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SUMMARY

N6-methyladenosine (m8A) modifications play crucial roles in RNA metabolism. How méA
regulates RNA polymerase Il (RNA Pol I1) transcription remains unclear. We find that 7SK
small nuclear RNA (snRNA), a regulator of RNA Pol Il promoter-proximal pausing, is highly
m8A-modified in non-small cell lung cancer (NSCLC) cells. In A549 cells, we identified eight
mOA sites on 7SK and discovered methyltransferase-like 3 (METTL3) and alkB homolog 5
(ALKBHS) as the responsible writer and eraser. When the m8A-7SK is specifically erased by a
dCasRx-ALKBHS5 fusion protein, A549 cell growth is attenuated due to reduction of RNA Pol
II transcription. Mechanistically, removal of m8A leads to 7SK structural rearrangements that
facilitate sequestration of the positive transcription elongation factor b (P-TEFb) complex, which
results in reduction of serine 2 phosphorylation (Ser2P) in the RNA Pol 11 C-terminal domain
and accumulation of RNA Pol Il in the promoter-proximal region. Taken together, we uncover
that m8A modifications of a non-coding RNA regulate RNA Pol 11 transcription and NSCLC
tumorigenesis.
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Wang et al. discovered that 7SK RNA contains high levels of m®A in lung cancer cells.

METTL3 and ALKBH5 modify 7SK at eight different m8A sites. Removal of m8A induces 7SK
conformational change and sequesters P-TEFb, leading to RNA Pol 11 promoter-proximal pausing,
inhibited transcription, and cancer cell growth.

INTRODUCTION

Higher organisms have evolved sophisticated mechanisms for transcriptional control, and
proper regulation of transcription is fundamental to normal gene expression and cellular
function. Transcription initiation by RNA polymerase 11 (RNA Pol I1) is recognized as

a key regulatory step in eukaryotic gene expression.1=3 In eukaryotic cells, RNA Pol I1

is paused soon after transcription initiation, about 20-60 nucleotides downstream from

the transcription start site (TSS).4-6 Positive transcription elongation factor b (P-TEFb),
composed of cyclin-dependent kinase 9 (CDK?9) and cyclin T1, is required for the release of
RNA Pol Il promoter-proximal pausing. P-TEFb phosphorylates the second serine residue of
the heptapeptide (YSPTSPS) repeats at the carboxyl-terminal domain of the largest subunit
of RNA Pol Il (RNA Pol Il CTD serine 2 phosphorylation [Ser2P]), as well as negative
elongation factors, such as negative elongation factor (NELF) and DRB-sensitivity-inducing
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factor (DSIF).”-2 Therefore, RNA Pol Il CTD Ser2P serves as a hallmark for the transition
from transcription initiation to productive elongation.

Human 7SK is an abundant and conserved 332-nucleotide small nuclear RNA (snRNA) that
inhibits transcription elongation through negatively regulating P-TEFb kinase activity.10-12
Specifically, 7SK forms small nuclear ribonucleoprotein (sSnRNP) complexes with several
RNA-binding proteins to modulate RNA Pol Il promoter-proximal pausing. The mature 7SK
folds into four major stem-loop structures (SLI, SLII, SLIII, and SLIV), providing docking
sites for 7SK snRNP core proteins. The capping enzyme methylphosphate capping enzyme
(MePCE) and the La-related protein 7 (Larp7) constitutively associate with 7SK for RNA
stability, whereas other proteins dynamically associate with 7SK.13-15 |n the transcription
inactive state, the canonical 7SK core sSnRNP complex consists of hexamethylene
bisacetamide-induced proteinl/2 (HEXIM1/2) and P-TEFb, thus sequestering P-TEFb from
phosphorylating and activating paused RNA Pol 11.16:17 When P-TEFb and HEXIM

are released, 7SK associates with heterogeneous nuclear ribonucleoproteins (hnRNPs),
including hnRNP A1, hnRNP A2/B1, hnRNP R, and hnRNP Q.18-20 |nterestingly, a recent
study detected putative AB-methyladenosine (mBA) within the HEXIM1/2 and hnRNPs
binding sites in 7SK (on SLI and SLIII) from human MOLM13 cells by nanopore
sequencing.2! However, the possible function and underlying mechanism of these m®A sites
remain unknown.

mOA is the most abundant internal modification on messenger RNAs (MRNAs) and is also
widespread in long non-coding RNAs in eukaryotic cells. On mRNAs, m®A is deposited

by the methyltransferase complex (MTC), consisting of METTL3, METTL14, Wilms tumor
1-associated protein (WTAP), and other adaptor proteins, including VIRMA (KIAA1429),
RBM15/15B, and ZC3H13, and can be reversed by m®A erasers, such as ALKBHS5 and

fat mass- and obesity-associated protein (FTO).22-29 mBA affects transcription state and
various cellular functions through m®A readers, including YT521-B homology (YTH)
domain family proteins (YTHDF1/2/3 and YTHDC1/2) and hnRNP proteins, which directly
or indirectly recognize m6A-marked transcripts, thereby affecting RNA metabolism.30-34
Accumulating evidence suggests that m6A modification controls multiple fundamental
biological processes by regulating m8A-marked mRNA stability and translation.22:35.36
However, the molecular roles of m®A remain largely confined to more abundant mRNAs and
in the process of post-transcriptional regulation.37:38 Despite recent studies suggesting that
m®A modification regulates global transcription through chromosome-associated regulatory
RNAs, including promoter-associated RNAs (paRNAS), RNA transcribed from transposable
elements (repeat RNA), and enhancer RNA (eRNA),22:39.40 jts importance in transcriptional
control via long non-coding RNA remains unknown. Interestingly, the m6A MTCs are
recruited to the promoter regions to regulate the pausing of RNA Pol Il in Drosophila S2R+
cells.*! Given that 7SK plays a central role in RNA Pol 11 transcriptional regulation and its
enrichment at the promoter region, we set out to test whether m8A involves in 7SK-mediated
RNA Pol Il promoter-proximal pausing.

Here, we found that 7SK is highly modified with m8A in non-small cell lung cancer
(NSCLC) cells. We identified eight m8A sites on 7SK and found that METTL3 and
ALKBHS are responsible for writing and erasing the m6A modifications. When the m6A
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modification was erased, 7SK adopts a structure facilitating the sequestration of P-TEFDb,
resulting in a decrease in Ser2P-RNA Pol 11 and an accumulation of Ser2P-RNA Pol |1 at the
promoter-proximal region. Consequently, the removal of m®A led to a significant decrease
in RNA Pol Il transcription and inhibition of NSCLC cell growth. Our findings suggest a
previously unrecognized role of m6A modification on a non-coding RNA in regulating RNA
Pol Il transcription and NSCLC.

7SK snRNA contains m8A modifications in NSCLC cells

Previous studies suggest that aberrantly elevated m8A levels are closely associated with the
progression of lung cancer, making it an ideal model to detect putative m8A modifications
on different RNAs.#2 We first examined whether 7SK harbors m6A in NSCLC A549 cells
using m8A RNA immunoprecipitation (RIP) (MeRIP).#3 MeRIP-enriched RNAs were then
analyzed with reverse transcription followed by quantitative PCR (RT-gPCR) and northern
blots. As shown in Figures 1A and 1B, 7SK, along with U6 snRNA, which is known to

be mBA-modified,*4 can be isolated by a m8A-specific antibody but not by the control
immunoglobulin G (IgG) (Figure 1B, compare lane 3 with 6). This result suggests that
7SK harbors m8A modifications, which is consistent with a recent study that used nanopore
sequencing to probe 7SK methylation in MOLM13 cells.?! By contrast, there was no
enrichment of the negative controls RCN2 mRNA or tRNA-lysine in MeRIP over 1gG
control*? (Figures 1A and 1B).

Next, we compared the abundance of m8A-modified 7SK (or m8A-7SK) in four different
NSCLC cell lines (A549, NCI-H1299, NCI-H2009, and NCI-H23) and non-malignant lung
epithelial (MRC-5) and fibroblast (BEAS-2B) cells. As shown in Figure 1C, 7SK exhibits
significantly higher levels of m6A in NSCLC cell lines compared with the two control

cell lines. The four NSCLC cell lines harbor different mutations in oncogenes such as
KRAS and CDKNZA and tumor suppressors, including LKBI and 7P53 (A549: mutations
in LKB1, CDKNZA, and KRAS, NCI-H2009: mutations in KRASand 7P53; and NCI-H23:
mutations in LKBI1, KRAS, and TP53). Therefore, our study uncovers that 7SK has higher
m®8A modifications in NSCLC cells with diverse genetic backgrounds.

m®A modification of 7SK is dynamically controlled by METTL3 and ALKBH5 in NSCLC

cells

The above observations prompted us to identify specific m6A methyltransferase (writer)

and demethylase (eraser) for 7SK. Therefore, we knocked down METTL3 and METLL16,
two major mBA writers,38 in A549 cells by short hairpin RNAs (shRNAs). The knockdown
efficiency of METTL3 and METTL16 was estimated by western blot analyses and RT-qPCR
(Figures 1D and S1A-S1C). We observed that m8A-7SK can be significantly decreased

by METTL3 depletion but not METTL16 (Figures 1E and S1D). Consistently, using RIP
assays, we found that METTL3 but not METTL16 directly binds to 7SK (Figures 1F, S1E,
and S1F). By contrast, U6, a known substrate of METTL16,* was successfully enriched by
METTL16-RIP (Figure S1G). Our results are consistent with the report that METTL16 does
not interact with 7SK,* and suggest that METTL3 can methylate 7SK.
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Next, we tried to identify the m6A eraser for 7SK. ALKBHS5 and FTO are two well-
characterized RNA m8A erasers, although there are some disputes on FTO demethylase
activity toward m8A and AB, 2”-O-dimethyladenosine (m8Am).27:2845 Using the same
approach as the m6A-writer identification for 7SK, we knocked down endogenous ALKBH5
and FTO in A549 cells using shRNAs (Figures 1G and S1H-S1J). We observed that
ALKBHS5, but not FTO, ablation led to an increase in m6A-7SK (Figures 1H and S1K).
Consistently, we found that ALKBHS5, but not FTO, can significantly enrich 7SK in

RIP experiments (Figures 11 and S1L). As a control, 7SK abundance is not altered

by knockdown of either m8A writers or erasers (Figures 1D, 1G, S1C, S1J, S1M, and
S1N). Collectively, our data suggest that METTL3 and ALKBHS5 are responsible for 7SK
methylation and demethylation in NSCLC cells.

