ES medium containing
DMEM supplemented with 15% FBS, 1 mM L-glutamine, 0.1 mM mercaptoethanol, 1%
non-essential amino acid, 1% penicillin/streptomycin, nucleosides 1,000 U /ml leukemia
inhibitory factor, 3 uM CHIR99021 and 1 uM PD0325901. To observe the phenotype of
METTL3-KO derived stable transfectants, 2ug/ml doxycycline were added to knock down
WTAP through TetOn-shWTAP, 50 ug/ml cumate were added to induce CuO-METTL3-
T2A-WTAP expression, and PD0325901 was removed from the medium to be able to
compare the difference between WT and 3A2A. For embryoid body (EB) differentiation,
5x10% ESC were disaggregated with trypsin and transferred to non-adherent suspension
culture dishes and cultured in MEF medium (DMEM supplemented with 1% L-Glutamine,
1% Non-essential amino acids, 1% penicillin/streptomycin and 15% FBS) for 8 days. The
serum-free neural induction protocol was applied as described (Ying et al., 2003). ES cells
were plated in 6-well plates at a density of 1.5X10° cells/well in N2B27 medium with LIF
(100 units/ml). The next day (day 0), the medium was changed to N2B27 without LIF.
Medium was renewed daily thereafter.

Cell Culture—HeLa, 293T, 293TN, A375, CHL-1, MEL-624 cells were maintained in
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. MCF-7, T47D,
SKBR3, and HCT-116 cells were maintained in RPMI supplemented with 10% FBS and 1%
penicillin/streptomycin. BT474 cells were maintained in RPMI supplemented with 20% FBS
and 1% penicillin/streptomycin. To observe the phenotype of stable transfectants, 2 pg/ml
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doxycycline was added to knock down WTAP and METTL3, while 50 pg/ml cumate was
added to induce CuO-METTL3-T2A-WTAP expression.

METHOD DETAILS

Plasmids—The circRNA reporters containing split GFP with a m8A motif were kindly
provided by Z. Wang (Chinese Academy of Science, Shanghai, China) and subcloned into
pCDH-CMV-MCS-EF1a-RFP (System Biosciences, CD512B-1). The CRISPR knockout
pooled library (#1000000048), METTL3 (#53739), METTL14 (#53740), WTAP (#53741),
pKMyc (#19400), Flag-ATM (#31985), ATR (#31611), Flag-IKKe (#26201), HA-GSK-3p
(#14754), ERK1 (#23509), ERK2 (#23498), B-Raf V600E (#17544), HA-Ubiquitin
(#17608), Ubiquitin-KO (#17603), Ubiquitin-K6 (#22900), Ubiquitin-K11 (#22901),
Ubiquitin-K27 (#22902), Ubiquitin-K29 (#22903), Ubiquitin-K33 (#17603), Ubiquitin-48
(#17605), Ubiquitin-K63 (#17606), pMD2.G (#12259) and psPAX2 (#12260) were ordered
from Addgene. Flag-IKKa, Flag-1IKKB, HA-AKT, Flag-mTOR, HA-MEKDD, HA-CDC2,
FAK, EGFR, HER2 V659E, pCMV5-HA, and pCMV5-Flag were kindly provided by M.C.
Hung (China Medical University, Taichung, Taiwan). pLightSwitch R01_3’UTR and
NANOG 3’UTR were ordered from Switchgear Genomics. Mouse METTL3 (MR209093),
mouse WTAP (MR216877), and human USP5 (RC224191) were purchased from OriGene.
METTLS3 (human and mice), METTL14, and WTAP were subcloned into pKMyc,
METTL14 was subcloned into pCMV5-HA, and WTAP (human and mice), ERK1, ERK2,
and USP5 were cloned into pCMV5-Flag. All mutants were generated using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene). The annealed SAMETTL3
(TRCNO0000289742), shWTAP (TRCN0000231424-human, TRCN0000124351-mice)
specific targeted sequence was inserted into Tet-pLKO-puro (Addgene, #21915). Myc-
METTL3-T2A-Flag-WTAP was cloned into pCDH-CuO-MCS-EF1a-RFP (System
Biosciences, QM512B-1). pCDG-EFla-CymR-T2A-Neo (QM400PA-2) for the cumate
suppressor was ordered from System Biosciences. Human METTL3 was subcloned into the
pLenti-DsRed IRES_SNCA:EGFP lentiviral reporter (Addgene, #92195), after removing
the SNCA gene from the plasmid in order to form a pLenti-DsRed-IRES-METTL3-EGFP
reporter.

