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Abstract

Background: Splicing factors are vital for the regulation of RNA splicing, but some
have also been implicated in regulating transcription. The underlying molecular mech-
anisms of their involvement in transcriptional processes remain poorly understood.

Results: Here, we describe a direct role of splicing factor RBM22 in coordinating
multiple steps of RNA Polymerase Il (RNAPII) transcription in human cells. The RBM22
protein widely occupies the RNAPII-transcribed gene locus in the nucleus. Loss

of RBM22 promotes RNAPII pause release, reduces elongation velocity, and provokes
transcriptional readthrough genome-wide, coupled with production of transcripts
containing sequences from downstream of the gene. RBM22 preferentially binds

to the hyperphosphorylated, transcriptionally engaged RNAPII and coordinates its
dynamics by regulating the homeostasis of the 7SK-P-TEFb complex and the associa-
tion between RNAPII and SPT5 at the chromatin level.

Conclusions: Our results uncover the multifaceted role of RBM22 in orchestrating

the transcriptional program of RNAPII and provide evidence implicating a splicing fac-
tor in both RNAPII elongation kinetics and termination control.

Keywords: RBM22, RNA polymerase Il, 5” pausing, Transcription elongation,
Transcription termination

Background

Transcription is a crucial, regulatory phase for gene expression. RNA polymerase II
(RNAPII)-mediated transcription involves the promoter recruitment of RNAPII, ini-
tiation, promoter-proximal pausing, elongation, and termination, with each step highly
regulated [1]. Together with other factors, the DRB sensitivity-inducing factor (DSIF),
composed of SPT5 and SPT4, and the negative elongation factor (NELF) complex estab-
lish an RNAPII pause [2—4], and such paused RNAPII can be released by the P-TEFb
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complex, whose CDK9 subunit phosphorylates DSIF, NELF and the Ser2 residues of
the RNAPII CTD to enable productive elongation [5, 6]. Alternatively, P-TEFb can be
sequestered in a 7SK small nuclear ribonucleoprotein (snRNP)-associated P-TEFb
(7SK-P-TEFDb) complex with 7SK noncoding RNA and the inhibitor proteins HEXIMI,
LARP7 and MePCE [2]. CDK9-mediated phosphorylation leads to the disassociation
of NELF from the transcription machinery, while SPT5 is still accompanied by elongat-
ing RNAPII, sustaining elongation velocity [7] and efficient termination [8]. At the end
of transcription, CPSF-induced cleavage and polyadenylation of nascent RNAs trigger
RNAPII termination of most protein-coding genes and IncRNA genes, causing RNAPII
to disengage a few kilobases downstream of the polyadenylation (polyA) site in mam-
malian cells [9, 10].

Splicing factors play a crucial role in facilitating the splicing of pre-mRNA transcripts
before mature mRNAs are exported from the nucleus to the cytoplasm [11]. Nonethe-
less, recent studies have revealed various emerging roles of splicing factors during the
transcriptional cycle. For example, SRSF2 facilitates RNAPII pause release [12]; RBM25
mediates transcription factor YY1 function in chromatin binding, DNA looping, and
transcription [13]; and RBFOX2 coordinates transcription and polycomb complex
2 (PRC2) at bivalent genes [14]. Intriguingly, the spliceosome component can also be
involved in transcription regulation. For instance, Ul snRNP can prevent premature ter-
mination during elongation [15], while U2 snRNP is required for RNAPII pause release
and elongation velocity at the beginning of genes [16]. These findings have allowed for a
better understanding of the overlapping functions of splicing machinery components.

RBM22 is a component of the NineTeen Related (NTR) complex that primarily main-
tains the conformation of the catalytic core of the spliceosome [17]. During the remod-
eling B complex to the activated B complex, RBM22 arrives in the complex and contacts
the U2 snRNP to maintain it in an opened conformation and stabilize downstream
sequences of U6 snRNA [18]. It acts as a bridge between the catalytic core and other
essential protein components of the spliceosome, thereby participating in pre-mRNA
splicing [19, 20]. Dysregulation of RBM22 is closely associated with cell survival and the
progression of cancer [21-23]. Our previous work has revealed the chromatin-binding
activity of many RNA-binding proteins (RBPs), including RBM22 [13, 24, 25]. To further
investigate whether RBM22 has additional functions independent of its role in splicing,
we utilized several top-notch next-generation sequencing (NGS) approaches to ana-
lyze its function in multiple regulatory phases of transcription. Our results suggest that
RBM22 has a direct role in controlling transcriptional elongation kinetics and termina-
tion, thereby regulating gene expression.