Identification of m8A sites on 7SK

Previous transcriptome-wide m8A mapping studies reveal that this modification generally
occurs at the “RRACH” (R=G or A; H= A, C, or U) consensus motif, where the

central A can be converted to m8A.3048 Accordingly, we observe five potential m®A sites,
namely, A172, A220, A228, A281, and A288 in 7SK, within the RRACH motif (Figure
2A). Interestingly, a recent study using nanopore sequencing analysis suggests that 7SK is
potentially m8A modified at sites A43, A56, A65, A186, A230, A231, A238, A239, and
A245, which are not within the traditional RRACH motif.2! To identify the exact m®A sites
in 7SK, we screened all the above-mentioned m®A candidate sites (in the canonical RRACH
motif and predicted by the nanopore sequencing study) using a single-base elongation-

and ligation-based gPCR amplification method (SELECT-qPCR)*’ (Figure 2B). In the
SELECT assay, a pair of primers anneal to sequences flanking the putative mA site. The
primers are joined by polymerase elongation and DNA ligation, which are inhibited by a
m®A modification. Therefore, compared with primers designed for an adjacent non-A site
(control), primers targeting a genuine m®A site provide fewer ligated products to be detected
by gPCR (with higher quantification cycle [Cq] value). As shown in Figures 2C, 2D, and
S2A, SELECT assays suggest that 7SK can be methylated at A43, A56, A65, A186, A238,
A245, A281, and A288. Together, we identified eight 7SK m8A modification sites, many

of which locate in stem loops SLI and SLIII that interact with HEXIM1/2 and hnRNPs,
respectively,18.21,48,49

mBA modifiers of 7SK, METTL3 and ALKBHS5, influence RNA Pol Il Ser2P and transcription

Because we observed that m6A modifications of 7SK have no effect on 7SK abundance,
and some of these sites appear at regions where HEXIM/P-TEFb interact with 7SK, we
next determined whether m8A modifications affect 7SK-mediated transcriptional repression.
To this end, we first changed the levels of the 7SK m®A writer (METTL3) and eraser
(ALKBHDS5). We transfected A549 cells with plasmids expressing FLAG-tagged METTL3
wild-type (WT) and enzymatic mutant (D395A).50 Western blot analyses confirm that both
WT and mutant METTL3 are expressed at comparable levels after plasmid transfection
(Figure 3A). We observed that overexpression of WT METTL3 led to modest but
significantly increased levels of m8A-7SK (Figure S2C). The modest increase is probably
due to low transfection efficiency in A549 cells as shown in the immunofluorescent labeling
experiment (Figure 3B). However, at the individual level, the cells with overexpression of
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WT METTL3 show much higher levels of Ser2P-RNA Pol Il (Figure 3B, white arrows;
quantification in Figure 3C). Conversely, sShRNA knockdown of METTL3, which leads to
reduction of m6A-7SK (Figure 1E), led to a reduction in Ser2P-RNA Pol 11 (Figure 3D). We
further confirmed that the reduction of Ser2P-RNA Pol Il is not due to change in the levels
of P-TEFb (CDKO9/cyclin T1) (Figure S2D).

To further confirm that METTL3 but not METTL16 is responsible for m®A modifications

on 7SK, we used SELECT assay to measure several méA sites in METTL3 and METTL16
knockdown cells (A43, A56, A186, A245, A281, and A288; see Figure 2). Knockdown of
METTL3, but not METTL16, shows decreased m®A modification of examined sites (Figures
S2E-S2J), corroborating with our earlier experiments that show METTL3 affects overall
abundance of m6A-7SK.

Additionally, we observed that WT ALKBH5 but not ALKBH5 enzymatic mutant
(H205A)28 overexpression (Figure 3E) significantly reduced m6A-7SK (Figure S2K),
as well as Ser2P-RNA Pol 11 (Figure 3F, white arrows; quantification in Figure 3G).
Conversely, ALKBHS5 depletion markedly increased levels of Ser2P-RNA Pol Il (Figure
3H) without affecting the levels of CDK9 or cyclin T1 (Figure S2L).

The observation that manipulating méA-7SK, either by METTL3 or ALKBH5 knockdown/
overexpression, control levels of Ser2P-RNA Pol Il prompted us to examine whether
mBA-7SK regulates RNA Pol 11 transcription. Indeed, reducing m®A-7SK by overexpression
of WT ALKBH5 markedly represses global transcription level, as evidenced by 5-ethynyl-
uridine (5EU) incorporation in nascent RNAs followed by immunostaining analysis

(Figure 31, white arrows). Taken together, these observations are consistent with recent
findings in Drosophila S2R+ cells that modulation of m8A modifiers changes RNA Pol Il
transcription.#1 We note that modulation of METTL3 and ALKBH5 would affect méA levels
on a broad spectrum of RNAs in addition to 7SK. Although our results suggest that mSA
positively regulates RNA Pol 11 transcription, the specific involvement of m®A-7SK needs to
be established.

Establishment of a CRISPR-CasRx system to specifically modulate m8A-7SK

Having identified potential mSA modification sites of 7SK by SELECT analyses, we next
wanted to determine whether removing these m8A modifications is able to alter levels

of Ser2P-RNA Pol Il thereby affecting transcription. To achieve this goal, we aimed to
establish an A549 cell line stably expressing m6A eraser ALKBHS5 fused to a deactivated
CasRx protein (dCasRx, an RNA-targeting CRISPR protein) together with a sgRNA against
7SK (Figure 4A).43 To determine the accessible regions on 7SK that are suitable for sRNA
targeting, we carried out an RNase H assay in A549 cell lysate. DNA oligonucleotides were
designed against potential single-stranded regions on 7SK (Figure 2A). After forming the
DNA/RNA duplexes, the endogenous RNase H cleaves the 7SK into smaller pieces, which
can be detected by northern blots. As shown in Figure S2B, full-length 7SK was cleaved

to different extents by endogenous RNase H after hybridization with DNA oligonucleotides
targeting regions shown in Figure 2A, revealing accessible regions for sgRNA targeting.
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With a sgRNA targeting the most accessible region on 7SK (nt 271-300, region 3 in Figures
2A and S2B), we generated an A549 cell line expressing dCasRx-ALKBHS5 (Figure 4A). We
also generated two isogenic control cell lines: one cell line expressing dCasRx fused with a
deactivated ALKBH5 (H204A) together with a sgRNA against 7SK and the other cell line
expressing dCasRx-ALKBHS5 with a non-targeting (NT) sgRNA. In these three engineered
A549 cell lines, dCasRx-ALKBHS5 fusion proteins and the sgRNAs are expressed at similar
levels (Figure 4B). The dCasRx-ALKBH5 and sgRNA interactions are comparable as shown
in the RIP experiments (Figure S3A). The abundance of 7SK in these stable cell lines is also
comparable (Figure 4B) and the dCasRx-ALKBHS5 fusion proteins have similar subcellular
localization in the nuclei (Figures S3B and S3C).

Next, using SELECT assays, we confirmed that 7SK-targeting dCasRx-ALKBHS5 is able to
reduce m®A modification at A43, A56, A186, A245, A281, and A288 in A549 cells (Figure
4C, compare blue bars with orange and green bars). However, A65 and A238 were not
affected. Accordingly, cells expressing 7SK-targeting dCasRx-ALKBHS5 have lower levels
of 7SK enriched by MeRIP (Figure 4D, compare lane 10 with lanes 5 and 15). These data
further confirm the m®A sites on 7SK and suggest that our 7SK-targeting dCasRx-ALKBH5
can reduce m8A modifications on certain sites.

A previous study reported that ALKBHS5 can demethylate m®A of the MYCmRNA at
A5553, which we successfully detected with SELECT assay (Figure S3D).43 Confirming
the specificity of 7SK-targeting dCasRx-ALKBHS5, the MYC A5553 mSA modification is
not affected in our three engineered A549 cell lines (Figure S3E). To further confirm the
specificity of 7SK-targeting dCasRx-ALKBHS5, we performed MeRIP followed by RNA
sequencing (RNA-seq) (MeRIP-seq) in triplicate to map m8A methylomes in the three
engineered A549 cell lines. As intended, 7SK is the only RNA that has significant m8A
change in the cells expressing 7SK-targeting dCasRx-ALKBH5 compared with the two
control cell lines (Figures 4E and S4). Comparison between each of the two A549 cell lines
revealed highly consistent m8A status in the transcriptome (Figure S4, R2 > 0.85).

