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MOLECULAR BIOLOGY

75K methylation by METTL3 promotes transcriptional

activity

Marcelo Perez-Pepe’?, Anthony W. Desotell'?, Hengyi Li'?
Qishan Lin?, Daryl E. Klein"?, Yansheng Liu'?, Hani Goodarzi*, Claudio R. Alarcén

A fundamental feature of cell signaling is the conversion of extracellular signals into adaptive transcriptional
responses. The role of RNA modifications in this process is poorly understood. The small nuclear RNA 7SK pre-
vents transcriptional elongation by sequestering the cyclin dependent kinase 9/cyclin T1 (CDK9/CCNT1) positive
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transcription elongation factor (P-TEFb) complex. We found that epidermal growth factor signaling induces
phosphorylation of the enzyme methyltransferase 3 (METTL3), leading to METTL3-mediated methylation of
7SK. 7SK methylation enhanced its binding to heterogeneous nuclear ribonucleoproteins, causing the
release of the HEXIM1 P-TEFb complex subunit1 (HEXIM1)/P-TEFb complex and inducing transcriptional elon-
gation. Our findings establish the mechanism underlying 7SK activation and uncover a previously unknown
function for the m°A modification in converting growth factor signaling events into a regulatory transcriptional

response via an RNA methylation-dependent switch.

INTRODUCTION

Extracellular signals regulate intracellular pathways that control
adaptive responses such as growth, quiescence, differentiation,
and cell migration. Ultimately, these signaling pathways converge
in the nucleus to elicit specific transcriptional programs. 7SK
(RN7SK) is a 332-nucleotide small nuclear RNA (snRNA) that in-
teracts with multiple RNA binding proteins to regulate transcrip-
tional elongation. 7SK sequesters the positive transcription
elongation factor (P-TEFb) complex CDK9/CCNT]1 by interacting
with the protein HEXIM1 (I, 2). Under conditions that demand an
increase in transcriptional elongation, such as cell proliferation, 7SK
dissociates from HEXIMI1/P-TEFb and binds to heterogeneous
nuclear ribonucleoprotein (HNRNP) proteins, including
HNRNPA1, HNRNPA2B1, HNRNPR, and HNRNPQ (SYNCRIP)
(3-5). Upon release from 7SK, P-TEFb phosphorylates the C-termi-
nal domain (CTD) of the RNA polymerase (Pol) II, allowing tran-
scription elongation to proceed (6, 7).

RNA modifications are a key feature of posttranscriptional gene
expression control. Methylation of RNA on the N° nitrogen of
adenosine (m°®A) is the most abundant posttranscriptional modifi-
cation in mRNA (8). We and others have implicated m°A, as well as
the enzymatic complex responsible for RNA methylation METTL3/
METTL14 (9-11), in regulation of RNA stability (12), microRNA
(miRNA) processing (13, 14), RNA splicing (15, 16), and translation
(17, 18). These processes affect cellular functions such as meiosis
(19, 20), cell proliferation (17, 21, 22), and embryonic stem cell dif-
ferentiation (22, 23), as well as pathophysiological states such as
cancer (24, 25). Despite the known general roles for mCA in cellular
homeostasis, it remains unclear how signaling pathways affect
METTL3 function and regulate downstream transcriptional
activity.
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RESULTS

METTL3 methylates the 7SK small noncoding RNA

Nuclear m°A sequencing (m®A-seq) experiments revealed the pres-
ence of m°A modifications on 7SK (Fig. 1A) (13). Furthermore,
high-throughput sequencing of RNA isolated in cross-linking im-
munoprecipitation (HITS-CLIP) of METTL3 revealed direct
binding of the m°®A-methylating enzyme METTL3 to the 7SK
RNA (Fig. 1A), suggesting that METTL3 may recognize and meth-
ylate 7SK (13). To further validate these results with an independent
method, we pulled down endogenous 7SK and used RNA mass
spectrometry (MS) to assess its m°A content. To isolate endogenous
78K, we took advantage of its known interaction with the protein
LARP7 (26, 27). LARP7 binds 7SK constitutively, thus protecting
it from degradation (28), which contrasts with the binding of
HNRNPs or HEXIM1/P-TEFb to 7SK, which depends on a prolif-
erative or nonproliferative cell state, respectively. We therefore gen-
erated a HeLa cell line stably expressing Flag-tagged LARP7 protein
at physiological levels (fig. SIA). To facilitate the isolation of native
LARP7-7SK complexes, we performed mechanical disruption of
cells at cryogenic temperature (cryomilling) using liquid nitrogen,
thus preserving posttranslational states and high-order complexes
(29). As expected, immunoprecipitation of Flag-tagged LARP7
(Flag-IP) efficiently pulled down endogenous 7SK as the main
RNA species, as revealed by acrylamide gel electrophoresis and
Northern blotting (Fig. 1B). We extracted 7SK from the gel and,
after purification, digested it with a mixture of enzymes to generate
single nucleotides. Levels of m°A were then measured by ultra-high-
performance liquid chromatography coupled with tandem MS
(UHPLC-MS/MS). MS detected the presence of mCA in endoge-
nous 7SK, thus validating its methylation status and diminishing
the possibility of cross-recognition of the m®A antibody with
other potential RNA modifications (Fig. 1C and fig. S1B).

To confirm that this methylation is mediated by METTL3, we
depleted METTL3 by RNA interference and quantified the effect
on abundance of methylated 7SK. To do this, we generated stable
cell lines expressing two independent short hairpin RNAs
(shRNAs) against METTL3 and performed immunoprecipitation
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Fig. 1. 7SK is m°A methylated by METTL3. (A) Tracks of m®A-seq and METTL3 HITS-CLIP on 7SK. The top shows an immunoglobulin G (IgG)-negative control. On the left,
a schematic representation of the experiments. Ab, antibody. (B) Isolation of endogenous 7SK by IP of Flag-tagged LARP7. Purified endogenous 75K as shown by a urea-
acrylamide gel (left) and Northern blot (right). IgG was used as controls. MW, molecular weight; nt, nucleotide; NB, Northern blot. (C) Detection of m°®A in 7SK through
UHPLC-MS/MS. The figure shows a representative spectrum from three biological replicates. (D) Knockdown of METTL3 using two independent shRNAs. Total cell extracts
were analyzed by Western blot using the indicated antibodies. (E) m®A-methylated nuclear RNA was immunoprecipitated and the levels of 7SK were quantified by
quantitative reverse transcription polymerase chain reaction (qRT-PCR). Total endogenous 75K levels were used for normalization. The graph shows means + SD
from three biological replicates. One-way analysis of variance (ANOVA) with Dunnett's posttest; ****P < 1 x 10~*. (F) Normalized levels of 7SK were quantified by
gRT-PCR. The bar graph depicts the effect of METTL3 depletion using two independent shRNAs. The graph shows means + SD from three biological replicates. One-
way ANOVA with Dunnett’s posttest. (G and H) METTL3 (G) and METTL3/METTL14 protein complexes (H) were expressed in insect cells, affinity-purified using Ni beads,
and separated using size exclusion chromatography. The inset shows a representative image of a Coomassie staining of SDS—polyacrylamide gel electrophoresis (SDS-
PAGE) from one of the fractions corresponding to the peak (indicated in the chromatogram, absorbance 280 nm was measured in milli-absorbance units (mAU). (I)
Methylation of in vitro—transcribed (IVT) 7SK using proteins obtained from (G) and (H). The graph shows means + SD from a representative experiment out of three
biological replicates. One-way ANOVA with Dunnett's posttest; ****P < 1 x 107%.
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of m®A-methylated RNA (m°A-IP) of nuclear RNA followed by
quantitative reverse transcription polymerase chain reaction
(qQRT-PCR) of 7SK. Depleting METTL3 reduced methylated 7SK
levels by almost threefold, without affecting total 7SK levels
(Fig. 1, D to F). We next tested the ability of the purified
METTL3/METTL14 complex or METTL3 (expressed in insect
cells) to methylate in vitro—transcribed (IVT) 7SK. As shown in
Fig. 1 (G to I), METTL3/METTL14 complex methylates 7SK in
vitro. 7SK methylation required both the catalytic METTL3 and
noncatalytic METTL14 proteins of the methylation complex, as
METTL3 alone was insufficient to drive methylation (Fig. 1I). To-
gether, these results demonstrate that the METTL3/METTL14
complex methylates 7SK.