Results

Splicing factor RBM22 inhibits RNAPII pause release

To understand how RBM22 regulates gene expression, we first analyzed RNA-seq data
in RBM22 knockdown HepGz2 cells [13], revealing many changes in alternative splic-
ing (AS). Skipped exon and intron retention were frequently induced upon RBM22
knockdown (Additional file 1: Fig. S1a), which were consistent with the known role of
RBM22 as a splicing factor. However, the detected changes in gene expression cannot
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be fully explained by these AS events (Additional file 1: Fig. S1b), suggesting that
other possible pathways may contribute to RBM22-dependent gene expression.

Our previous work demonstrated a role of RBM22 in transcriptional control [13].
Indeed, a modest positive correlation was observed between the changes in RNA-seq
and GRO-seq signals upon RBM22 depletion (Additional file 1: Fig. Slc), suggest-
ing that RBM22-regulated transcription may directly contribute to mRNA levels. For
mechanistic insight into how RBM22 regulates transcription, we first characterized its
chromatin occupancy in comparison with that of total, Ser5-phosphorylated (Ser5P)
and Ser2-phosphorylated (Ser2P) RNAPII, the latter two of which commonly repre-
sent 5" paused and elongating RNAPII, respectively, in the Encyclopedia of DNA Ele-
ments (ENCODE) [26]. As exemplified at the locus of protein-coding genes in HepG2
cells, RBM22 occupancy was observed throughout the entire gene (Fig. la). The
genome-wide occupancy of RBM22 at genes had striking similarities with the profile
of Ser2P RNAPII, with maximal occupancy levels at the promoter-proximal region
and downstream of the polyA sites (also referred to here as TES, for transcription
end site) (Fig. 1b), where RNAPII frequently pauses for the 5" elongation checkpoint
and 3’ termination, respectively [2]. Additionally, RBM22 showed stronger chromatin
occupancy on genes with higher levels of gene expression (Fig. 1b). To comprehen-
sively characterize RBM22 occupancy in the genome, we investigated its presence on
snoRNA and snRNA genes, revealing evident but distinct signals (Additional file 1:
Fig. S1d). A similar chromatin association of RBM22 was also observed in K562 cells
(Additional file 1: Fig. S1d, e). These data suggest that RBM22 might regulate tran-
scription at multiple phases.

(See figure on next page.)

Fig. 1 RBM22-mediated repression of RNAPII pause release at many genes. a Examples of total RNAPII
(POLR2A), Ser5P RNAPII (POLR2A-S5P), Ser2P RNAPII (POLR2A-S2P), and RBM22 occupancy measured

by ChiP-seq as well as POLR2G occupancy and gene transcription levels measured by GRO-seq at two
representative protein-coding genes (SGTA and RPL13) in control (siControl) and RBM22 knockdown
(siRBM22) HepG2 cells. b Heatmap and metagene analysis showing the ChIP-seq signal for POLR2A (total;
indigo), POLR2A-S5P (purple), POLR2A-S2P (green), and RBM22 (orange) at all human protein-coding genes
in HepG2 cells, rank ordered by gene expression. Color-scaled intensities are in units of cpm. ¢ Heatmap and
metagene analysis showing the ChIP-seq signal for POLR2G at genes with POLR2G binding at promoters