Transfection and Virus Production—For transient transfection, cells were transfected
by Lipofectamine 2000 as previously described (Lee et al., 2007). Briefly, cells were seeded
24 hours before transfection, and the plasmid(s) and Lipofectamine reagent were combined
in Opti-MEM media. Media was then replaced with regular media without antibiotics 6
hours later. For lentivirus production, a lentiviral construct ()CDH-CMV-MCS-EFla-RFP
plasmids for overexpressing circRNA-GFP, Tet-pLKO-puro for inducible knockdown of
METTL3 or WTAP, pCDG-EF1a-CymR-T2A-Neo for cumate repressor, pPCDH-CuO-
MCS-EFla-RFP for inducible overexpression of METTL3-T2A-WTAP, or pLenti-DsRed-
IRES-METTL3-EGFP as METTL3 protein stability reporter) together with pMD2.G and
psPAX2 were co-transfected into 293TN cells (System Biosciences). Viruses were
concentrated by the PEG-it Virus Precipitation Solution and used for infecting cells in the
presence of TransDux (System Biosciences). Pools of stable transfectants were selected by
antibiotics or sorted by flow cytometry. Doxycycline (0.5 pg/mL) was used to induce shRNA
while cumate (50 pg/mL) was used to induce shRNA-resistant cDNA expression.
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Luciferase Reporter Assay—The luciferase plasmid LightSwitch 3’UTR Reporter,
containing the NMANOG 3’UTR or random negative control R0O1_3’UTR (Switchgear
Genomics) was co-transfected with the m6A writer complex and ERK-activated kinase into
HeLa cells for two days. NANOG wild type RRACT 3’UTR reporter was mutated at 46A,
397A, and 743A (*AAACT48, 35GGACT39, 4IAAACT#%) to form a mutant RRTCT
3’UTR reporter. Luciferase expression was measured using the Luciferase Assay System
according to the commercial protocol (Promega). NANOG 3’UTR luciferase activity was
normalized to cells transfected with R01_3’UTR.

Flow Cytometry—Flow cytometry analysis was conducted on BD LSR Fortessa, and cell
sorting was conducted on BD FACSAria Fusion. For SSEA-1 expression, cells were
disaggregated with trypsin, blocked with TruStain FcX (BioLegend) then incubated with
anti-SSEA-1 (BioLegend) in cell staining buffer (BioLegend).

CRISPR Screen—The genome-wide CRISPR-Cas9 gene knockdown screen was
accomplished using GeCKOv2 gene knockout library following a published protocol (Joung
etal., 2017). Briefly, the GeCKOV?2 library was amplified in Endura electrocompetent cells
(Lucigen) then co-transfected with pMD2.G and psPAX2 into 293TN cells to produce a
lentiviral library. HeLa-circGFP cells were infected at 0.3 MOI for 3 days, then selected
with 2 pg/ml puromycin for 1 week before flow cytometry sorting. Genomes of harvested
cells were extracted by Quick-gDNA MidiPrep (Zymo). sgRNA after PCR amplification
was sent to the University of Chicago Genomics Facility to be sequenced on Illumina HiSeq
4000 in single-end read mode. RIGER was used to analyze the sequencing results. To obtain
the ranked difference plot, sgRNAs were ranked according to the difference between number
of reads in low and high GFP populations. The top 1% of the sgRNAs that ranked with the
greatest difference were selected for gene ontology enrichment analysis.

Immunoprecipitation, immunoblotting, in vitro kinase and deubiquitination
assay—Immunoprecipitation (Jin et al.) and immunaoblotting (1B) were performed as
previously described (Sun et al., 2016). In brief, protein samples were isolated from
respective cells by lysis in RIPA buffer (1% Triton X-100, 150 mM NaCl, 20 mM NayPO4,
pH 7.4) containing Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific).
Subsequently, a BCA assay (Thermo Scientific) was used to determine the protein
concentrations. For IP, indicated antibody and protein A/G magnetic beads (Thermo
Scientific) were incubated with lysate at 4°C overnight, followed by washing and elution
with sample buffer (Bio-Rad). Equal amounts of protein were separated by SDS-PAGE
followed by wet transfer to PVVDF membranes. Blots were blocked with 5% non-fat milk or
BSA and incubated with respective primary antibody at 4°C overnight. Primary antibodies
were detected by HRP-linked secondary antibodies (Cell Signaling) together with
SuperSignal West Pico Plus chemiluminescent substrate (Thermo Scientific) and imaged in
a FluorChem R system (ProteinSimple). Densitometry calculations are calculated using
ImageJ. To measure protein stability, cells were treated with 50 ug/mL cycloheximide
(CHX) and harvested at 0, 6, and 12 hr.