m°®A favors binding of HNRNP proteins to 7SK

Although the structure of 7SK is not fully elucidated and could be
altered by binding of different protein complexes, secondary struc-
ture predictions and previous Selective 2'-hydroxyl acylation ana-
lyzed by primer extension (SHAPE) experiments identify several
distinct stem-loops in 7SK (30-32). HEXIMI1 binds a stem-loop
close to the 5' end of the RNA, and the crystal structure of a
partial HEXIM1 protein associated with a double-stranded RNA
fragment corresponding to 7SK nucleotides 24 to 87 has been de-
termined (33). HNRNPA1, HNRNPA2B1, HNRNPQ, and
HNRNPR mainly bind to a hairpin corresponding to 7SK nucleo-
tides 196 to 277 (31, 34). LARP7 protects 7SK from degradation by
binding to the junction of the 5 and 3" ends (Fig. 2A) (28, 35-37).

Sequence analysis reveals that 7SK contains five canonical
METTL3 recognition sequences consisting of the ribonucleotide se-
quence DRACH located between nucleotides 170 and 290. Four of
these motifs are located within the known hairpin that is recognized
by HNRNP proteins (yellow circles in Fig. 2A and fig. S1C). To
better understand the location of m®A modifications experimental-
ly, we used ribonuclease H (RNAse H) to fragment 7SK and ana-
lyzed the m°A levels in each fragment. We first pulled down
endogenous 7SK using Flag-LARP7 and extracted 7SK from the
complex. We then used a DNA oligonucleotide complementary
to the sequence between positions 190 and 198. The hybridization
of this DNA oligo will guide RNase H to cleave the resulting RNA-
DNA hybrids and split 7SK into two fragments, F1 and F2 (Fig. 2, A
and B, and fig. S1, C and D). After RNase H cleavage, the fragments
were isolated and subjected to m°A-IP. After this IP, the fragments
were further purified and quantified by qRT-PCR. We found that
the 3' fragment (F2), which contains four of the five predicted
m°A motifs, exhibited the highest levels of m°A (Fig. 2C).

To understand the effects of m°A modifications on 7SK, we
tested the ability of the known 7SK-interacting proteins to interact
with methylated 7SK. To do this, we generated independent cell
lines stably expressing the main 7SK direct interactors (HEXIMI,
HNRNPA2B1, HNRNPA1, HNRNPQ, and HNRNPR) as Flag-
tagged proteins in HeLa cells (fig. S2A). The generation of these
multiple cell lines facilitates the normalization of the IP protocol,
making it less dependent on the intrinsic differences among anti-
bodies against the various proteins. After Flag-IPs of each indepen-
dent protein, 7SK was extracted and purified, and a second IP using
an m°A antibody or control beads was performed. The methylated
immunoprecipitated 7SK was then analyzed by qRT-PCR and nor-
malized by the total amount of 7SK immunoprecipitated by the
Flag-IP. As a negative control for m°A-IP, we used an IVT
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nonmethylated 7SK. As shown in Fig. 2D, all the HNRNP proteins
pulled down m®A-methylated 7SK between 50- and 500-fold more
efficiently than the background IVT unmethylated control. In con-
trast, HEXIM1 pulled down m°®A-methylated 7SK to a similar
degree as the negative control (Fig. 2D), indicating that HNRNP
proteins but not HEXIM1 interact with m®A-methylated 7SK. We
then tested the impact of METTL3 depletion on the ability of these
proteins to interact with endogenous 7SK. We depleted METTL3
from cells expressing Flag-HNRNPA2B1 as a representative of the
HNRNP proteins and from cells expressing Flag-HEXIM1. As
shown in Fig. 2E, METTL3 depletion reduced the levels of 7SK
that co-immunoprecipitated with HNRNPA2B1, while not affecting
the association of 7SK with LARP7 (fig. S2B). However, knock
down of METTL3 increased the levels of 7SK that immunoprecip-
itated with HEXIM1 (Fig. 2F) as well as the levels of HEXIM1 and P-
TEFb associated with the 7SK complex (fig. S2C). Together, these
results demonstrate that the region of 7SK recognized by HNRNP
proteins is the most m°A methylated and that this methylation fa-
cilitates the interaction of 7SK with HNRNPs, thus decreasing its
binding to HEXIM1.

Epidermal growth factor stimulates 7SK methylation and
transcriptional activity

The effect of 7SK methylation on the formation of the 7SK/HNRNP
complex and the release of HEXIM1/P-TEFb to promote transcrip-
tional activity is consistent with the known positive effect of m®A on
cell proliferation. On the basis of this relationship, we hypothesized
that growth factors might regulate the methylation of 7SK. We
focused on the epidermal growth factor (EGF) because of its estab-
lished role in cell proliferation. To determine the impact of EGF on
7SK methylation, we immunoprecipitated m®A-methylated nuclear
RNA from unstimulated and EGF-treated cells using an m°A anti-
body, followed by a qRT-PCR for 7SK. As shown in Fig. 3A, EGF
stimulation increased the levels of m®A-methylated 7SK several-
fold. This effect was prevented by METTL3 depletion, indicating
that METTLS3 is required for EGF-stimulated methylation of 7SK
(Fig. 3A). Because EGF stimulation induces 7SK methylation, and
METTL3 depletion reduces HNRNPA2B1 binding to 7SK, we pre-
dicted that EGF stimulation should increase the interaction between
HNRNPA2BI1 and 7SK. As expected, EGF stimulation enhanced
HNRNPA2BI1 binding to 7SK, as shown by Northern blotting for
7SK after IP of HNRNPA2BI1. This effect was lost in cells depleted
of METTL3, indicating that the ability of EGF to induce the inter-
action between HNRNPA2B1 and 7SK depends on METTL3
(Fig. 3B). In contrast, EGF stimulation reduced the interaction
between HEXIM1 and 7SK, an outcome that was eliminated by de-
pletion of METTL3 (Fig. 3C). Consistent with the results shown in
Fig. 2 (E and F), basal levels of 7SK bound to HNRNPA2B1 de-
creased upon METTL3 depletion, with the opposite observed for
HEXIMI (Fig. 3, B and C).