Reducing m®A-7SK inhibits NSCLC cell growth and RNA Pol Il transcription

Higher m®A modification is an important factor affecting the growth, survival, and invasion
in cancer cells.*2 We questioned whether higher levels of m8A-7SK contribute to lung
cancer cell growth. To this end, we measured the growth of the three A549 cell lines
expressing dCasRx-ALKBHS5 in colony formation assays. The cells with specific mbA-7SK
reduction exhibit the lowest numbers of colonies, suggesting that m®A modification of 7SK
contributes to NSCLC cell growth (Figures 5A and 5B).

The reduction in A549 cell colony formation due to 7SK demethylation is most likely
connected with 7SK’s role in regulating RNA Pol I1 transcription. To explore this possibility,
we first measured the global transcription in these cells by nascent RNA 5EU staining.
Indeed, removing m8A modifications of 7SK led to a reduction of nascent RNAs, reflecting
a transcriptional defect (Figure 5C).

To further define the transcriptional defect related to lower m8A-7SK levels, we employed
nascent RNA-seq with 4-thiouridine (4SU) metabolic labeling. 4SU-labeled nascent RNAs
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were enriched through conjugation with methanethiosulfonate (MTS)-biotin and reacted
with iodoacetamide (IAA) to induce U to C mutation during sequencing (detailed in

STAR Methods).>1:52 Within the nascent RNA-seq data, about 99% of the mapped reads
contain 0-7 U-C mutations (Figure S5A). Inspection of the reads containing 0 or 1 U-C
mutation revealed that close to 80% of these reads are mapped to exons (Figure S5B),
representing mature RNA rather than nascent RNAs (Figures S5C and S5D, blue tracks).
Reads containing 8+ U-C mutations cannot be reliably mapped (data not shown). By
contrast, reads containing 2—7 U-C mutations include ~40%-60% intronic reads (Figure
S5B) and are therefore grouped as nascent RNA reads in subsequent analyses (Figures S5C
and S5D, red tracks).

When we examined the nascent RNA-seq data from duplicate experiments in three
engineered A549 cell lines, the percentage of nascent reads was reduced in the cells
containing lower m8A-7SK (Figure 5D, compare blue bar with orange and green bars).
Consistently, metagene analyses of the nascent RNA reads showed that reducing m6A-7SK
results in the reduction of transcription in protein-coding genes (Figure 5E). We observed
widespread instances of dampened nascent RNA synthesis across the genome in cells with
reduced m8A-7SK (Figure 5F, compare the middle track with the top and bottom tracks),
whereas the steady-state RNA levels are comparable (Figure S5E). Therefore, RNA Pol Il
transcription appears to be inhibited when 7SK contains lower levels of m®A modifications.

mSA modification affects the equilibrium of 7SK snRNP

During RNA Pol Il transcription, 7SK enhances RNA Pol 1l promoter-proximal pause

by sequestering P-TEFb.53 Given the global transcription inhibition in A549 cells with
reduced m8A-7SK, we asked whether 7SK with lower m8A modifications facilitates P-TEFb
sequestration. To this end, we immunoprecipitated CDKO, the catalytic subunit of P-TEFb
complex, from lysate prepared from the three A549 cell lines described above (Figure 4) and
measured associating 7SK by northern blots. As expected, reducing m8A modification of
7SK significantly strengthened the sequestration of CDK9 (Figure 6A, compare lane 10 with
lanes 5 and 15). Because CDK® is responsible for the phosphorylation of RNA Pol 11 Ser2,
the mark of productively elongating RNA Pol 1, we observed a reduction of Ser2P-RNA Pol
11 in A549 cells where CDK9 is more sequestered by 7SK with fewer m8A modifications
(Figure 6B).

We next examined the association of m8A-7SK with other 7SK snRNP components by RIP
assays. As expected, HEXIM1, a protein that associates with 7SK together with P-TEFb,
also interacts more with the demethylated 7SK (Figure 6C, compare lane 6 with lanes 3

and 9). By contrast, hnRNP A2/B1, which associates with P-TEFb-free 7SK, interacts less
with the demethylated 7SK (Figure 6D, compare lane 6 with lanes 3 and 9). The constitutive
7SK-binding proteins MePCE and LARP7 interact with 7SK equally well regardless of its
methylation status (Figures S6A and S6B).

To further confirm that the reduction of P-TEFb and m8A-7SK interaction reflects an

equilibrium of transcriptionally active/inactive P-TEFb rather than an overall reduction of
P-TEFb level, we performed a nuclear fractionation experiment.>* We found that the ratio
between chromatin-bound P-TEFb (in high-salt fraction or HSF, active transcription) and
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chromatin-free P-TEFb (in low-salt fraction or LSF, inactive transcription) is significantly
lower in A549 cells with lower m®A-7SK (Figure S6C). Similarly, the non-malignant
MRC-5 cells, which have lower m8A-7SK levels compared with A549 cells (Figure 1C),
have a lower ratio of active/inactive P-TEFb (Figure S6D).

Finally, we asked whether stimuli that were previously shown to promote P-TEFb releasing
from 7SK, such as hexamethylene bisacetamide (HMBA), affect m8A modifications of
7SK.%5 Indeed, MeRIP experiments showed that HMIBA-treated A549 cells contain higher
levels of m8A-7SK (Figure S6E). Taken together, these data suggest that m6A modifications
of 7SK actively modulate the equilibrium of 7SK-released P-TEFb (active transcription) and
7SK-associated P-TEFb (inactive transcription).

Reducing m%A modification of 7SK attenuates productive RNA Pol Il elongation

To gain mechanistic insights on m8A-7SK-related transcription regulation, chromatin
immunoprecipitation sequencing (ChIP-seq) was performed for Ser2P-RNA Pol Il and RNA
Pol 1l to determine possible polymerase elongation defects. Metagene analysis of the ChIP-
seq showed that reducing m8A-7SK results in the accumulation of Ser2P-RNA Pol 11 around
the TSS and reduction in the gene body and downstream of transcription termination site
(TES) (Figure 6E). We further estimated the RNA Pol 11 elongation defect by measuring the
traveling ratio of the Ser2P-RNA Pol Il, which is calculated by the ratio between ChlP-seq
reads in gene body region (from 1 kb after TSS till 3 kb after TES) and reads in the
promoter-proximal region (from 30 bp upstream to 1 kb downstream of TSS) (Figure 6F).
Ser2P-RNA Pol |1 traveling ratio in the A549 cell with lower m8A-7SK is almost 3-fold
lower than the control cells (Figure 6F, compare blue line with the orange and green lines).
Finally, a gene-level analysis of genomic regions with high levels of ChIP-seq reads revealed
Ser2P-RNA Pol 1l elongation defect that is consistent with the metagene analyses results
(Figure 6G). For the three representative neighboring genes (/REBZ, HYKK, and PSMA4),
in cells with lower m8A-7SK, Ser2P-RNA Pol 11 accumulates at the promoter-proximal
region (Figure 6G, red arrows) and fails to travel into the gene bodies (Figure 6G, red
brackets with dotted lines). In the RNA Pol 1l ChlP-seq data, RNA Pol Il is similarly more
concentrated in the promoter-proximal region when 7SK is demethylated (Figures S6F—
S6H). Taken together, our data provide compelling evidence that erasing m®A modifications
of 7SK not only reduces the overall level of Ser2P-RNA Pol 1l but also attenuates them at
the promoter-proximal region through 7SK-mediated sequestration of P-TEFb.

Reducing m%A modification of 7SK alters its RNA structure

The structure of 7SK RNA has been previously studied /n vitroand in vivo, in a variety

of systems.8 It has become clear that the 7SK snRNP is dynamic and that the RNA
structure and protein interactions change in response to cellular conditions to control
transcription.5”:58 Specifically, 7SK adopts distinct structures to sequester or release P-
TEFDb, although the detailed structural differences between these two states are still being
debated.>’-61 Furthermore, the molecular mechanism that induces such 7SK conformational
changes is unknown.
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To examine the effect of m8A perturbation on 7SK structure, we performed in-cell selective
2’ -hydroxyl acylation analyzed by primer extension, combined with mutational profiling
(SHAPE-MaP) on 7SK in A549 cells expressing our CRISPR dCasRx-ALKBHS5 systems
(Figure 4). SHAPE-MaP is a chemical probing method that uses a hydroxyl-selective
electrophile (such as 2”-methylnicotinic acid imidazolide or NAI) to react with the RNA
2’-hydroxyl position when it is accessible.52:63 Subsequently, the 2”-O-modified bases are
converted into sequence mutations during RT and deep sequenced (Figure 7A). Cells were
treated with NAI or dimethyl sulfoxide (DMSO) only and analyses were performed using
the ShapeMapper v2 pipeline®4:65 (detailed in STAR Methods).

The SHAPE-MaP reactivity profiles (Figures 7B and S7A-S7F) show that reactive regions
on 7SK fall predominantly within single-stranded regions based on previous structure
models (Figures 7C and S7G).%6:67 Regions in 7SK that were affected by different méA
levels were identified by performing ASHAPE analyses to compare reactivity across
different conditions.58 Comparison of the two control conditions showed very little
difference between the profiles (Figure 7D, top). By contrast, comparison of the m6A
reduced condition to either control sample showed large, highly overlapping differences
(Figure 7D, middle and bottom), suggesting that modulation of mBA is sufficient to alter the
7SK RNA structure.