Phosphate-affinity gel electrophoresis was performed in gels containing 60 uM MnCl,, and
30 pM acrylamide-pendant Phos-tag ligand (AAL-107, Wako Chemicals). For /n vitro
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kinase assays, recombinant full-length kinase expressed in E. coli cells with an N-terminal
GST tag, and N-terminal GST-tagged human METTL3/METTL14 complex expressed in Sf9
insect cells were purchased from SignalChem. Active kinase was diluted in Kinase Dilution
Buffer 111 (SignalChem) and incubated with METTL3/METTL14 at 30°C for 15 min. The
reaction was stopped by the addition of the sample buffer then analyzed by IB. For /n vitro
deubiquitination, 293T cells transfected with HA-ubiquitin were treated with 10 uM
MG-132 and 10 uM EOAI3402143 for 8 hr. IP-purified METTL3 were incubated without or
with purified USP5 (SignalChem) in deubiquitination buffer (SignalChem) following
commercial protocol.

Confocal Microscopy—For confocal microscopy, cells after treatments were fixed in 4%
paraformaldehyde, permeabilized with 0.5% Triton X-100, blocked with 5% bovine serum
albumin, incubated with primary antibodies overnight at 4°C followed by incubation with
the appropriate secondary antibody tagged with Alexa 488 or Alexa 568 (Molecular Probes).
Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) before mounting. Confocal
fluorescence images were captured using Olympus FVV1000 confocal spectral microscope.

Mass Spectrometry—To identify phosphorylation sites of METTL3, METTL3
precipitated from 293T cells co-transfected with myc-METTL3 and B-Raf V600E was
analyzed by Coomassie Blue staining. The protein band corresponding to METTL3 was
excised and subjected to in-gel digestion with tryspin and chymotrypsin. Samples were
analyzed by Ultimate Capillary LC system (Dionex) directly coupled to LTQ Orbitrap Mass
Analyzer (Thermo Scientific) using the TopTenTM method. The data were searched on
MASCOT (MassMatrix) against the human Swiss-Prot database. All the identified phospho-
peptides were further confirmed by manually checking the results.

RNA Extraction and Real-Time gPCR—Total RNA was isolated using TRIzol
(Invitrogen), and 200 ng of RNA was reversed transcribed into cDNA using PrimeScript RT
Reagent Kit (Takara). Real-time gPCR was performed using the FastStart Essential DNA
Green Master (Roche). HPRT1 was used as an internal control for normalization. Primers
used in this study are listed in Table S5. For measuring RNA stability, cells were treated with
5 pg/ml actinomycin D and harvested at 0, 6, and 12 hr to determine the half-life of target
MRNA:S.

LC-MS/MS mbA quantification of poly(A) RNA.—mRNA was extracted from the total
RNA using 2 rounds of the Dynabeads mRNA Purification Kit (Thermo Scientific). 100 ng
of mRNA was digested by nuclease P1 (1U) in 20 pul of buffer containing 20 mM NH4OAc
(pH =5.3) at 42°C for 2 hr, followed by dephosphorylation with the addition of FastAP
Thermosensitive Alkaline Phosphatase (1U) and FastAP buffer at 37°C for 2 hr. The sample
was then diluted to 50 ul, and filtered (0.22 um pore size, 4 mm diameter, Millipore). 5 ul of
the solution was separated by reverse phase ultra-performance liquid chromatography on a
C18 column, followed by online mass spectrometry detection using an Agilent 6410 QQQ
triple-quadrupole LC mass spectrometer in positive electrospray ionization mode. The
nucleosides were quantified by using the nucleoside-to-base ion mass transitions of 282 to
150 (m®A) and 268 to 136 (A). Quantification was carried out by comparison with a
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standard curve obtained from pure nucleoside. The ratio of m8A to A was calculated based
on the calibrated concentrations (Liu et al., 2018b).