Because it is stablished that the release of HEXIMI1 from 7SK
results in transcriptional elongation via the activity of free P-
TEFb, we tested the functional role of m°A on EGF-stimulated tran-
scription. We found that depletion of METTL3 resulted in the in-
ability of P-TEFb to phosphorylate CTD of RNA Pol II at position
S2 upon EGF stimulation (fig. S3). We then used the quantitative
imaging technique called RNA Click-iT, which enables the detec-
tion of global RNA transcription in cells (38). As shown in Fig. 3
(D and E), EGF stimulated transcription in control cells.
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Fig. 2. HEXIM1 preferentially binds unmethylated 7SK. (A) 7SK secondary structure representation. Proteins known to interact with 7SK are depicted as a green
(HEXIM1/P-TEFb), gray (HNRNPs), or light blue (LARP7 and MePCE) box. Predicted m®A motifs are shown as yellow circles, and the complementary DNA oligo used to
fragment 7SK in the RNase H (RH) digestion is shown as a red line. (B) RNase H digestion of endogenous 7SK. Tris-borate EDTA (TBE)—-urea acrylamide RNA gel showing
untreated 7SK and treated with RNase H, with or without the addition of the complementary DNA oligo (DNA). (C) Relative m°®A levels in the two fragments generated by
RNase H treatment of endogenous 75K pulled down using Flag-tagged LARP7 as shown in (B). After purification, 7SK was digested by RNase H using the DNA comple-
mentary oligo depicted in (A). After fragmentation, the purified fragments were subjected to m®A-IP followed by qRT-PCR quantification. The m°A-immunoprecipitated
75K fragments were normalized to each fragment before the m®A-IP. The graph shows means + SD from three biological replicates. Student's two-tailed t test; ****P < 1 x
10~ (D) Stably expressing Flag-tagged proteins were used to pull down endogenous 7SK. After purification of the pulled-down 7SK RNA, a second IP using an m°A
antibody was performed, and the levels of 7SK were quantified by qRT-PCR. Nonmethylated IVT 7SK RNA was used as a negative control for the m°A-IP. The graph shows
means + SD from three biological replicates. One-way ANOVA with Dunnett’s posttest; ***P < 1 x 107>, (E and F) 7SK-protein interaction with HNRNPA2B1 (E) and HEXIM1
(F) upon METTL3 depletion using two independent shRNAs. The top two panels represent the pull-down of endogenous 7SK measured by Northern blot. The immu-
noprecipitated proteins are detected by Western blot using the indicated antibodies. The bottom three panels show the input protein levels before the IP. Blots are
representatives of at least two biological repeats.

However, the depletion of METTL3 eliminated the ability of EGF to
stimulate transcription, indicating that m°®A is required for this
EGF-induced response (Fig. 3, D and E). These results indicate
that m°A is required for the EGF-induced exchange in 7SK
binding of HEXIM1 for HNRNPs, as well as subsequent transcrip-
tional activity.

EGF modulates the interaction between METTL3

and HEXIM1

On the basis of the requirement of METTL3 for EGF-induced 7SK
methylation, we hypothesized that growth factors might regulate
METTL3 activity. Because protein phosphorylation is a primary
mechanism for regulating protein function in response to extra-

Perez-Pepe et al., Sci. Adv. 9, eade7500 (2023) 10 May 2023

and intracellular signals, we used IP coupled to phospho-MS to in-
vestigate whether growth factor stimulation alters METTL3 phos-
phorylation. EGF stimulation induced METTL3 phosphorylation
at serine 43 (pS43) (fig. S4A). On the basis of these results, we gen-
erated polyclonal antibodies against pS43-METTL3 and validated
the EGF-induced phosphorylation of METTL3 (Fig. 4A). Because
pS43 is a predicted extracellular signal-regulated kinase 1 (ERK1)
phosphorylation site (Ser/Thr-Pro), we next tested the requirement
of ERK for the EGF-induced $43 METTL3 phosphorylation. We
used the general mitogen-activated protein kinase kinase (MEK) in-
hibitor U0126 to block ERK activation. As shown in Fig. 4A, U0126
completely abolished EGF-induced ERK activation in HeLa cells
and prevented the EGF-dependent increase in S43-METTL3
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pull-down of endogenous 7SK measured by Northern blot. The immunoprecipitated proteins are detected by Western blot using the indicated antibodies. Blots are
a representation of two biological replicates. (D) Cellular transcriptional activity upon EGF stimulation in control cells and cells depleted of METTL3 using two indepen-
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10 um. Two-way ANOVA with Tukey's posttest; ****P < 1 x 10~ DAPI, 4',6-diamidino-2-phenylindole; 5-EU, 5-ethynyl uridine.

phosphorylation (Fig. 4A). To determine whether ERK can phos-
phorylate METTL3 directly, we performed in vitro kinase assays
using recombinant ERK1. We expressed and isolated human
METTL3 as a glutathione S-transferase (GST) fusion protein in bac-
teria to eliminate endogenous phosphorylation events that may
occur in eukaryotic cells (fig. S4B). Incubation of ERK with
METTL3 in vitro resulted in robust phosphorylation of METTL3
on $43 as measured by phospho-MS (fig. S4C). These results dem-
onstrate that ERK phosphorylates METTL3 at S43 downstream of
growth factor stimulation.

We hypothesized that METTL3 phosphorylation on S43 could
affect the interaction between METTL3 and 7SK-interacting pro-
teins. To test this, we generated recombinant GST-METTL3 phos-
phorylated at position S43 using the orthogonal translation system
SepOTS (39). This system is based on an Escherichia coli strain en-
gineered to fully incorporate phosphoserine (Sep) genetically into
recombinant proteins (39). We validated the presence of pS43 by
Western blot techniques (Fig. 4B). We then used glutathione
beads loaded with GST-pS43-METTL3 and the nonphosphorylated
GST-METTL3 counterpart protein fusions as “baits” to pull down
interacting proteins from HeLa cell lysates obtained by cryomilling.
We found that 7SK-interacting protein HEXIM1 specifically inter-
acts with nonphosphorylated METTL3 (Fig. 4B). Because EGF
stimulates the phosphorylation of METTL3 on S43, we next tested
the effect of EGF stimulation on METTL3/HEXIMI1 interactions in
a cellular context. Using cryomilled lysates from serum-starved cells
stimulated or not with EGF, we immunoprecipitated Flag-METTL3

Perez-Pepe et al., Sci. Adv. 9, eade7500 (2023) 10 May 2023

and performed Western blots for endogenous HEXIM1 (Fig. 4C).
Consistent with the GST fusion pull-down experiments, we found
that EGF stimulation reduced the interaction between METTL3 and
HEXIMI. These findings were confirmed with reciprocal co-IP
using Flag-HEXIMI1 (Fig. 4D). The interaction between METTL3
and HEXIM1 seems to be the only interaction of METTL3 with
any other component of the 7SK complex, suggesting that
HEXIMI and METTL3 interaction is independent of the 7SK-inter-
acting proteins and the 7SK RNA (fig. S4, D and E). These results
strongly suggest that S43 phosphorylation disrupts the interaction
between METTL3 and HEXIMI.