As seen in Figures 7D and S7G, alterations in SHAPE reactivity were present in the terminal
loop of SLI (A56, which is an m6A site, and U57), as well as the internal loop (G74

and C75), which is of interest as this is the primary location of HEXIM binding.48:49

Two other mBA sites, A43 and AB5, are also located in SLI. To test if these m®A sites
directly affect binding of 7SK with HEXIM, we performed an /n vitro binding assay with
5’-biotinylated 7SK SLI (nt 30-80, Figure S7H) with or without m6A modifications in A549
cell lysates. This experiment revealed that m®A on SLI inhibits the interaction between 7SK
and HEXIM1 (Figure S71).

The largest cluster of changes was distributed across SLII and the region immediately
downstream (A155, U156, U163-G167, and A169), with a loss of reactivity upon m6A
depletion. These changes agree well with the formation of an extended SLII as in Figure
2A, one of the original 7SK models determined by chemical probing®® and thus become
less accessible (Figure 7E). SLII was unperturbed except for an unusual increase in
reactivity of G262, which is modeled in the midst of a helix, and no concurrent increase

in the reactivity of its putative partner nucleotide was detected. Finally, there is a decrease
in reactivity in nucleotides C289 and A297-A301, adjacent to the helix responsible for

5’ to 3’ circularization. The placement of the amplification primers prevents SHAPE
analysis on one side of the helix, but no changes were detected on the 3” side of the
circularization helix (A290-A295). Biological replicates of the SHAPE-MaP experiment
show good reproducibility (Figures STA-S7F), and mapping of these changes onto a circular
model of 7SK suggests that erasing the m8A modification shifts 7SK toward a conformation
favoring P-TEFb sequestration (Figure S7G).
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DISCUSSION

Despite numerous studies suggesting that mA modification on mMRNAs post-
transcriptionally modulates various crucial biological processes,3°36:70-73 the exact role

of mBA in transcriptional regulation via non-coding RNAs is yet to be defined. In this
study, we uncovered m8A modifications on 7SK snRNA, an RNA Pol 111 transcribed non-
coding RNA.12 Of note, during the revision of this manuscript, recent publications similarly

suggest m8A-7SK interacts with specific reader proteins and activates transcription in HeLa
cells.”475

Among the major m8A writers (METTL3 and METTL16) and erasers (FTO and ALKBH5),
we determined METTL3 and ALKBHS5 to be responsible for 7SK methylation (Figure

1). A previous study detected association between METTL16 and 7SK by RIP-seq,’6
suggesting that METTL16 is a potential m8A writer for 7SK. However, another study found
that METTL16 neither binds to 7SK snRNA nor regulates m®A modification of 7SK.44
Consistent with the latter study, we did not detect METTL16-7SK association by RIP, and
knockdown or overexpression of METTL16 did not change levels of m6A-7SK (Figure S1)
nor the m8A sites detected by SELECT assays (Figures S2E-S2J). Instead, we observed
that METTL3 is responsible for mbA installation on 7SK, which is consistent with recent
publications.” 75

Global epitranscriptomic analyses suggest that RNA m8A modifications predominantly
occur at the RRACH consensus motif.3046 However, among the eight mBA sites we
identified on 7SK, only two sites (A281 and A288) are within the RRACH motif (Figure
2A). The other six sites are in GAU (A43, A56, and A65), CAA (A186 and A238), or CAU
(A245) motifs. Four of these non-RRACH mBA sites can be specifically demethylated by
the 7SK-targeting dCasRx-ALKBHS5, providing further evidence that these are bona fide
mOA sites (Figure 4C). Nanopore sequencing analyses suggested many lower-confidence
7SK candidate m®A sites, which require further validation.2! Nonetheless, many of these
candidate sites are similarly outside of a RRACH motif. The predominant non-RRACH
distribution of 7SK m®A sites is unexpected, suggesting that a distinct mechanism for m6A
modification may exist.

A common function of the m6A-mark is altering the stability of mMRNAs.35.77.78
Unexpectedly, our study suggests that m6A modification of 7SK does not affect its stability
(Figure 4), consistent with the recent findings.”# Instead, m6A modification induces marked
structural rearrangement of 7SK, thereby facilitating the release of P-TEFb complex to
activate RNA Pol Il transcriptional elongation (Figures 5, 6, and 7). m8A modification

can alter the RNA structure by directly affecting RNA base pairing and by influencing
RNA-protein interactions.36:79 In the case of m6A-7SK, both mechanisms may play a role
in determining the 7SK structure: several validated mSA sites reside in duplexes where
7SK would interact with HEXIM and hnRNPs (Figure 2) and SHAPE activity data suggest
changes in RNA base pairing across 7SK. In SLI, A43 and A65 in the two GAUC motifs
critical for HEXIM binding are both methylated.*8 Our data suggest that these two m6A
modifications may directly inhibit HEXIM binding to 7SK (Figure S71). In low m8A-7SK
cells, decrease in SHAPE activity on A56-U59 perhaps results from HEXIM binding (Figure
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S7G). The most prominent structural change occurs in stem-loop Il (Figures 7D and 7E),
suggesting that an extended SLII structure may favor HEXIM/P-TEFb association. SLIII for
hnRNP binding also contains two m8A sites in A238 and A245, and m6A modifications

on 7SK increase its interaction with hnRNPs (A1, A2/B1, R, and Q).”4 Follow-up studies
are needed to determine whether the m®A nucleotides or the structure of m8A-7SK are
recognized by hnRNPs. Furthermore, given the wide spectrum of m8A reader proteins,

additional proteins other than hnRNPs may specifically recognize m8A-modified 7SK.31-
33,74,80

Most previous studies focus on how the fates of m8A-marked transcripts are determined

by m8A modification, confined to the regulation at post-transcriptional level. More

recently, several studies suggest that m8A modification affects global cellular transcription
through chromosome-associated regulatory RNAs, including nascent mMRNAs and eRNAs.
However, the identity and the mode of action for such m6A-containing transcripts that
regulate transcription are far from clear. Some studies claim that m6A modification

on eRNAs suppresses transcription by promoting decay of m8A-marked eRNAs,22:39
whereas others suggest that m8A modification on eRNAs promotes transcription by
facilitating transcriptional condensate formation.*? Nonetheless, it is clear that m8A MTC
(METTL3METTL14) is recruited to chromatin at the RNA Pol Il promoter proximal region
and promotes gene expression by releasing paused RNA Pol 11.41:81 Whether MTC exerts
its function through methylating RNAs or interacting with the integrator complex is under
debate.#1:81 Our study provides compelling evidence that 7SK is a key substrate for MTC
in the promoter region. m8A-7SK promotes RNA Pol 11 transcription by inhibiting promoter-
proximal pausing, providing another layer of m8A-mediated gene regulation.

Having established that m6A modification facilitates RNA Pol 11 transcription by regulating
7SK-mediated promoter-proximal pausing, we further probed the physiological function

of this regulation. Interestingly, we found that m8A modification of 7SK is much more
abundant in NSCLC cells such as A549, NCI-H1299, NCI-H2009, and NCI-H23 than in
non-malignant MRC-5 and BEAS-2B cells (Figure 1). Blocking m®A modification of 7SK
markedly inhibits colony-forming ability of A549 cells, suggesting that m6A-7SK plays a
crucial role in NSCLC tumorigenesis (Figure 5). Intriguingly, NSCLC patients have a high
prevalence of epidermal growth factor (EGF) receptor (EGFR) mutations, which can lead
to constitutive activation of EGF signaling that, ultimately, phosphorylates and activates
METTL3.7482 |n addition, two studies suggest that m6A writer METLL3 is required for
the growth, survival, and invasion of the lung cancer cells by facilitating translation of
oncogenes.*283 Aberrant m8A levels induced by overexpressed/hyperactivated METTL3 are
involved in the progression of lung cancer, including cell proliferation, invasion, metastasis,
drug resistance, and tumor environment.3”:38 Because METTL3 potentially methylates 7SK
to aberrantly activate RNA Pol 1 transcription in cancer cells, our study provides the
molecular basis for potential therapeutics that modulate m®A-7SK for NSCLC treatment.

Limitations of the study

We demonstrated that modulation of m®A-7SK influences RNA Pol 11 transcription in A549
cells (Figures 4 and 5). We cannot, however, pinpoint which specific m8A site(s) contribute
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to 7SK’s transcription regulation function. Likewise, the two mBA sites (A65 and A238)
that are not erased by dCasRx-ALKBH5 may also be important for 7SK’s function (Figure
4C). Future work using a different 7SK-targeting SgRNA may elucidate the functional
importance of m®A sites on A65 and A238 (Figures 2A and S2B). In addition, the utility
of other RNA-targeting CRISPR-Cas systems, such as Cas13b, can expand our strategy

in site-specific m6A modulation on 7SK.84 Finally, direct RNA-seq, such as the nanopore
technology, holds the potential to map m6A sites accurately and precisely on 7SK at the
single-molecule level.

Our study focuses on the major 7SK RNP, which regulates RNA Pol Il transcription through
P-TEFb. There exist at least two other 7SK RNPs that can regulate transcription: 7SK-LEC
(little elongation complex) and 7SK-BAF (chromatin remodeling complex).6%:85 Future
studies are required to determine the possibility that m®A also affects 7SK assembly in these
two much less abundant RNPs.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by Dr. Mingyi Xie (mingyi.xie@ufl.edu).

Materials availability—All the materials generated in this study are accessible upon
request.