mSA-IP and m8A-seq—mSA-IP was performed using the EpiMark N6-Methyladenosine
enrichment kit (NEB). Full length purified mRNA was used in m8A-1P-gPCR. For m8A-seq,
MRNA was adjusted to 15 ng/ul in 100 pl and fragmented using a BioRuptor Ultrasonicator
(Diagenode) with 30 s on/off for 30 cycles. Input and RNA eluted from mBA-IP were used to
prepare libraries with TruSeq Stranded mRNA Library Prep Kit (Illumina). Sequencing was
carried out at the University of Chicago Genomics Facility on Illumina HiSeq 4000 in
single-end read mode with 50 bp reads per read. Reads were aligned to the mycoplasma
genome to assess contamination, followed by alignment to mouse genome version 10
(mm10) with HISAT2 v2.1.0 (Kim et al., 2015) with parameter -k 1.

The input library of m8A sequencing was used for comparing gene expression levels.
DESeq?2 (Love et al., 2014) was applied for differential expression between R-WT and
R-3A2A mESCs with FDR < 0.05 cutoff. mbA-seq data were analyzed as described before
(De Jesus et al., 2019). m®A peak calling was performed using exomePeak R/Bioconductor
package v 3.7 (Meng et al., 2013). Significant peaks with false discovery rate less than 0.05
were annotated to the RefSeq database (mm210). Homer v4.9.1 (Heinz et al., 2010) was used
to search for the enriched motif in the m6A peak region where random peaks of 200 bp were
used as background sequences for motif discovery. m6A peak distribution on the metagene
was plotted by the R package Guitar (Cui et al., 2016).

Differential analysis of m8A methylation was performed using the R package RADAR and
MeRIPtools (Zhang et al., 2019b). To summarize and visualize the m®A methylome data,
principal component analysis (PCA) was performed using singular value decomposition
approach implemented in R function (prcomp) on the log-transformed m8A-1P data.
Pathway and gene ontology enrichment analysis were performed using WebGestalt (Liao et
al., 2019) with default settings. Pathway enrichment terms were determined using
WikiPathway and KEGG terms.

Cell Proliferation Assay—Cells were seeded in 96-well plates. The cell proliferation was
assessed by SRB assay (Vichai and Kirtikara, 2006) at various time points. Briefly, cells
after treatments were fixed with 10% TCA then stained with 0.05% SRB. After washing 3-4
minutes with water, bound SRB was solubilized with 10 mM Trizma base and measured at
515nm.

Quantification of Histone Modifications—Histones were prepared from fresh cell
pellets using Total Histone Extraction Kit (Epigentek). The efficiency of histone extraction
was controlled by Coomassie Blue staining and IB with anti-H3 antibody. Histone
posttranslational modifications were quantified using the Histone H3 Modification Multiplex
Assay Kit (Epigentek) following commercial protocol. Each histogram corresponds to the
mean of 2 independent experiments and each measure was obtained using a pool of 100 ng
of total histones from 2 independent extractions.
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Structural Analysis of Protein—The atomic coordinates and structure factors for the
reported crystal structures were obtained from the Protein Data Bank (PDB) with the
accession code 5IL0 for the ligand-free form of the METTL3-METTL14 complex and 3IHP
for the covalent Ubiquitin-USP5 complex. All figures representing structures were prepared
with PyMOL. The prediction of partner-specific protein interfaces was performed using the
xgBoost based Interface Prediction of Specific Partner Interactions (BIPSPI) web server
(Sanchez-Garcia et al., 2019). Predictions were performed using structural data using PDB
atomic coordinates as described in the structural analysis of proteins.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each experiment was performed at least three times, and representative data are shown. Data
in the bar graphs are given as the mean + SEM. Means were checked for statistical
difference using Student’s ftest, and p-values < 0.05 were considered significant (*p < 0.05,
**p < 0.01, ***p < 0.001). For survival analysis, Kaplan-Meier analysis and a log rank test
were applied.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Activation of the ERK pathway phosphorylates METTL3 and WTAP.

2. METTL3 phosphorylation increases USP5-mediated deubiquitination to

stabilize METTLS.