On the basis of these results, we hypothesize that HEXIM1 might
keep METTL3 in an inhibited state in close proximity to the 7SK
complexes and ready to be activated by growth factors. To test
this hypothesis, we knock down HEXIM1 using two independent
shRNAs. We then extracted nuclear RNA from those two cell
lines and a control line, and we used an antibody against m°®A to
isolate methylated RNA followed by qRT-PCR of the methylated
7SK. As shown in fig. $4, F and G, depletion of HEXIM1 increased
the levels of methylated 7SK, particularly under unstimulated con-
ditions, suggesting that HEXIM1 has a negative effect on the activity
of METTL3 and that HEXIM1 depletion could diminish the need of
EGF-induced phosphorylation of METTL3.
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expressed Flag-HEXIM1.

7SK interactome switch depends on METTL3
phosphorylation

We decided to test whether the effect of EGF on the methylation
levels of 7SK was mediated by ERK. We found that the MEK inhib-
itor U0126 blocked the EGF-induced increase in 7SK methylation,
indicating that ERK activity is required for this process (Fig. 5A). To
determine whether METTL3 phosphorylation downstream of ERK
is required for 7SK methylation, we performed a loss-of-function
experiment using CRISPR-Cas9 to eliminate the S43 phosphoryla-
tion site of endogenous METTL3. We obtained positive clones car-
rying the S43A homozygous mutation (METTL3%***; fig. S5A).
These mutated cell lines, as expected, were defective in EGF-
induced S43 phosphorylation (Fig. 5B). We then used these
clones to assess the impact of pS43 on the ability of METTLS3 to
methylate 7SK. As shown in Fig. 5C, wild-type cells efficiently in-
creased the 7SK methylation upon EGF stimulation. However, two
independent METTL3%*** clones lost the EGF-induced capacity for
the m°A methylation of 7SK (Fig. 5C). These results indicate that
the ERK-mediated phosphorylation of METTL3 is required for
the ability of the methyltransferase to methylate 7SK upon EGF
stimulation.

To assess the impact of S43 METTL3 phosphorylation on the
7SK interactome switch upon EGF stimulation, we immunoprecip-
itated HNRNPA2BI1 and assessed the levels of associated 7SK by
Northern blot. As shown in Fig. 5D, U0126 blocked the ability of
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EGF to induce the HNRNPA2B1/7SK interaction. This effect was
mimicked by the METTL3%"** clones (Fig. 5D). As expected,
MEK inhibition and S43A mutagenesis blocked the suppressive
effect of EGF on the HEXIM1/7SK interaction (Fig. 5E). Consistent
with the data shown so far, inhibiting ERK activation prevented the
association of HNRNPA2B1 with and the release of HEXIMI from
7SK upon EGF stimulation, an effect that was phenocopied by elim-
inating the $43 phosphorylation site in the METTL3%*** clones
(Fig. 5, D and E). Endogenous METTL3%*** increased its affinity
for HEXIM]1, consistent with the inhibitory role of S43 phosphor-
ylation on the interaction between METTL3 and HEXIMI1
(fig. S5B).

We further tested whether the EGF requirement of m°A for tran-
scriptional activity relies on the ability of EGF to induce ERK-me-
diated phosphorylation of METTL3. As anticipated, the effect of
EGF on transcriptional activity was blocked by both the MEK inhib-
itor U0126 and by the elimination of the S$43 METTL3 phosphor-
ylation site (Fig. 5, F and G). Together, these results demonstrate
that METTL3 and its ERK-mediated phosphorylation of S43 are re-
quired for the EGF-induced 7SK-m°A methylation and the subse-
quent transition from 7SK-bound HEXIM1 to HNRNP complexes,
resulting in enhanced transcriptional activity. Our findings, thus
far, reveal a model whereby EGF induces phosphorylation of
METTLS3, this, in turn, causes 7SK methylation, leading to tran-
scription activation.
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7SK methylation is required for interactome switch and
transcriptional activity

To test whether 7SK methylation is responsible for the interactome
switch and transcriptional activity, we mutated the adenosines cor-
responding to the predicted methylation sites described above. To
achieve this, we used CRISPR interference (CRISPRi) (40) to repress
the expression of endogenous 7SK. The use of a guide RNA com-
plementary to the 7SK promoter region in conjunction with dCas9-
KRAB led to a 90% reduction of endogenous 7SK (Fig. 6A and fig.
S5A). We then used a lentiviral expression system to express exog-
enous 7SK, either wild-type or m®A-mutant, under the RNA Pol III
U6 promoter (Fig. 6A and fig. S6A). The mutations introduced were
A172G, A220T, A228G, A281G, and A288G. As shown in Fig. 6B,
elimination of the predicted m°A sites markedly reduces the levels
of m®A on 7SK.

On the basis of the experiments presented thus far, we predicted
that elimination of the m°A sites would result in the inability of 7SK
to interact with HNRNPs, would not release HEXIM1 and P-TEFb,
and therefore would impair the stimulation of transcription upon
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EGF stimulation. As expected, wild-type 7SK efficiently increased
the binding of HNRNPA2BI and released HEXIM1 and CDKY/
CCNT upon EGF stimulation, while the m®A-mutant version of
7SK was inert to the interactome switch by the growth factor
(Fig. 6C and fig. S6B). Elimination of the m°A sites decreased the
basal interaction with HNRNPA2B1 and enhanced the basal inter-
action between 7SK and the HEXIM1/P-TEFb complex (Fig. 6C
and fig. S6B). 7SK depletion by CRISPRIi, consistent with its role
in sequestering the transcription elongation factors, showed an en-
hanced basal transcriptional activity compared to control wild-type
cells. Moreover, EGF failed to induce transcription in the absence of
7SK, demonstrating the requirement of 7SK for the downstream
transcriptional functions of EGF (Fig. 6, D and E). Reintroduction
of wild-type 7SK rescued the basal transcriptional levels and the reg-
ulation by EGF stimulation, while the m°A-mutant 7SK was unre-
sponsive to EGF stimulation and failed to induce transcriptional
activity (Fig. 6, D and E). Together, these results demonstrate that
the methylation of 7SK is required for the release of HEXIM1/P-
TEFD and induction of transcription upon EGF stimulation.
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DISCUSSION

Here, we uncovered 7SK as a novel substrate of METTL3/m°A
methylation and uncovered a new mechanism for transcriptional
control downstream of this important extracellular signaling
pathway (Fig. 6F). On the basis of our results, we propose a
model whereby, in unstimulated conditions, METTL3 associates
with HEXIM1. Growth-promoting signals such as EGF elicit
ERK-mediated phosphorylation of METTL3, causing its dissocia-
tion from HEXIMI and enabling methylation of 7SK. Methylated
7SK then associates with HNRNP proteins, thereby releasing
HEXIMI and the P-TEFb complex. Last, the release of P-TEFb
drives enhanced transcriptional activity (Fig. 6F).