Data and code availability

. All the sequencing data generated by this study have been deposited to
NCBI Sequence Read Archive (SRA) database under SRA accession number
PRIJNA938517

. All original code has been deposited at https://github.com/UF-Xie-Lab/
7SK-python-tools, which is also available through: https://doi.org/10.5281/
zen0do.8341420

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture—A549, H1299 and H23 cells were cultured in RPMI-1640 medium (Sigma,
R8758) supplemented with 10% fetal bovine serum (FBS) (Gibco, A5256701), 100 U/mL
penicillin and 100 pg/mL streptomycin (Gibco, 15140-122). 293T, H2009 and MRCS5 cells
were cultured in DMEM medium (Sigma, D5796) supplemented with 10% FBS, 100 U/mL
penicillin and 100 pg/mL streptomycin. BEAS-2B cells were cultured in BEGM BulletKit
(Lonza, CC-3170) supplemented with 100 U/mL penicillin and 100 mg/mL streptomycin at
37°C, 5% COs».
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METHOD DETAILS

RNA isolation and RT-gPCR—Cells were washed with cold phosphate buffer-saline
(PBS) and RNA was isolated from cells using TRIzol, following the manufacturer’s
protocol. The cDNA synthesis was performed using reverse transcription kit. All RT-gPCR
experiments used Actin mRNA or U6 snRNA for normalization. PCR primers used are listed
in Table S1.

mBA RNA immunoprecipitation—MeRIP were modified according to previously
published protocols.43:84 Briefly, 100 ug total RNA were incubated with 5 pg a-m°8A
antibody or control 1gG in 1x reaction buffer (150 mM NaCl, 10 mM Tris—HCI, pH

7.5 and 0.1% NP-40) for four hours at 4°C. Then, 30 pL M-280 sheep anti-Rabbit IgG
dynabeads were washed and added to the mixture with rotation at 4°C overnight. The
enriched RNA was extracted with TRIzol and co-precipitated with 15 pg glycoblue. Finally,
m8A-RNA enrichment was determined by RT-qPCR analysis or MeRIP-seq. The MeRIP-seq
libraries were generated using the SMARTer Stranded Total RNA-Seq Kit v3 following the
manufacturer’s protocol.

Data analysis for MeRIP-seg—All MeRIP-seq data sets were first checked for base
call quality using the FastQC program (bioinformatics.babraham.ac.uk/projects/fastqc/).
Sequencing reads were processed by Trimmomatic to remove adapter content and low-
quality reads.8% PEAR was used to combine paired reads into one forward read.8” Unique
molecular tags (UMTS) generated during library preparation were removed using cutadapt.88
Reads were mapped using HISAT2 to the human reference genome (GRCh38 release 106)
using default parameters.89 The resulting alignment files were sorted and indexed using
Samtools sort and Samtools index tools.%° Per gene read counts were calculated using the
HTSeq htseg-count tool.%1 Low abundance genes were characterized as genes with fewer
than 10 reads in any of the three input samples or any of the three MeRIP samples and were
removed from the analysis. Each condition was normalized to the input control by taking
log, (MBA 1P/input). Both 3-dimensional (Figure 4E) and 2-dimensional (Figure S4) plots
comparing the m8A IP from the 7SK-targeting dCasRx-ALKBHS5 to the two controls were
generated using Plotly.%2

RNA immunoprecipitation assay—RIP analyses were modified according to a
previously published protocol.** 10 million A549 cells were fixed with 0.1% formaldehyde
in PBS at room temperature for 10 min. Glycine (final concentration 125 mM) was added
to terminate formaldehyde fixation at room temperature. Cells were washed with cold

PBS and scraped, followed by centrifuging at 500 xg for 5 min at 4°C. Cell pellets were
resuspended in 600 pL lysis buffer (25 mM Tris-HCI, pH 7.4, 150 mM KCI, 0.5 mM DTT,
1% Triton X-100 and 1 mM PMSF) on ice for 30 min. After centrifugation at 16000 xg, at
4°C for 15 min, the supernatant was collected (5% saved as input) and incubated with 1x
protease inhibitor cocktail, 2 pL RNAaseOUT (Invitrogen, 10777019), 40 uL M-280 sheep
anti-Rabbit 1gG dynabeads that are pre-coated with 5 pg antibody/1gG, then rotate at 4°C
overnight. The beads were washed by lysis buffer twice and the bound RNAs were extracted
by TRIzol reagent. Amount of target transcripts in both the input and RIP samples were
analyzed with RT-gPCR.
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Western blot and northern blot—Total protein was extracted with NP-40 lysis buffer
(1% NP-40, 10% Glycerol, 150 mM NaCl, 50 mM Tris-HCI, 5 mM EDTA) and quantified
using DC protein assay kit. Equal amount of protein samples was separated in 10%
polyacrylamide-SDS gel and then transferred to PVDF membranes. The membranes were
blocked in 5% non-fat milk, and then incubated in primary and secondary antibodies. The
primary antibodies used in this study are listed in key resources table. Near-infrared northern
blot was performed as previously described.6 Briefly, total RNA was isolated by TRIzol
and separated on 10% denaturing polyacrylamide 8 M urea gel and subsequently transferred
onto an Amersham Hybond-N+ membrane and UV cross-linked. Full-length antisense 7SK
labeled with near-infrared (IR) dye was used as an RNA probe. Other probes are either
IR-containing DNA oligonucleotides or azide-containing DNA oligonucleotides that are
labeled with IR dye through click chemistry (Table S2).96

Molecular cloning—The original pMSCV-dCasRx-ALKBH5-PURO plasmid (175582)
and lenti-sgRNA-BSD (175583) were purchased from Addgene. dCasRx-dALKBH5-PURO
containing a single mutation at H204A was constructed. SgRNASs targeting 7SK were
designed and cloned into lenti-sgRNA-BSD. The guide sequences are listed in Table S5.
For transient transfection experiments, coding sequences for FLAG-tagged ALKBH5 (WT
or H204A) or METTL3 (WT or D395A) were cloned into the pCDNA3.1 vector. For
knockdown experiments, ShRNA sequences against METTL3, ALKBH5, METTL16 and
FTO were cloned into PLKO.1 plasmid vector. ShRNA sequences were listed in Table S3

Generation of stable cell lines with lentivirus—80% confluent 293T cells in 10

cm dishes were transfected with lentivirus packaging plasmids (6 ug of psPAX2 and 4

ug pMD2.G) and 10 pg cargo plasmids (encoding dCasRx-ALKBHS5, sgRNA or shRNA)
with lipofectamine 3000. After transfection, the cells were cultured in FreeStyle 293
Expression Medium (Gibco, 12338018) for 48 h and the supernatant containing the viruses
was harvested. The viruses were concentrated with Lenti-X concentrator (Takara, 631232)
following the manufacturer’s protocol. 2 mL concentrated lentivirus were used to infect
Ab549 cells in 6 well plate for 48h and followed by 1 pg/mL puromycin selection to obtain
polyclonal stable cell lines. For A549 cells expressing both dCasRx-ALKBH5 and sgRNA,
dCasRX-ALKBH5-expressing cells were first established via puromycin selection. The cells
were then infected with lentiviruses carrying sgRNA, followed by selection with blasticidin
(10 pg/mL) and puromycin to obtain polyclonal stable cell lines. Due to growth defect in
cells with low mBA-7SK, experiments were performed using stable cells with low passage
numbers.

SELECT gPCR for m°A site detection—SELECT gqPCR was conducted following a
previously published protocol with minor changes.#34 Briefly, 1 pg total RNA was mixed
with 40 nM each of the upstream and downstream primers and 5 pM dNTP (NEB#N0446S)
in 17.5 pL 1x CutSmart buffer (NEB, B7204S). The reaction mixtures were incubated with
annealing cycle: 90°C, 80°C, 70°C, 60°C, 50°C for 1 min and 40°C for 6 min. 2.5 uL

of enzyme mixture including 0.5 U SplintR ligase (NEB, M0375S), 0.01 U Bst 2.0 DNA
polymerase (NEB, M0537S) and 10 nM ATP (NEB, P0756S) were added and the reaction
was incubated at 40°C for 20 min and 80°C for 20 min. Subsequently, 2 uL of reaction
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mixture, 200 nM SELECT primers and 2x SYBR Green Master Mix were mixed for g°PCR
with the following program: 95°C, 1 min; 95°C, 20 s, 60°C, 60 s for 40 cycles; 95°C,

15s; 60°C, 1 min; 95°C, 15 s; 4°C, hold. Cq values of samples were normalized to their
corresponding Cq values of control. Primers are listed in Table S4.

Immunofluorescence—For immunofluorescence, 5x10* A549 cells were cultured on
glass slides in 24 well plates for 12 h. The plasmids with HA or FLAG tagged ALKBH5/
METTL3 (500 ng) were transfected into A549 cells with Lipofectamine 3000. After 36 h
incubation, cells were fixed in 4% paraformaldehyde (in 1x PBS) for 15 min, permeabilized
in 0.5% Triton X-100 for 15 min at room temperature. Then the cells were blocked in 5%
bovine serum albumin for 1h at room temperature and incubated with HA (1:500), FLAG
(1:500) or Ser 2P (1:1000) antibody overnight at 4 °C. Cells were stained with Alexa Fluor
488 (1:500) or Alexa Fluor 594-conjugated (1:500) secondary antibodies for 1h at room
temperature. The nuclei were stained with DAPI. Representative images were captured using
the LEICA DFC7000T. Using the Image J software, we quantified the fluorescence intensity
of Ser-2P in 20 randomly selected transfected cells (with FLAG signal) and normalized to
20 cells from the vector transfection experiment. For quantification of the vector transfection
experiment, 20 cells were randomly selected.