3. Phosphorylation of METTL3 promotes mESC differentiation.
4, METTL3 phosphorylation in ERK-activated tumor cells contributes to

tumorigenesis.
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Figure 1. ERK Activation Promotes mRNA méA Methylation
(A) Schematic diagram of a circular RNA (circRNA) translation reporter consisting of a

single exon and two introns with complementary sequences. The exon containing GGACU
can be back-spliced to generate circRNAs that drive GFP translation.

(B) Overview of the CRISPR screen. Cas9 KO libraries are packaged into lentivirus and
then transduced into HeLa cells contain circRNA GFP reporters. Cells with the top and
bottom 5% GFP expression were collected by flow cytometry. The sgRNA were amplified
from genomic DNA and then sequenced, followed by statistical analyses to identify
candidate genes.
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(C) Positive regulators for the m8A pathway identified in the screen using circular GGACU-
GFP reporters.

(D) Pathway analysis of sgRNA enriched in the bottom 5% GFP cells with circRNA GFP
reporters.

See also Figure S1, Table S1, and Table S2.
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Figure 2. ERK Interacts and Phosphorylates METTL3 and WTAP
(A) A375 cells were treated with/without 0.1 uM trametinib for 1 hr. Lysates were analyzed

by IP and IB as indicated.

(B) Sequence alignment of the conserved D-domain on METTL3 and WTAP predicted by
the ELM website. The D domain possesses a consensus binding sequence of (Lys/Arg)0-2-
(X)1-6-®-X-®; where @ is a hydrophobic residue such as Leu, lle, Val, Phe, and X is any
amino acid.
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(C) Interaction between wild-type (WT) or mutant METTL3, WTAP, and ERK2 in lysates
from BRAF-expressing 293T cells transfected as indicated was examined by co-IP. EE,
R415E/R416E METTL3 or R71E/R72E WTAP.

(D) Sequence alignment of the conserved serine residues on METTL3 that are
phosphorylated by ERK.

(E) Mass spectrometry detected S43, S50 and S525 phosphorylation in METTL3 in 293T
cells co-transfected with BRAF VV600E.

(F) Phos-tag SDS-PAGE showing the phosphorylation status of WT or non-phosphorylatable
alanine mutants of METTL3 in 293T cells co-transfected with BRAF. 2A, T43A/S50A; 3A,
S43AJS50A/S525A.

(G) Sequence alignment of the serine/threonine-proline (S/T-P) motif on WTAP.

(H) Phos-tag SDS-PAGE showing the phosphorylation status of WT or non-
phosphorylatable alanine mutants of human WTAP in 293T cells co-transfected with BRAF.
2A, S306A/S341A.

See also Figure S2.
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Figure 3. USP5 is Required for ERK-Mediated METTL3 Stabilization
(A) Comparison of METTL3 and WTAP protein levels in mESCs and A375 stable

transfectants by immunoblotting (I1B).

(B) 293T cells transfected as indicated were treated with MG-132 (10 uM, 8hr) followed by
IP/IB.

(C) 293T cells transfected as indicated for 48 hr, followed by cycloheximide (CHX) 10
pg/ml for 0-12 h. Lysates were used for IB to measure the protein levels of METTLS.
Density of METTL3 expression was quantified by ImageJ and the relative fold compared to
the untreated WT was indicated and plotted at the right panel.

(D) BRAF expression promotes METTL3-USP5 interaction. Lysates of 293T cells
transfected as indicated for 48 hr were subjected to IP with anti-myc antibody followed by
IB.
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(E) USP5 decreases ubiquitination of METTLS3. Lysates of 293T cells transfected as
indicated for 48 hr were subjected to IP with anti-myc antibody followed by IB.

(F) Knockdown of SPOP, TRIM28, and ANAPC1 attenuated USP5 inhibition-induced
degradation of METTL3. A375 cells were transfected with siRNA for 72 hr or treated with
10 uM EOAI3402143 (EOAI) for 8 hr before IB analysis.

See also Figure S3 and Figure S4.
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Figure 4. Phosphorylation of METTL3/WTAP by ERK Facilitates Resolution of Pluripotency
(A) LC-MS/MS quantification of the m6A/A ratio in mMRNA of mESCs stable transfectants.