7SK is an abundant noncoding RNA that is evolutionarily con-
served in vertebrates, with orthologs in insects and other animals
(41). The secondary and tertiary structures of 7SK are not entirely
elucidated; however, 7SK is known to fold into several hairpins rec-
ognized by distinct binding proteins. 7SK associates with a subset of
HNRNPs when it is not associated with HEXIM1. Several posttrans-
lational modifications on the 7SK-associated proteins have been
proposed to increase or decrease their affinity for 7SK. However,
the mechanism for exchanging between the two protein complexes
is not well understood. Our identification of m°A methylation of
7SK provides a novel regulatory mechanism for the 7SK transition
from an anti- to a pro-proliferative state. In this novel mechanism,
the RNA itself is modified upon growth factor stimulation (Fig. 6F).
This novel growth factor-induced methylation by METTL3 of the
mature 7SK, an RNA Pol III transcript, contrasts with the known
co-transcriptional activity of METTL3 on RNA Pol II transcripts
such as mRNA and primary miRNAs (14), thus increasing the
type of RNA target molecules of METTL3.

Our results show that the m°A sites on 7SK are localized in the
hairpin recognized by HNRNPs. A recent individual-nucleotide
resolution UV crosslinking and immunoprecipitation (iCLIP) ex-
periment of HNRNPR shows a substantial overlap between its
binding regions and the m°A motifs (34). The 7SK "HNRNP
hairpin” is opposite to the one recognized by HEXIMI. Thus,
when the HEXIM1/P-TEFb complex is bound to 7SK, it is likely
that the HNRNP hairpin is free and available for METTL3 recogni-
tion and methylation. It has been shown that HNRNPC, HNRNPG,
and HNRNPA2B1 bind methylated RNA indirectly, through a
structural switching mechanism (42-44). Thus, it is plausible that
all the 7SK-interacting HNRNP proteins, none of which have spe-
cialized m®A binding domains seen in YTHD readers, use a struc-
tural switching mechanism to bind methylated 7SK. Whether the
various HNRNPs that recognize methylated 7SK represent redun-
dancy, respond to different stimuli, or are regulated in a cell type—
specific manner remains to be elucidated.

METTL3 phosphorylation has been associated with changes in
its subcellular localization and probable activity (45), exposing this
as one regulatory mechanism of m®A methylation. Here, we show
that a major signaling pathway induces functional METTL3 phos-
phorylation to regulate transcriptional activity. We found that ERK
phosphorylates METTL3 at S43 upon EGF stimulation. This phos-
phorylation releases METTL3 from HEXIM1 binding, thereby al-
lowing methylation of 7SK. Others have recently shown the
importance of S43 phosphorylation in different contexts (45, 46),
supporting the relevance of this phosphorylation site for METTL3
activity. As EGF induces the activation of METTL3, resulting in
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transcription activity through a 7SK-mediated mechanism, note
that, once activated, METTL3 could have additional downstream
consequences for the newly transcribed mRNAs either in regulating
translation, splicing, or degradation. As EGF and other signaling
pathways are altered in diseases such as cancer, it will be important
to assess the role of m®A as a downstream effector of such
dysregulations.

MATERIALS AND METHODS

Tissue culture

HeLa cells were cultured in vitro in Dulbecco’'s modified Eagle's
medium supplemented with 10% heat-inactivated fetal bovine
serum, 1% penicillin-streptomycin, 2 mM L-glutamine, and 1 mM
sodium pyruvate (Gibco). For growth factor stimulation, cells were
previously serum-starved for 16 hours. Cells were incubated with
recombinant human EGF protein [100 ng/ml; R&D Systems 236-
EG-200 in 0.1% bovine serum albumin (BSA) and phosphate-buff-
ered saline (PBS)] for 30 min or the indicated time. Pretreatment of
1 hour with 10 uM U0126 (EMD Millipore Corp., #662005) was
performed when indicated.

Generation of stable cell lines was performed as described previ-
ously (47). Plasmids for the expression of shRNA or Flag-tagged
proteins were cotransfected with lentivirus packaging plasmids in
human embryonic kidney 293T cells to generate lentivirus. Two
shRNAs  targeting METTL3  (TRCNO0000034715 and
TRCNO0000034717) and a control shRNA (SHC002) were used for
experiments. To express Flag-tagged proteins, they were indepen-
dently cloned into pLenti-C-Myc-DDK-IRES-Puro (OriGene,
PS100069).

Mutant METTL3 S43A cell lines were generated using the
CRISPR-Cas9 system (48). Four nucleotides were modified in the
donor oligonucleotide. Those changes include the ones required
for the codon change (Ser to Ala), one to produce a silent mutation
to achieve resistance to CRISPR-Cas9, and one to create a novel re-
striction site (Nar I) for screening clones using digestion of
genomic DNA.

Cryomilling

We followed the protocol as previously described (49). Briefly, 2 x
10°® to 8 x 10° cells were pelleted and dripped from a syringe directly
into liquid nitrogen to generate frozen pellets. Frozen pellets were
cryomilled in a Retsch Planetary Ball Mill PM100. We performed
three cycles of milling with the following program: 400 rpm with
direction reversal for 3 min, with intervals of 1 min.

Immunoprecipitations

Flag-IP from 1 to 2 g of cryomilled HeLa Flag-LARP7 cells was per-
formed to isolate endogenous 7SK RNA for RNA MS and to assess
the localization of m°®A sites. Lysis, incubation with anti-Flag beads,
and washes were performed in IP buffer A (20 mM Hepes Na, 150
mM NaCl, 0.3% CHAPS, and protease and RNase inhibitors). Beads
were resuspended in Tris-EDTA (TE) buffer, and RNA was extract-
ed using phenol:chloroform, followed by ethanol precipitation and
resuspension in RNase-free water.

For the RNase experiment, cell lysates were treated or not with
400 pg of RNase A (EN0531) for 60 min at 37°C before the Flag-IP.
For endogenous protein IP, we performed the same protocol as in
Flag-IPs, but 10 g of rabbit a-HEXIM1 (ab25388, Abcam) or rabbit
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a-LARP7 (ab134746, Abcam) antibodies was incubated with
protein A bead (Dynabeads 1002D) in buffer A at room temperature
for 30 min with agitation. For IP performed from cross-linked cells,
6 x 107 to 20 x 107 cells per sample were washed with PBS, ultravi-
olet (UV) cross-linked at 254 nm (400 mJ/cm?), and lysed using
lysis buffer [50 mM Hepes-KOH (pH 7.5), 140 mM NaCl, 1 mM
EDTA, 10% glycerol, 0.1% Triton X-100, and protease and RNase
inhibitors]. For the METTL3 and HEXIMI1 interaction analysis, 1 g
of cryomilled cells was resuspended in IP buffer [20 mM tris-HCI
(pH 7.5), 150 mM NaCl, 0.5% NP-40, and protease and phosphatase
inhibitors.

For the cross-linked experiments, beads were resuspended in 500
mM NaCl in PBS.