EU labeling assay—The EU incorporation assay was performed as previously
described.®7 Briefly, EU was added to the culture medium after 36 h of initial transfection
with a final concentration of 250 uM, and cells were incubated at 37 °C for 1.5 h. After

EU labeling, the cells were washed with cold PBS twice and fixed in 3.7% formaldehyde at
room temperature for 15 min, permeabilized in 0.5% Triton-X 100 at room temperature for
15 min. Then the cells were washed with PBS, stained with Alexa 594—azide (1:500) and
incubated with DAPI according to the manufacturer’s instructions.

Endogenous RNase H cleavage assay—10 million A549 cells were resuspended

in 400 pL Sucrose Buffer I (0.32 M sucrose, 3 mM CaCly, 2 mM Mg acetate, 0.1 mM
EDTA, 10 mM Tris-HCI pH 8.0, 1 mM DTT, 0.5 mM PMSF and 0.5% (v/v) NP-40). After
centrifugation at 500 xg for 5 min at 4°C, the supernatant was collected as cytoplasmic
extract. 250 pL low salt Buffer (20 mM HEPES, pH 7.9, 25% glycerol, 1.5 mM MgCl,, 20
mM KCI, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF) was added to resuspend the nuclei
pellet at 4°C. 1/5 volume of high salt Buffer (20 mM HEPES, pH 7.9, 25% glycerol, 1.5 mM
MgCl,, 0.8 M KCI, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 1% NP-40) was added
to the nuclei suspension. The nuclear extract and cytoplasmic extract were then mixed, and
centrifuged at 21,000 xg for 5 min at 4 °C. The supernatant was taken out for RNase H
reaction. For each reaction 10 pL of 100 uM DNA oligos were added to 90 pL cell extract
and incubated for 30 min at 37°C. TRIzol was added to extract total RNA. Sequence of the
DNA oligos is provided in Table S5.

Colony formation assay—Two thousand A549 cells per well were seeded in 6-well
plates. 10 days later, cells were fixed with 4% paraformaldehyde and stained with crystal
violet dye (0.1% wi/v). The images were taken by a ChemiDoc Imaging system (Bio-Rad).
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Nuclear fractionation—The nuclear fractionation experiment was prepared as previously
described with minor changes.>* A549 cell pellets were resuspended in buffer A (10 mM
HEPES pH 7.9, 1.5 mM MgCly,, 10 mM KCI, ImM DTT and 13 protease inhibitor cocktail)
and incubated on ice for 15 min. After centrifuged at 250 xg for 5 min, the pellets were
resuspended with same volume of low-salt buffer (10 mM HEPES pH 7.9, 1.5 mM MgCly,
150 mM KCI, 1% NP-40, ImM DTT and 1x protease inhibitor cocktail) for 15 min and
centrifuged at 5000 xg for 5 min at 4°C. The supernatant was saved as low-salt fraction
(LSF, containing chromatin-unbound P-TEFb). Subsequently, the pellets were resuspended
with high-salt buffer (10 mM HEPES pH 7.9, 300 mM NaCl, 1.5 mM MgCl,, 20%
Glycerol, 0.4 mM EDTA, 0.5% NP40, 1 mM DTT and 1x protease inhibitor cocktail) on ice
for 30 min and centrifuged at 12,000 xg at 4°C for 15 min. The supernatant was saved as the
High-salt fraction (HSF, containing chromatin-bound P-TEFb).

In vitro m8A RNA binding assay—This experiment was performed following a
previously published protocol with minor modifications.? Biotinylated 7SK SLI RNA (nt
30-80) with or without m8A modifications were denatured at 95°C for 5 minutes and cooled
down slowly to room temperature before use. 50 pl streptavidin magnetic beads was mixed
with the RNA in binding buffer (10 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.05% NP-40, 1
mM EDTA, 1 mM DTT, 1 uL RNase inhibitor) at 4°C for 5 hours. Then the cell lysate was
mixed with streptavidin beads in a final volume of 300 ul overnight at 4°C. The beads were
washed three times with washing buffer (10 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.05%
NP-40, 1 mM EDTA), before being denatured in the loading buffer for western blot analysis.
7SK SLI oligonucleotides are listed in Table S6.

ChlP-seg—The cells were crosslinked as described in RIP, except the formaldehyde
concentration was 1%. Cell lysates were generated by addition of 1 mL sonication buffer
(0.1% SDS, 1% Triton X-100, 10 mM Tris-HCI, 1 mM EDTA, 0.1% sodium deoxycholate,
0.25% Sarkosyl, 1 mM DTT and protease inhibitors) per 40 million cells. The DNA was
sheared to an average fragment size of 100 — 300 bp using Biorupter Pico (Diagenode).
The sonicated samples were centrifuged for 10 min at 12,000 xg at 4°C. The supernatant
was collected (5% saved as input) and incubated with 40 UL Protein G dynabeads that are
pre-coated with 5 g antibody/IgG, 1x protease inhibitor cocktail at 4°C overnight. The IP
was washed twice with 1 mL of RIPA 0.3 buffer (0.1% SDS, 1% Triton X-100, 10 mM
Tris-HCI, 1 mM EDTA, 0.1% sodium deoxycholate, 0.3 M NaCl), RIPA 0 buffer (0.1%
SDS, 1% Triton X-100, 10 mM Tris-HCI, 1 mM EDTA, 0.1% sodium deoxycholate), LiCl
buffer (250 mM LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA, 10 mM
Tris-HCI) and TE buffer (10 mM Tris-HCI, 1 mM EDTA). 300 puL SDS elution buffer (1%
SDS, 10 mM EDTA, 50 mM Tris-HCI) was added to the beads and incubated at 65°C

for 6 hours with 1 uL Proteinase K (20 mg/mL) and 2 pL RNase A (0.6 mg/mL). DNA
was purified by Phenol/Chloroform/Isoamyl alcohol (PCA) (25:24:1). The libraries were
generated using the ThruPLEX Tag-seq Kit following the manufacturer’s protocol.

Data analysis for ChiP-seq—All ChlP-seq data sets (two repeats for Ser2P Pol Il and
three repeats for Pol 11) were first processed as the MeRIP-seq data, as described above, until
alignment files were sorted with Samtools sort tool. DeepTools bamCoverage tool was used
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to generate Bigwig files for visualization of read pileups in a genome browser with a smooth
length of 60 and were normalized using reads per genomic coverage (RPGC) with an
effective genome size of 2,913,022,398.94 Narrow peaks were called using MACS2 callpeak
comparing the ChIP to input samples using default parameters.%° Bigwig files from replicate
values were combined using the DeepTools bigwigAverage function. Evaluation of read
coverage across all protein coding genes was completed using deepTools compute-matrix
scale-regions with the parameters “-m 20000 -b 1000 -a 3000 —skipZeros —transcriptID gene
—transcript_id_designator gene_id”.94 Read profiles and heatmaps were generated using
deepTools plotProfile and plotHeatmap with the “—perGroup” parameter.* The traveling
ratio for this analysis is defined by the ratio of reads in the gene body region, as defined by
1kb downstream of the TSS to 3kb downstream of the TES, to reads from the TSS regions,
as defined by 30 bp upstream of the TSS to 1kb downstream of the TSS. The coverage in the
TSS and gene body regions was calculated using the DeepTools computeMatrix function, as
before, but with the added —unscaled5prime 1000 condition. From this matrix, the traveling
ratio was calculated using the python script traveling_ratio.py (https://github.com/UF-Xie-
Lab/7SK-python-tools).

Nascent RNA-seg—Nascent RNA sequencing was performed as previously described
with minor modifications.4%:52 The cells were treated with 700 mM 4SU for 15 minutes

at 37 °C and then the total RNA was extracted immediately via TRIzol. 50 pg total

RNA was added in biotinylation reaction mixture (MTS-Biotin 0.2 mg/mL, 1 mM EDTA,
20 M HEPES pH 7.4) and incubated at RT in the absence of light for 35 min, then

the equal volume of PCA was added to each tube for RNA purification. Biotinylated

RNA was captured by 25 pL Dynabeads MyOne Streptavidin C1 dynabeads according

to the manufacturer’s protocol. 4SU RNA was eluted from Streptavidin C1 beads in the
elution buffer (100 mM DTT, 20 mM HEPES, 1 mM EDTA, 100 mM NaCl, 0.05% (v/v)
Tween-20). 8 mM fresh iodoacetamide (IAA), 50 mM NaPO,4 and DMSO were mixed with
600 ng 4SU RNA in the final volume of 50 uL and incubated at 50°C for 15min. After
incubation, 1 uL 1 M DTT was added to stop the reaction and RNA was precipitated with
20 pg glycogen, 300 mM NaOAc and 100% ethanol. The libraries were generated using the
SMARTer Stranded Total RNA-Seq Kit v3 following the manufacturer’s protocol.