*p < 0.05, **p < 0.01, ***p < 0.001.
(B) Cell growth of R-WT and R-3A2A mESCs were measured by sulforhodamine B dye
(SRB assay). Data are presented as relative to Day 1. ***p < 0.001.
(C) MeRIP-gPCR of pluripotency transcripts in mESCs stable transfectants. *p < 0.05, **p

<0.0L
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(D) gPCR analysis of pluripotency genes in mESCs stable transfectants. *p < 0.05, **p <
0.01. (E) gPCR analysis for pluripotency and differentiation markers expression after 8 days
of embryonic body induction. *p < 0.05, **p < 0.01, ***p < 0.001.

Unless otherwise indicated, all data in this figure contain n = 3 replicates per group, and
represent mean = SEM. All p-values were also calculated by Student’s #test.

See also Figure S5.
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Figure 5. Transcripts Affected by Phosphorylation of Methyltransferase Complex in mESCs
(A) Cumulative distribution function of log2 peak intensity of m6A-modified sites in R-WT

and R-3A2A mESCs.

(B) Volcano plot for peaks with differential m8A intensity between R-WT and R-3A2A
mMESCs. Fold change (FC) is the ratio of IP over Input for R-WT and R-3A2A.

(C) Coverage plots of the mBA peaks of Nanog, Lefty1, and Zfv219 comparing R-WT and
R-3A2A mESCs. Plotted coverages are the medians of three replicates.

(D) Gene enrichment analysis with WikiPathway terms of differentially m6A methylated
peaks in R-WT and R-3A2A mESCs for molecular functions.

(E) Gene enrichment analysis with WikiPathway terms of differentially expressed genes (p <
0.05).
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(F) A histogram showing relative m®A peak enrichment of R-3A2A compared to R-WT
mMESCs, indicating higher m8A methylation in pluripotency genes (PluriNetwork) for R-WT
mESCs.

See also Figure S6, Table S3, Table S4, and Table S5.
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Figure 6. Phosphorylation of the mbA Methyltransferase Complex May Affect Tumorigenesis
(A) Lysates of A375 stable transfectants harvested at different time points after treatment

with cycloheximide (CHX) 10 pg/ml were analyzed by IB.

(B) LC-MS/MS quantification of the m6A/A ratio in mMRNA of A375 stable transfectants.
**p < 0.01.

(C) After 8 hr treatment with 10 uM PD0325901 or 0.1 uM trametinib, lysates from A375
cells were analyzed by IB.

(D) LC-MS/MS quantification of the mBA/A ratio in mRNA of A375 cells treated with 10
UM PD0325901 or 0.1 uM trametinib for 48 hr. **p < 0.01, ***p < 0.001.
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(E) After 8 hr treatment with 10 pM EOAI13402143 (EOAI) or 30 uM vialinin A, cell lysates
from A375 cells were analyzed by immunoblot.

(F) A375 stable transfectants as indicated were treated with 3 pM EOAI13402143 (EQOAI) or
10 uM vialinin A before measuring cell viability by SRB assay. Data are presented as
relative to the R-WT cells without drug treatment. *p < 0.05, **p < 0.01, ***p < 0.001.

(G) Immunofluorescence analysis of METTL3 (green) in SKBR3 cells treated with 1 pM
tucatinib and 1 uM lapatinib for 8 hr. DAPI (blue) was used to mark the nucleus. Scale bars,
10 pm.

(H) LC-MS/MS quantification of the m8A/A ratio in mRNA of SKBR3 and BT474 cells
treated with 1 UM tucatinib and 1 pM lapatinib for 48 hr. *p < 0.05, **p < 0.01, ***p <
0.001.

Unless otherwise indicated, all data with error bars in this figure represent n = 3 replicates
per group, and represent mean £ SEM. All p-values were also calculated by Student’s #test.
See also Figure S7.
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A Schematic Model of the Role of the m6A Methyltransferase Phosphorylation by ERK.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Myc-tag (9B11) Mouse mAb Cell Signaling 2276