After taking an input aliquot, lysates were incubated with anti-
Flag M2 magnetic beads (Sigma-Aldrich) for 4 hours at 4°C. Beads
were washed twice with 150 mM NaCl and once with PBS. After the
washes, the sample was treated with proteinase K (Ambion), and
RNA was extracted using phenol:chloroform followed by ethanol
precipitation. A fraction of each sample was treated with RNase A
(Thermo Fisher Scientific), and the reaction was stopped by adding
one volume of 4x sample buffer (Bio-Rad), 10% B-mercaptoetha-
nol. In all cases, lysates were sonicated until complete lysis was ob-
served, spun for 15 min at 25,000g, and filtered using 0.22-pm
syringe filters.

mPA-IP qRT-PCR
A total of 1.4 x 10® cells per sample were lysed using lysis buffer 1
[50 mM Hepes-KOH (pH 7.5), 140 mM NaCl, 1 mM EDTA, 10%
glycerol, 0.01% Triton X-100, and protease inhibitors]. Nuclei were
pelleted for 15 min at 3500 rpm. RNA was extracted with the Total
RNA Purification Maxi Kit (Norgen Biotek).

m®A-IP was performed as previously published (15). Fifty mi-
crograms of nuclear RNA or 1 pg of Flag-immunoprecipitated
RNA was immunoprecipitated in triplicates, and a negative
control without antibody was included. Rabbit anti-m°A antibody
(Synaptic Systems) and protein A Dynabeads (Invitrogen) were
used for the IPs. The immunoprecipitated RNA was eluted with
N®-methyladenosine (Sigma-Aldrich), ethanol precipitated, and re-
suspended in water. RN A was retrotranscribed with the SuperScript
ITI Reverse Transcriptase (Invitrogen), using random hexamers and
incubating samples at 55°C for 1 hour. qQPCR was performed with
the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) in
CFX Opus 384 (Bio-Rad) following the manufacturer’s instruc-
tions. The following primers were used: 7SK, TAAGAGCTCG-
GATGTGAGGGCGATCTG (forward) and
CGAATTCGGAGCGGTGAGGGAGGAAG (reverse); GAPDH,

AGCCTCAAGATCATCAGCAATG  (forward) and ATG-
GACTGTGGTCATGAGTCCTT (reverse); 18S  rRNA,
CGGCGACGACCCATTCGAAC (forward) and GAATC-

GAACCCTGATTCCCCGTC (reverse); 7SK Frag2, CCTGCTA-
GAACCTCCAAACAA (forward) and
CATGCAGCGCCTCATTTG (reverse). For quantification, 7SK
measurements in the m®A-IPs were normalized to their respective
control and to the input levels.

Northern blot

Fifty to 200 ng of endogenous 7SK was run in 6% tris-borate EDTA
(TBE)-urea gels (Invitrogen). We used TBE buffer (American Bio)
and Low Range ssRNA Ladder [New England Biolabs (NEB)].
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Samples were prepared using 2x gel loading buffer (Invitrogen)
and denatured for 2 min at 80°C. Gels were run at 200 V in 1x
TBE bulffer, visualized using Sybr Gold (Invitrogen), and then
transferred to a nylon membrane (Cytiva) at 0.06 A for 45 min in
0.5XTBE buffer. Membranes were UV cross-linked at 254 nm (240
mJ/cm?®). Membranes were pretreated with hybridization buffer
(DIG Easy Hyb Granules, Roche) at 37°C for 30 min in a hybridi-
zation oven. The probe was denatured at 95°C for 5 min and added
to the hybridization buffer at 37°C overnight. Membranes were
washed twice with low stringent buffer for 5 min, twice with high
stringent buffer for 10 min, and once with washing buffer at 37°C
for 10 min. Then, membranes were incubated in blocking buffer
(DIG wash and block buffer set, Roche) for 1 hour at room temper-
ature, and the anti—digoxigenin-AP antibody (Roche) was added
(1:15,000 dilution) and incubated at room temperature for an
extra 30 min. The membrane was washed in a DIG washing
buffer four times for 15 min each at room temperature. Last, mem-
branes were incubated in a detection buffer for 5 min and developed
with CDP-Star (Roche). Images were acquired in Bio-Rad Chemi-
doc, using the probe 5'/5DigN/rGrGrArArGrCrUrUrGrArCrUr-
ArCrCrC (Integrated DNA Technologies).

Western blot

A total of 7 x 10° cells per sample were lysed using radioimmuno-
precipitation assay buffer (Thermo Fisher Scientific) with protease
(Sigma-Aldrich) and phosphatase inhibitors (Roche). Chromatin
fractions were purified as previously described (50). Lysates were
sonicated or passed through QIAshredder and ran in NuPAGE 4
to 12% bis-tris gel (Invitrogen). After transfer to nitrocellulose
membrane (Bio-Rad) and block with milk, samples were incubated
with the respective antibody overnight at 4°C in 5% BSA tris-buft-
ered saline with Tween-20 (TBS-T). Membranes were washed three
times for 10 min with TBS-T, incubated for 1 hour with secondary
antibody in 1% milk (chemiluminescence) or 3% BSA (fluores-
cence), washed three times more, and developed with ECL prime
(Amersham). Images were acquired in Bio-Rad Chemidoc. The fol-
lowing antibodies were used: mouse a-Flag (A8592, Sigma-
Aldrich); rabbit a-METTL3 (ab195352, Abcam); mouse a-
METTL3 (H00056339-B01P, Abnova); rabbit a—alpha-tubulin
[2144, Cell Signaling Technology (CST)]; mouse a-HNRNPA2B1
(Sc-32316, Santa Cruz Biotechnology); rabbit a-HEXIMI
(ab25388, Abcam); rabbit a-LARP7 (ab134746, Abcam); rabbit a-
HNRNPR (ab30930, Abcam); rabbit a-HNRNPQ (ab184946,
Abcam); mouse a-HNRNPA1 (ab5832, Abcam); rabbit a-pERK1/
2 (9101, CST); mouse a-ERK1/2 (4696, CST); rabbit a-GAPDH
horseradish peroxidase (HRP) conjugate (8884, CST); rabbit a-
CDKO9 (ab76320, Abcam); rabbit a—cyclin T1 (A303-496A, Bethyl
Laboratories Inc.); rabbit a-MEPCE (14917-1-AP, Proteintech);
rabbit a-RNA Pol II CTD repeat YSPTSPS (phospho S2) (ab5095,
Abcam); mouse a-RNA Pol II CTD repeat YSPTSPS antibody
[8WG16] (ab817); donkey a-rabbit immunoglobulin G (IgG),
HRP linked (NA934V, GE Healthcare); sheep a-mouse IgG, HRP
linked (NA931V, GE Healthcare); donkey a-rabbit IgG H&L
(IRDye 680RD) preadsorbed (ab216779, Abcam); and donkey a-
mouse IgG H&L (IRDye 800CW) preadsorbed (ab216774,
Abcam). Polyclonal antibody against pS43 METTL3 was generated
by Thermo Fisher Scientific.
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RNase H

To fragment 7SK, we used endogenous 7SK, obtained from pull-
down of Flag-LARP7 in growing cells, and purified the 332-nucle-
otide band from the 6% TBE-urea RNA gel. A total of 250 ng of
RNA was incubated with 500 ng of the complementary oligo
(CTCGTATAC) in RNase H bulffer in a final volume of 14 ul. For
the annealing, samples were boiled at 95°C for 5 min, cooled down
to 37°C at 0.1°C/s, and then let sit at 37°C for 5 min. One microliter
of RNase H (NEB, #M0297) was added, and the reaction was per-
formed at 37°C for 30 min. Fragments were extracted using phenol:
chloroform followed by ethanol precipitation and resuspension in
water. m°A-IP qQRT-PCR was performed as described above, using
at least 100 ng of purified bands and normalizing the m®A-immu-
noprecipitated RNA to the IP control and the pre-IP input
fragment.