Data analysis for nascent RNA-seq—AIll nascent RNA-seq data sets were first
processed as the MeRIP-seq data as described above through UMT removal. The reads
were mapped using HISAT-3N to the human reference genome (GRCh38, release 106)
with setting the “~base-change T,C”.%8 The resulting alignment files were sorted and
indexed using the Samtools sort and index tools.%? The percent of reads that contain

a T to C mutation was calculated from HISAT-3N conversion tables using the python
script conversion_rate.py (https://github.com/UF-Xie-Lab/7SK-python-tools). Alignment
files were split by the number of T to C mutations found in the aligned sequence using
Samtools view with the “-d Yf:#” flag option.?0 deepTools bamCoverage tool was run
with default settings to generate Bigwig files for visualization of read pileups in a genome
browser with each alignment normalized to the total number of reads containing 0 mutations
within that sample. The deepTools computeMatrix reference-point tool was run with the
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parameters “-b 1000 -a 3000 —skip-Zeros” and plotHeatmap tool was used to generate a
heatmap of the first 10 kb downstream of the TSS.%4

In vivo SHAPE modification—Aliquots of two million A549 cells per sample were
pelleted. The cell pellets were resuspended to a volume of 465 L in 13 PBS and 10

pL of SUPERase-In RNase Inhibitor. SHAPE samples were treated with 25 pL of 2 M
NAI for a final concentration of 100 mM, and control cells were treated with 25 pL of
anhydrous DMSO. Reactions were incubated at 37°C with rotation for 12 min. Reactions
were stopped by centrifuging the cells, removing the supernatant and resuspending the
samples in 1 mL of TRIzol. RNA was extracted using the DirectZol RNA Miniprep Plus
kit (Zymo, R2071), including an on-column DNase treatment according to manufacturer’s
instructions. Samples were eluted into 50 pL of nuclease-free water. To ensure no genomic
DNA carry-over, samples were then further treated with TURBO DNase Enzyme for 30 min
at 37°C. Reactions were stopped using a DNase inactivation reagent in slurry form as per
manufacturer’s instructions. RNA was quantitated and stored at —80°C until use.

MaP reverse transcription and library construction—MaP RT was performed as
previously described.®3 1 pg total RNA was used as input for RT (25°C 12min, 42°C 3h,
70°C 15min, 10°C o) and the RT products were purified by 2x volume of AMPure XP
beads. Libraries were constructed by two-step PCR. One-tenth of the purified RT reaction
was used for PCR1 with the following program: 98°C for 30 s; 98°C for 10 s, 68°C for 20
s, 72°C for 20 s with 10 cycles; and 72°C for 2 min. PCR1 product was purified by AMPure
XP beads (1x volume). 5 ng product was used for PCR2 with the following program: 98°C
for 30's; 98°C for 10 s, 65 °C for 30 s, 72°C for 20 s with 10 cycles; and 72°C for 2

min. PCR2 product was purified by AMPure XP beads (1x volume) and sequenced with an
[llumina MiSeq instrument using 2 x 250 paired-end sequencing. Primers for the two-step
PCR are listed in Table S7.

Data analysis for SHAPE-Map—All libraries were processed with the ShapeMapper2
(v2.1.5) pipeline using the human 7SK reference sequence based on NR_001445 using fastq
files and the —amplicon flag. All comparisons were performed between NAI-treated cells
(-modified) and DMSO only (-untreated) controls.

The ASHAPE analysis was performed using the python script deltaSHAPE.py
(weekslab.com/software) with the —colorfill flag to highlight the significant
differences. The structure in Figure S7G was rendered using StructureEditorv6.2
(rna.urmc.rochester.edu/GUI/html/StructureEditor.html).

All sequencing data associated with this study have been deposited in the NCBI
Sequence Read Archive (SRA) database and are accessible under the accession humber
SRA:PRINA938517.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical data performed using the Student’s t-test, as described in the figure legends.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 and ns, not significant.
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Highlights
. 7SK snRNA contains m8A modifications that are regulated by METTL3 and
ALKBH5
. mBA on 7SK does not always occur at the canonical “RRACH” motif

. Reduced m®A-7SK in NSCLC cells suppresses proliferation and RNA Pol I

. Demethylated 7SK adopts a structure that sequesters P-TEFb, resulting in

transcription

RNA Pol Il pause
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Figure 1. m®A modification of 7SK is dynamically controlled by METTL3 and ALKBHS5 in
NSCLC cells

(A) Total RNA from A549 cells was subjected to immunoprecipitation using a m8A-specific
antibody or 1gG control, followed by RT-gPCR analyses of 7SK, U6, tRNA!S, and RCN2
mMRNA.

(B) Same MeRIP experiment as in (A), except that the immunoprecipitated RNAs were
analyzed via northern blot to detect 7SK, U6, and tRNAYS. Input (1) and supernatant (S) are
1.2% of the pellet (P).

(C) MeRIP analyses were performed in four different NSCLC cell lines, including A549,
H1299, H2009, and H23, as well as the control cell lines, MRC-5 and BEAS-2B, followed
by RT-qPCR analyses of 7SK.

(D and G) Western blot analyses show the knockdown of METTL3 (D) or ALKBHS5 (G) by
two different stably expressed shRNAs in A549 cells, with actin as a control. Northern blots
detect the abundance of 7SK and U6 in A549 cells with METTL3/ALKBH5 depletion.

(E and H) MeRIP experiments were performed in METTL3 (E) or ALKBHS5 (H)
knockdown cells, followed by RT-qPCR detection of 7SK or RCN2.

(F and 1) RIP analyses were performed in A549 cell lysates using a-METTL3 (F) or
a-ALKBHS5 (1) antibodies, followed by RT-gPCR detection of 7SK. Error bars represent
standard deviation (SD). A t test calculated the p values, **p < 0.01, ***p < 0.001, ****p <
0.0001. See also Figure S1.
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Figure 2. Identification of mBA modification sites on 7SK
(A) Secondary structure of 7SK contains four stem-loops (SLI-SLIV) with putative m6A

sites highlighted in red. The sites confirmed by the SELECT assay are marked with a red
circle (m®). Colored lines labeled “regions 1-6” indicate the sequences targeted by DNA
oligonucleotides in the RNase H cleavage assays.

(B) Illustration of the SELECT assay for m6A detection, detailed in STAR Methods.

(C and D) SELECT analyses of candidate m6A sites indicated by the nanopore sequencing
(C) or within the RRACH consensus matif, as well as A257 (D). The y axis shows the
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quantification cycle (Cq) value of the SELECT-gPCR measurement. Error bars represent SD
from 3 experiments (paired t test statistics were used, *p < 0.05, **p < 0.01, ***p < 0.001,
and ns, not significant). See also Figure S2.

Mol Cell. Author manuscript; available in PMC 2024 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 30

>
w

FLAG Ser2P DAPI Merge

FLAG-METTL3
Vedtor "Wt p3gsA

[ e

Vector

relative Ser2P
fluorescence intensity
FLAG-METTL3

D395A

[
Vector WT D395A
FLAG-METTL3

D ctrl #1MEW;Z shRNA

[ ] s
e oalnT

E LAG-ALKBHS
Vector “wT Ha04A

-n
.
u
>
®
7]
(0]

N
T

DAPI Merge

Vector

WT

m m -"
2
m
5
FLAG-ALKBH5

<
Actin §
I
G
z
G
[
% £ | FLAG 5EU DAPI Merge
o 8
28
Ry ) =
°® £
3 8
0.0 >
Vector WT_H204A
FLAG-ALKBHS5
H o —DLKBHSohrNa S
" w2 2
-
seP
€l
P 1
T3
——

Figure 3. m®A modifiers of 7SK, METTL3, and ALKBHS influence RNA Pol 11 serine 2
phosphorylation and transcription

(A and E) Western blots using anti-FLAG antibody demonstrate the overexpression of
FLAG-METTL3 (WT and D395A) (A) and FLAG-ALKBH5 (WT and H204A) (E) in A549
cells, with actin as a loading control.

(B and F) Representative immunofluorescence images of A549 cells transfected with
plasmids encoding FLAG-METTL3 (WT and D395A) (B) and FLAG-ALKBH5 (WT and
H204A) (F).

(C and G) The cells were dual stained using RNA Pol 11 Ser2P (red) and FLAG (green)
antibodies, with quantification of RNA Pol Il Ser2P levels presented in (C) and (G),
respectively. White arrows point to cells transfected with the plasmids.

(D and H) Western blots of METTL3 (D) or ALKBH5 (H) in A549 cells stably expressing
shRNA against these proteins. Total RNA Pol Il and RNA Pol 11 Ser2P levels are also
detected, with actin as a loading control.
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(1) EU incorporation and staining in A549 cells transfected with plasmids encoding FLAG-
ALKBHS5 (WT and H204A). White arrows point to cells transfected with the plasmids.
Scale bars, 10 um. See also Figure S2.
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Figure 4. Establishment of a CRISPR-CasRx system to specifically modulate mBA-7SK

(A) Overview of the fusion dCasRx-ALKBH5 (WT or H204A) proteins for removing méA
modification on 7SK.

(B) Western blot and northern blot detected the dCasRx-ALKBHS5 fusion protein expression
level and the abundance of sgRNA and 7SK in the 3 engineered A549 cell lines stably
expressing fusion dCasRx-ALKBHS5.

(C) Normalized m8A levels at A43, A56, AB5, A186, A238, A245, A281, and A288
detected by SELECT in 3 A549 cell lines as in (B) (error bars represent SD, t test calculated
the p values, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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(D) Northern blot analyses of 7SK and tRNAYS after immunoprecipitation using a méA-
specific antibody or IgG control in 3 A549 cell lines as in (B). Input (1) and supernatant (S)
are 1.2% of the pellet (P). Quantitation of relative m6A-7SK levels (mean = SD) in the pellet
was derived from 3 independent experiments.

(E) 3D scatter plot of transcriptome-wide relative m8A modifications (logo[m®A-1P/input])
in 3 different A549 cell lines as in (B), detected by triplicate MeRIP-seq experiments. The
red dot indicates 7SK. See also Figures S2—-S4.
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Figure 5. Reducing mBA-7SK inhibits NSCLC cell colony formation and RNA Pol 11
transcription

Experiments were performed in the engineered A549 cell lines stably expressing fusion
dCasRx-ALKBHS5 against 7SK, and two control cell lines as in Figure 4. (A and B)
Representative image (A) and relative colony number (B) in colony formation assays (error
bars represent SD; t test calculated the p value, ****p < 0.0001).