Flag (M2) Mouse mAb Sigma-Aldrich F1804
HA-tag (C29F4) Rabbit mAb Cell Signaling 3724
B-Raf (D9T6S) Rabbit mAb Cell Signaling 14814
HER2/ErbB2 (D8F12) XP Rabbit mAb Cell Signaling 4290
p-ERK1/2 (Thr202/Tyr204) (D13.14.4E) XP Rabbit mAb | Cell Signaling 4370
GAPDH (D16H11) XP Rabbit mAb Cell Signaling 5174
B-Actin (8H10D10) Mouse mAb Cell Signaling 3700
METTL3 (EPR18810) Rabbit mAb Abcam ab195352
p-METTL3 (S43) Lifetein customized
METTL14 (D8K8W) Rabbit mAb Cell Signaling 51104
WTAP (4A10G9) Mouse mAb Proteintech 60188
USP5 (EPR10454) Rabbit mAb Abcam Ab154170
1gG Isotype control (DA1E) Rabbit mAb Cell signaling 3900
Necleolin (D4C70) Rabbit mAb Cell signaling 14574
ERK2 Rabbit Ab Cell signaling 9108
ERKS5 (D315V) Rabbit mAb Cell signaling 12950

p38 (D13E1) Rabbit mAb Cell signaling 8690
JNK2 (56G8) Rabbit mAb Cell signaling 9258
Alexa 488- SSEA-1 (MC480) Mouse mAb BioLegend 125609
Chemicals, Peptides, and Recombinant Proteins

Phos-tag Acrylamide Wako AAL-107
cycloheximide Sigma-Aldrich 01810
Actinomycin D Sigma-Aldrich A1410
MG-132 Sigma-Aldrich 474787
dabrafenib Selleck Chemicals $2807
PLX-4720 Selleck Chemicals $1152
PD0325901 Selleck Chemicals $1036
Trametinib Selleck Chemicals S2673
EOAI3402143 MedchemExpress HY-111408
Vialinin A Cayman Chemical 10010519
tucatinib Selleck Chemicals $8362
Lapatinib Selleck Chemicals S1028
SJB3-019A MedchemExpress HY-80012
SPOP-IN-6b MedchemExpress HY-122615
PD173074 Selleck Chemicals S1264
DAPI Sigma-Aldrich D9542
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REAGENT or RESOURCE SOURCE IDENTIFIER
Active ERK2 SignalChem M28-10G
Active p38a SignalChem M39-10BG
Active ERK5 SignalChem M32-10G
Active INK2 SignalChem M34-10BG
Active USP5 SignalChem U505-380H
METTL3/METTL14 SignalChem M323-380G
Nuclease P1 from Penicillium citrinum Sigma-Aldrich N8630
Calf Intestinal Alkaline Phosphatase New England Biolabs M0290
Mice FGF-4 R&D systems 5846-F4
Cumate Sigma-Aldrich 268402
FastAP Thermosensitive Alkaline Phosphatase Thermo Scientific EF0654
Critical Commercial Assays
Dynabeads mRNA DIRECT Kit ThermoFisher 61006
EpiMark N6-Methyladenosine Enrichment Kit New England Biolabs E1610S
TruSeq Stranded mRNA Library Prep Illumina 20020594
Luciferase Assay System ProMega E1500
PrimeScript RT Reagent Kit Takara RR037B
QuikChange Site-Directed Mutagenesis Kit Strategene 200521
EpiQuik Histone H3 Modification Multiplex Assay Kit Epigentek P-3100-96
Deposited Data
Mendeley dataset This study 10.17632/nxgryg682r.1
CRISPR Screening, mbA-MeRIP-seq, and RNA-seq This study GSE138776
Experimental Models: Cell Lines
HelLa American Type Culture Collection | CCL-2
ATCC (ATCC)
293T ATCC CRL-3216
293TN System Biosciences LV900A-1
Mouse ESC METTL3KO Provided by Howard Y. Chang N/A
A375 Provided by Dr. Yu-Ying He CRL-1619
CHL-1 ATCC CRL-9446
MEL-624 Provided by Dr. Yu-Ying He N/A
HCT116 ATCC CCL-247
MCF7 ATCC HTB-22
T47D ATCC HTB-133
SKBR3 ATCC HTB-30
BT474 ATCC HTB-20
Oligonucleotides
For siRNAs, please see supplemental table S6 | Qiagen | N/A
Recombinant DNA
Circular RNA-GFP reporter | Provided by Z. Wang Laboratory | N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pCDH-CMV-MCS-EFla-RFP System Biosciences CD512B-1
pCDH-CMV-circRNA-GGACT-EFla-RFP Generated in this study N/A
pCDH-CMV- circRNA-GGTCT -EFla-RFP Generated in this study N/A
CRISPR KO pooled library Addgene 1000000048
Human METTL3 Addgene 53739
Human METTL14 Addgene 53740
Human WTAP Addgene 53741
pKMyc Addgene 19400
Human Flag-ATM Addgene 31985
Human ATR Addgene 31611
Human Flag-1KKe Addgene 26201
Human HA-GSK-3p Addgene 14754
Human ERK1 Addgene 23509
Human ERK2 Addgene 23498
Human B-Raf V600E Addgene 17544
Human HA-Ubiquitin Addgene 17608
Human Ubiquitin-KO Addgene 17603
Human Ubiquitin-K6 Addgene 22900
Human Ubiquitin-K11 Addgene 22901
Human Ubiquitin-K27 Addgene 22902
Human Ubiquitin-K29 Addgene 22903
Human Ubiquitin-K33 Addgene 17603
Human Ubiquitin-K48 Addgene 16705
Human Ubiquitin-K63 Addgene 17606
pMD2.G Addgene 12259
psPAX2 Addgene 12260
Human Flag-1IKKa Provided by M.C. Hung N/A
Laboratory
Human Flag-IKKB Provided by M.C. Hung N/A
Laboratory
Human HA-AKT Provided by M.C. Hung N/A
Laboratory
Human Flag-mTOR Provided by M.C. Hung N/A
Laboratory
Human HA-MEKDD Provided by M.C. Hung N/A
Laboratory
Human HA-CDC2 Provided by M.C. Hung N/A
Laboratory
Human FAK Provided by M.C. Hung N/A
Laboratory
Human EGFR Provided by M.C. Hung N/A