RNA Click-iT

Transcriptional activity was measured using the Click-iT RNA
Alexa Fluor 488 Imaging Kit (Invitrogen, C10329), following the
manufacturer’s instructions. Reactions were scaled down for 24-
well plates. Cells were grown in poly-1-lysine Cellware 12-mm
round coverslips (Corning, #354085). After 16 hours of serum star-
vation, cells were treated for 1 hour with 1 mM 5-ethynyl uridine (5-
EU). Treatment with EGF (100 ng/ml) was performed for 1 hour,
adding EGF at the same time as 5-EU. Pretreatment with U0126 was
performed as described above. Cells were fixed with 3.7% formalde-
hyde in PBS and mounted using Fluoromount-G (Invitrogen, #00-
4958-02). Images were acquired with a confocal microscope Leica
SP8. Images were analyzed using ImageJ, generating masks of the
nuclei and measuring the mean intensity of the particles.

Recombinant protein expression and purification

For proteins expressed in insect cells, full-length human METTL3
and METTL14 were subcloned into MultiBac vector with a His, af-
finity tag fused to the N terminus. pFL was a gift from T. Richmond
(Addgene, plasmid no. 110739) (51). Bacmids were generated in
DH10Bac (Geneva Biotech) cells, and baculoviruses were generated
and amplified in Sf-9 insect cells. High Five (Trichoplusia ni) cells
grown in Ex-Cell 405 medium (Sigma-Aldrich) were infected by ba-
culoviruses at a density of 2.0 x 10° cells/ml. The METTL3/
METTL14 complex was coexpressed in High Five cells at 27°C for
48 hours. METTL3 alone was infected and expressed in High Five
cells at 27°C for 48 hours as well. Cells were harvested by centrifu-
gation at 4000 rpm for 30 min at 4°C and homogenized in ice-cold
lysis buffer containing 25 mM Hepes (pH 7.5), 150 mM NaCl, and 1
mM tris-(2-carboxyethyl)-phosphine (TCEP) and supplemented
with protease inhibitor cocktail tablets (Sigma-Aldrich). The cell
debris was separated by ultracentrifugation (20,000g) for 1 hour at
4°C. The supernatant was first incubated with the Ni-Penta
Agarose-Base Resin (Marvelgent Biosciences) and washed with
lysis buffer supplemented with 20 mM imidazole. Proteins were
eluted with buffer containing 25 mM Hepes (pH 7.5), 150 mM
NaCl, 400 mM imidazole, and 1 mM TCEP. Eluted proteins were
concentrated and further purified by size exclusion chromatogra-
phy with a Superdex 200 Increase 100/300 GL size exclusion
column (GE Healthcare) equilibrated in 20 mM Hepes (pH 7.5)
with 150 mM NaCl and 1 mM TCEP. Fractions were evaluated by
SDS—polyacrylamide gel electrophoresis (SDS-PAGE), then
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concentrated in a Centricon 10-kDa spin concentrator (Millipore),
and used for further study.

GST fusion METTL3 was expressed and purified from bacteria
cells. For recombinant protein GST-METTL3 phosphorylated at
position S43, an E. coli strain engineered to incorporate phospho-
serine (Sep) genetically in recombinant proteins using the orthog-
onal translation system SepOTS (enhanced phosphoserine insertion
during E. coli protein synthesis via partial UAG codon reassignment
and release factor 1 deletion) was used.

Human METTL3 was expressed using the pGEX-6P-1 vector
(Amersham). SepOTS\ was a gift from J. Rinehart (Addgene,
plasmid no. 68292). E. coli strain C321.AA was a gift from
J. Rinehart (Addgene, bacterial strain no. 68306) (39). Overnight
starter cultures for METTL3 WT and METTL3-phospho-S43
were inoculated into LB medium supplemented with Carb (100
pg/ml), Kan (25 pg/ml), bleomycin (1:4000 from stock), and O-
phospho-serine (2 mM at a final concentration) and grew at 30°C,
220 rpm until ODg (optical density at 600 nm) reached 0.8 and
induced with 0.1 mM isopropyl-p-p-thiogalactopyranoside for 20
hours. Cells were harvested by centrifugation at 4000 rpm for 30
min at 4°C and homogenized in ice-cold lysis buffer containing
50 mM tris-HCI (pH 8.0), 150 mM NaCl, and 1 mM TCEP and sup-
plemented with protease and phosphatase inhibitors. After ultra-
centrifugation (20,000g) for 1 hour at 4°C to remove cell debris,
the supernatant was incubated with glutathione-agarose beads
(Thermo Fisher Scientific) at 4°C for 1 hour, and beads were
washed thoroughly with wash buffer [50 mM tris-HCI (pH 8.0),
150 mM NaCl, and 1 mM TCEP] after incubation. Proteins were
eluted with wash buffer containing 10 mM reduced glutathione.
Proteins were concentrated and further purified by size exclusion
chromatography with a Superdex 200 Increase 100/300 GL size ex-
clusion column (GE Healthcare) equilibrated in 20 mM Hepes (pH
7.5) with 150 mM NaCl and 1 mM TCEP. Fractions were evaluated
by SDS-PAGE and used for pull-down assay.

In vitro transcription

Full-length 7SK was amplified from cDNA using the Herculase II
Fusion Enzyme (Agilent Technologies). In vitro transcription was
performed using the MEGAshortscript T7 Transcription Kit (Invi-
trogen AM1354), incubating the gel-purified PCR product with the
reagents for 4 hours at 37°C. The product was incubated with
TURBO deoxyribonuclease for 15 min at 37°C and extracted
using phenol:chloroform, followed by ethanol precipitation and re-
suspension in water.

In vitro methyltransferase activity assay

In vitro methyltransferase activity assay was performed using SAM-
fluoro: SAM Methyltransferase Assay (GBiosciences, catalog no.
786-431). A total of 0.7 uM purified protein and 10 uM transcribed
RNA were incubated for 1 hour at 37°C, and fluorescence was mea-
sured every 2 min in Biotek Synergy H1, with excitation wavelength:
535 nm and emission wavelength: 590 nm. The data were analyzed
as indicated in the product protocol.

In vitro kinase activity assay

In vitro kinase activity assay was performed incubating 0.4 pg of
ERKI1, active, untagged, human PRECISIO kinase recombinant
(Sigma-Aldrich, #E7407) with 4 uM GST-tagged METTL3
(bound to glutathione agarose beads) following the manufacturer's
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instructions. Proteins were incubated for 30 min at 30°C with 1500
rpm of agitation.