(C) EU incorporation and staining of nascent RNAs. Scale bars, 10 pm.

(D) Histogram profile showing the percentage of mapped nascent reads that contain 2—7 U-C
mutations from duplicate nascent RNA sequencing (RNA-seq) experiments.

(E) Heatmap distribution of nascent RNA reads mapped to protein-coding genes, centered at
the TSS (-1 kb to +10 kb).

(F) Genome browser shots of nascent RNA-seq tracks, spanning 155,160-155,330 kb of
chromosome 1. See also Figure S5.
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Figure 6. Reducing mBA modification of 7SK attenuates productive RNA Pol 11 elongation
Experiments were performed in the engineered A549 cell lines stably expressing fusion

dCasRx-ALKBHS5 against 7SK and two control cell lines as in Figure 4. (A, C, and D)
Northern blot analyses of 7SK and tRNAYS from RIP experiments performed using a CDK9
(A), HEXIM1 (C), and hnRNP A2B1 (D) antibodies or 1gG. Western blots demonstrate IP
efficiency. Inputs (1) are 5% of the pellet (P). Quantitation of relative m8A-7SK levels (mean
+ SD) was derived from 3 independent experiments.
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(B) Western blot of total RNA Pol 11 and Ser2P-RNA Pol |1, with actin as a control.
Quantitation of relative Ser2P-RNA Pol Il and RNA Pol Il levels (mean + SD) were derived
from 3 independent experiments.

(E) Heatmaps of Ser2P-RNA Pol Il occupancy (ChlP relative to input), centered at the TSS
(-1 to +3 kb).

(F) Metagene profiles of Ser2P-RNA Pol Il ChIP, showing the distribution of Ser2P-RNA
Pol Il and the traveling ratio.

(G) Track examples of RNA Pol Il Ser2P ChiIP-seq in the region spanning genes IREB2,
HYKK, and PSMA4. See also Figure S6.
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Figure 7. Structural switch of 7SK RNA upon modulation of m8A-7SK
Experiments were performed in the engineered A549 cell lines stably expressing fusion

dCasRx-ALKBHS5 against 7SK and two control cell lines as in Figure 4. (A) Overview of
SHAPE-MaP.

(B) Histogram profile depicting SHAPE-MaP reactivity of 7SK in A549 cells. The
nucleotides and numbering across the x axis correspond to the reference sequence
NR_001445. m®A sites are indicated by red circles. Highly reactive nucleotides are colored
in red, medium in orange, and low in black. Regions that do not contain structural
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information due to primer binding (nt 1-18, 319-332) are shaded in gray. Error bars indicate
SD from duplicate experiments.

(C) Graphic representation of interacting helices in a consensus model of 7SK. The region
corresponding to SLI is shown in red, SLII in blue, SLII in purple, SLIV inyellow, and the
circularization helix in green.

(D) Pairwise ASHAPE analyses highlighting the differences between 3 SHAPE-MaP
conditions. Analyses were performed with a sliding window of 3 nt and regions with
increased reactivity are shaded in green, whereas decreased reactivity is shown in purple (p
<0.05).

(E) Comparison of 7SK SLII (nt 114-171) structures modeled with SHAPE-MaP activity
and DSHAPE. High-reactivity positions are shown in red, and medium are in orange. The
arrowheads show changes in reactivity upon reduction of méA levels in 7SK. The colors
(blue and black) represent 2 replicate experiments. Filled arrowheads indicate positions that
become more reactive when mBA is decreased, whereas open arrowheads mark positions that
are less reactive.

(F) Model of mbA-7SK-mediated RNA Pol 11 transcription activation. See also Figure S7.
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REAGENTor RESOURCE SOURCE IDENTIFIER

Antibodies

méA Synaptic systerms Cat#202003; RRID:AB_2279214
METTL3 ABClonal Cat#A21572

ALKBH5 Sigma Cat#HPA007196; RRID:AB_1850461
FTO Sigma Cat#SAB2106776

METTL16 ABClonal Cat#A15894; RRID:AB_2763325
CDK9 ABClonal Cat#A11145; RRID:AB_2861506
RNAP I1 Abcam Cat#ab300575

Ser2p Abcam Cat#ab238146

HA Abcam Cat#ab9110; RRID:AB_307019
Flag Sigma Cat#F7425; RRID:AB_439687
Actin Proteintech Cat#60008-1-1g; RRID:AB_2289225

Alexa Fluor 488 AffiniPure Goat Anti-Mouse 1gG
Alexa Fluor 594 AffiniPure Goat Anti-Rabbit IgG
MePCE

Jackson ImmunoResearch
Jackson ImmunoResearch

Proteintech

Cat#115-545-003; RRID: AB_2338840
Cat#111-585-003; RRID: AB_2338059
Cat#14917-1-AP; RRID:AB_2250635

Larp7 Proteintech Cat#17067-1-AP; RRID:AB_2132693
HEXIM1 Proteintech Cat#15676-1-AP; RRID:AB_2248363
CyclinT 1 Cell Singnal Cat#81464; RRID:AB_2799973

H3 Sigma Cat# H0164; RRID: AB_532248
hnRNPA2/B1 Santa Cruz Cat#sc-374053; RRID:AB_10947257
Chemicals, peptides, and recombinant proteins

Lipofectamine 3000 Invitrogen Cat# 3000015

Streptavidin Dynabeads
TRIzol reagent
Dynabeads Protein G
Proteinase K

Protease Inhibitor Cocktail
MTSEA BIOTIN
4-THIOURIDINE

NAI

SsoAdvanced Universal SYBR Green Supermix
Glycoblue Coprecipitant
Potassium Chloride

Dynabeads M-280 Sheep anti-Rabbit 1gG

Thermo Fisher
Thermo Fisher
Thermo Fisher
VWR

Sigma
Biotium
Sigma
Millipore
Biorad
Thermo Fisher
Affymetrix

Thermo Fisher

Cat# 65002
Cat# 15596018
Cat# 88848
Cat# 97062-238
Cat# 5056489001
Cat# 90066
Cat# T4509
Cat# 03-310
Cat# 1725274
Cat# AM9516
Cat# 75896
Cat# 11204D

Critical commercial assays

Qubit 1X dsDNA HS Assay Kit
Qubit RNA HS assay Kit

Invitrogen

Invitrogen

Cat# Q33230
Cat# Q32852
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REAGENTor RESOURCE SOURCE IDENTIFIER
TURBO DNA-free Kit Invitrogen Cat# AM1907
Smart Stranded Total RNA-Seq Kit v3 Takara Cat# 634488
ThruPLEX Tag-seq 96D Kit Takara Cat# R400586
SuperScript 11 Reverse Transcriptase Invitrogen Cat# 18064014
iClick EU Andy Fluor 594 Imaging Kit ABP Biosciences Cat# A010
QuantiTect Reverse Transcription Kit QIAGEN Cat# 205313
Agencourt RNAclean XP beads Beckman Coulter Cat# A63881
Protein Assay Reagent S Bio-Rad Cat# 5000115
Protein Assay Reagent A Bio-Rad Cat# 5000113
Deposited data

The raw and processed sequencing data This paper SRA: PRINA938517

Experimental models: Cell lines

HEK293T Laboratory of Joan A. Steitz  N/A

A549 Laboratory of Lingtao Jin N/A
BEAS-2B Laboratory of Lizi Wu N/A

MRC-5 Laboratory of Lizi Wu N/A

H2009 Laboratory of Lizi Wu N/A

H23 Laboratory of Lizi Wu N/A

H1299 Laboratory of Lizi Wu N/A
Oligonucleotides

RT-gPCR primer sequences This paper See Table S1
Northern blot probe sequences This paper See Table S2
siRNA sequences This paper See Table S3
SELECT primer sequences This paper See Table S4
DNA oligonucleotides for RNase H This paper See Table S5
7SK SLI sequences This paper See Table S6
Primer sequences for SHAPE-MaP library This paper See Table S7
Recombinant DNA

pMSCV-dCasRx-ALKBH5 Addgene 175582
pMSCV-dCasRx-ALKBH5 H204A This paper N/A
pCDNA3.1-Flag-ALKBH5 This paper N/A
pCDNABS.1-Flag-ALKBH5 H204A This paper N/A
pCDNA3.1-Flag-METTL3 This paper N/A
pCDNA3.1-Flag-METTL3 D395A This paper N/A
Software and algorithms

Prism 9 Gaphpad Software https://www.graphpad.com/scrientifificsofware/prism/
Custom sequencing analysis scripts This paper https://doi.org/10.5281/zenodo.8341420
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REAGENTor RESOURCE

SOURCE

IDENTIFIER

FastQC program
Trimmomatic
PEAR

cutadapt
HISAT2
Samtools
HTSeq

Plotly
DeepTools
MACS?2 callpeak
HISAT-3N
deltaSHAPE.py

StructureEditorvé.2

Babraham Bioinformatics

Bolger et al 8
Zhang et al.&’
Martin88

Kim et al.®®
Lietal.?
Anders et al.%*
Inc., P.T.92
Huang et al.%3
Rami’rez et al.%*

Zhang et al.%®

Laboratory of Kevin M.

Weeks

Laboratory of David H.

Mathews

bioinformatics.babraham.ac.uk/projects/fastqc/

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

weekslab.com/software

rna.urmc.rochester.edu/GUI/html/

StructureEditor.html
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