Laboratory
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REAGENT or RESOURCE SOURCE IDENTIFIER
Human HER2 V659E Provided by M.C. Hung N/A
Laboratory
Human pCMV5-HA Provided by M.C. Hung N/A
Laboratory
Human pCMV5-Flag Provided by M.C. Hung N/A
Laboratory
pLightSwitch RO1_3’UTR Switchgear Genomics $890001
pLightSwitch NANOG _3'UTR Switchgear Genomics S807466
Mouse METTL3 OriGene MR209093
Mouse WTAP OriGene MR216877
Human USP5 OriGene RC224191
Human pKMyc-METTL3 Generated in this study N/A
Mouse pKMyc-METTL3 Generated in this study N/A
Human pCMV5-HA-METTL14 Generated in this study N/A
Human pCMV5-Flag-WTAP Generated in this study N/A
Mouse pCMV5-Flag-WTAP Generated in this study N/A
Human pCMV5-Flag-ERK1 Generated in this study N/A
Human pCMV5-Flag-ERK2 Generated in this study N/A
Human pCMV5-Flag-USP5 Generated in this study N/A
Tet-pLKO-puro Addgene 21915
Human Tet-On-shMETTL3 Generated in this study N/A
Human Tet-On-shWTAP Generated in this study N/A
pCDH-CuO-MCS-EFla-RFP System Biosciences QM512B-1
pCDG-EFla-CymR-T2A-Neo System Biosciences QM400PA-2
pLenti-DsRed_IRES_SNCA:EGFP Addgene 92195
Human pLenti-DsRed-IRES-METTL3-EGFP reporter Generated in this study N/A
Software and Algorithms
FlowJo Treestar https://
www.flowjo.com
RIGER Broad Institute https://
software.broadinstitute
.0rg/GENE-E/
download.html
HISAT2 CCBJHU https://cch.jhu.edu/
software/hisat2/
index.shtml
DESeq2 Bioconductor https://

bioconductor.org/
packages/release/bioc/
html/DESeq2.html

exomePeak R

Bioconductor

https://
bioconductor.org/
packages/release/bioc/
html/exomePeak.html

Guitar

Bioconductor

https://
bioconductor.org/
packages/release/bioc/
html/Guitar.html
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REAGENT or RESOURCE SOURCE IDENTIFIER

RADAR GitHub https://
scottzijiezhang.github.i
o/RADARmManual/
Mannual.htm

MeRIPtools GitHub https://
scottzijiezhang.github.i
o/MeRIPtoolsManual/
index.html

Homer UCSD http://homer.ucsd.edu/

homer/motif/

Gene set enrichment analysis (GSEA)

Broad Institute

http://
software.broadinstitute
.org/gsea/index.jsp

GenePattern

N/A

https://
cloud.genepattern.org/
gp/pages/index.jsf
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