RNA MS

Measurements of the level of m®A were performed by UHPLC-MS/
MS using a method similar to a previously described method (52—
54). Briefly, 200 ng of purified endogenous 7SK was digested with
the Nucleoside Digestion Mix (NEB) according to the manufactur-
er's instructions. The digested samples were then reconstituted in
100 pl of RNAse-free water with 0.01% formic acid before
UHPLC-MS/MS analysis. The UHPLC-MS/MS analysis was ac-
complished on a Waters XEVO TQ-S (Waters Corporation, USA)
triple quadruple tandem mass spectrometer equipped with an elec-
trospray source (ESI) maintained at 150°C and a capillary voltage of
1 kV. Nitrogen was used as the nebulizer gas, maintained at 7-bar
pressure, with a flow rate of 1,000 liter/hour and a temperature of
500°C. UHPLC-MS/MS analysis was performed in ESI positive-ion
mode using multiple reaction monitoring from ion transitions pre-
viously determined for m°A [mass/charge ratio (m/z) of 282.08 >
150.11] and adenosine (m/z of 268.1 > 136.1). The transition for in-
ternal standard [guanosine (13C15N)] was m/z of 299 > 162. A
Waters ACQUITY UPLC HSS T3 guard column (2.1 x 5 mm, 1.8
pm), attached to an HSS T3 column (2.1 X 50 mm, 1.7 um), was used
for the separation. Mobile phases included RNAse-free water (18
megohm cm™Y) containing 0.01% formic acid (buffer A) and 50%
acetonitrile (ACN) (v/v) in buffer A (buffer B). The digested nucle-
otides were eluted at a flow rate of 0.4 ml/min with a gradient as
follows: 0 to 2 min, 0 to 10% B; 2 to 3 min, 10 to 15% B; 3 to 4
min, 15 to 100% B; and 4 to 4.5 min, 100% B. The total run time
was 7 min. The column oven temperature was kept at 35°C, and
the sample injection volume was 10 pl. Data acquisition and analysis
were performed using MassLynx V4.1 and TargetLynx. Calibration
curves were plotted using linear regression with a weight factor of
1/x.

Protein extraction and digestion for MS

The cell pellets with 10 M urea lysis buffer, complete protease inhib-
itor cocktail, and phosphatase inhibitor were ultrasonically lysed by
sonication at 4°C for 2 min using the Vial Tweeter device (Hielsch-
er-Ultrasound Technology). After lysis, the lysates were cleared up
by centrifugation at 20,000¢ for 1 hour to remove the insoluble ma-
terial. The protein mixtures were reduced by 10 mM TCEP for 1
hour at 37°C and alkylated by 20 mM iodoacetamide (IAA) in the
dark for 45 min at room temperature. The protein was first precip-
itated by precooled precipitation buffer (50% acetone, 50% ethanol,
and 0.1% acetic acid) overnight at —20°C and washed by precooled
50% acetone and 70% ethanol with centrifugation at 20,000g for 40
min at 4°C. The pellet was dry on SpeedVac for 5 min to remove any
chemical residues. After directly adding 300 1 of 100 mM
NH4HCO; into the pellet, the samples were digested at a prote-
ase/protein ratio of 1:20 overnight at 37°C. The peptide mixture
was acidified with formic acid and then desalted with a C18
column (MarocoSpin Columns, NEST Group Inc.).

For IP samples, the eluate was reduced by 10 mM dithiothreitol
for 1 hour at 56°C and 20 mM IAA in the dark for 45 min at room
temperature. After reduction and alkylation, the sample was digest-
ed with sequencing grade porcine trypsin (Promega) at 1:20 over-
night at 37°C. The peptides were purified with the C18 column. The
amount of the final peptides was determined by Nanodrop
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(Thermo Fisher Scientific). About 1 g of the total peptide digest
was injected into MS.

Sample preparation for phosphoproteomics

The phosphopeptide enrichment was performed using the High-
Select Fe-NTA kit (Thermo Fisher Scientific, A32992) according
to the manufacturer’s instructions. Briefly, the resins of the spin
column were aliquoted, incubated with 200 pg of total peptides
for 30 min at room temperature, and transferred into the filter tip
(TF-20-L-R-S, Axygen). The supernatant was then removed by cen-
trifugation. Then, the resins adsorbed with phosphopeptides were
washed three times with 200 pl of washing buffer (80% ACN and
0.1% trifluoroacetic acid) and twice 200 ul of water to remove non-
specifically adsorbed peptides. The phosphopeptides were then
eluted off the resins twice with 100 ul of elution buffer (50% ACN
and 5% NH;<H,O). The centrifugation steps above were all kept at
500¢ for 30 s. The eluates were dried by SpeedVac and stored at
—80°C before MS measurements.

DIA-MS measurement

The samples were measured using the Data-independent acquisi-
tion mass spectrometry (DIA-MS) method described previously
(55-57). LC separation was performed on EASY-nLC 1200
systems (Thermo Fisher Scientific, San Jose, CA) using a self-
packed analytical PicoFrit column (New Objective, Woburn, MA,
USA) (75 pm by 50 cm in length) using C18 material of ReproSil-
Pur 120A C18-Q 1.9 um (Dr. Maisch GmbH, Ammerbuch,
Germany). A 120-min measurement with buffer B (80% ACN con-
taining 0.1% formic acid) from 5 to 37% and corresponding buffer
A (0.1% formic acid) during the gradient was used to elute peptides
from the LC. The flow rate was kept at 300 nl/min, temperature-
controlled at 60°C using a column oven (PRSO-V1, Sonation
GmbH, Biberach, Germany).

The Orbitrap Fusion Lumos Tribrid mass spectrometer
(Thermo Fisher Scientific) instrument coupled to a nanoelectros-
pray ion source (NanoFlex, Thermo Scientific) was calibrated
using Tune (version 3.0) instrument control software. The spray
voltage was set to 2000 V and the heating capillary temperature at
275°C. The DIA-MS methods consisted of 1 MS1 scan and 33 MS2
scans of variable isolated windows. The MS1 scan range is 350 to
1650 m/z, and the MSI resolution is 120,000 at m/z of 200. The
MS]1 full scan AGC target value was 2 x 10°% and the maximum in-
jection time was 50 ms. The MS2 resolution was set to 30,000 at m/z
0f 200 with the MS2 scan range 200 to 1800 /z, and the normalized
higher-energy collisional dissociation (HCD) collision energy was
28%. The MS2 AGC was set to be 1.5 x 10°, and the maximum in-
jection time was 50 ms. The default peptide charge state was set to
2. Both MS1 and MS2 spectra were recorded in profile mode.

DIA-MS data analyses were performed using Spectronaut v15
with a direct DIA search against the Uniprot-downloaded human
fasta file (58). The oxidation at methionine was set as a variable
modification, whereas carbamidomethylation at cysteine was set
as a fixed modification. Both peptide and protein false discovery
rate (FDR) cutoffs (Q value) were controlled at 1%, and the data
matrix was strictly filtered by Q value. Overall, both peptide and
protein FDRs (based on Q value) were controlled at 1%, and the
data matrix was filtered by Q value. For the phosphoproteomics,
the serine/threonine/tyrosine (S/T/Y) was enabled as a variable
modification, and the posttranslational modification (PTM) score
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> 0.75 for all the samples. All the other settings in Spectronaut are
kept as default.

Statistics

Student's two-tailed f test and one-way or two-way analysis of var-
iance (ANOVA) were used according to the experimental design.
Multiple comparisons were performed with Tukey's or Dunnett’s
posttest. Analyses were performed in GraphPad Prism 9. All exper-
iments were performed at least twice. Bar graphs show the mean
+ SD.

Supplementary Materials
This PDF file includes:
Figs. S1 to S6

View/request a protocol for this paper from Bio-protocol.
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