in control and RBM22 knockdown HepG2 cells. Rows are sorted by decreasing POLR2G occupancy in the
region between 2 kb upstream of TSS to TES under control condition. For the subtraction of heatmaps, the
color bars depict the subtracted values of siRBM22 minus siControl. d RNAPII PRR distribution in control or
RBM22 knockdown HepG2 cells, showing increased pause release at many genes after RBM22 knockdown.
Higher PRR values indicate a higher degree of pause release. The p value was determined using the
Kolmogorov-Smirnov test. e Boxplot showing the fold change (FC) of PRR (POLR2G ChlP-seq) at genes with
different degrees of pausing in response to RBM22 depletion. The 9065 genes were equally divided into four
groups based on the PRR of RNAPII in the control condition. f Western blot showing the protein abundance
of RBM22 in wild-type (WT) cells or in mAID-RBM22 HepG2 cells upon the addition of 5-Ph-IAA for the
indicated times. 3-actin was used as the loading control. The 5-Ph-IAA is an auxin used for degradation. g
POLR2G ChIP-gPCR quantification of RNAPII pause release at four representative protein-coding genes before
(without 5-Ph-IAA) or after (with 5-Ph-IAA) RBM22 degradation in mAID-RBM22 cells. The pause release ratio
in untreated cells (without 5-Ph-IAA) was set to 1. The p values are determined using the two-tailed unpaired
t-test (*p < 0.05; **p < 0.01; ns, not significant). h Metagene analysis showing the elevated GRO-seq signals
at protein-coding genes in RBM22 knockdown HepG2 cells. i Metagene analysis of antisense transcription,
detected by GRO-seq, at TSS in control and RBM22 knockdown HepG2 cells. j Venn diagram showing the
protein-coding genes with both PRR changes in the sense direction and transcriptional changes in the
antisense direction. The p value was determined using the hypergeometric test
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Fig. 1 (See legend on previous page.)

Initially, we evaluated the expression and splicing changes (Additional file 1: Fig. Sla,
b) of established regulatory transcription factors [2, 27-33] following the RBM22 knock-
down. Our results indicate no significant alternations in the expression level and splicing
patterns of these factors, thereby excluding the possibility of an indirect effect (Addi-
tional file 1: Fig. S1f, g, and h). We next examined the impact of RBM22 on RNAPII
occupancy. To monitor total RNAPII, we used a well-characterized antibody against
the RNAPII subunit POLR2G [34, 35], which has the same capacity to detect RNAPII-
chromatin interactions as the anti-POLR2A antibody [13], to perform ChIP-seq and
obtained high-quality and reproducible data (Fig. 1c, Additional file 1: Fig. S2a, b). We
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verified positive correlations between POLR2G and RBM22 density at the transcription
start site (TSS), gene body, and TES (Additional file 1: Fig. S2c). Upon RBM22 deple-
tion, RNAPII levels over transcription start sites (TSSs) were clearly decreased, coupled
with an increased density of RNAPII in gene bodies, as evident from both single gene
profiles and metagene analysis of protein-coding genes (Fig. 1a, c), suggesting a genome-
wide role of RBM22 in controlling RNAPII pausing and release at promoter-proximal
regions. To further quantify such changes in RNAPII occupancy, we analyzed the modi-
fied “pause release ratio” (PRR) of RNAPII on individual genes [36], that is, the ratio of
RNAPII occupancy between the gene body (4500 bp from TSS to —500 bp from TES)
and its promoter (— 300 to+ 100 bp from TSS) (Additional file 1: Fig. S2d). Consistently,
a global increase in the RNAPII PRR in response to RBM22 depletion was detected
(Fig. 1d), and 3960 genes displayed a>1.5-fold increase (Additional file 1: Fig. S2e and
Additional file 2: Table S1), confirming that RBM22 represses RNAPII pause release at
promoters. Moreover, such effects can be rescued by re-expression of the siRNA-resist-
ant RBM22 (Additional file 1: Fig. S2f, g). Additionally, we performed a Gene Ontology
(GO) analysis for genes whose pausing is strongly regulated by RBM22. The analysis
revealed enrichment in various biological processes, including cellular component dis-
assembly, proteasome-mediated ubiquitin-dependent protein catabolic process, vesicle
organization, regulation of autophagy, macroautophagy, Golgi vesicle transport, and
more (Additional file 1: Fig. S2h). Furthermore, we analyzed the degree of this regula-
tory effect of RBM22 on the genes of different pausing-and-release states of RNAPI],
and the results showed a stronger effect on the genes with higher pausing compared
with those with lower pausing (Fig. 1e). Notably, this effect was not observed on genes
with higher expression levels (Additional file 1: Fig. S2i). Interestingly, RBM22 exhib-
its an opposing effect to chromatin-associated splicing factors SRSF1 and SRSF2 on the
release of RNAPII pausing [12]. To eliminate the possibility of secondary effects result-
ing from chronic RBM22 depletion via RNAi, we employed the auxin-inducible degron
(AID) system [37, 38]. This system allowed us to achieve a rapid and acute depletion of
RBM22 by introducing a mini-AID (mAID) tag at the N-terminus of the RBM22 gene in
OsTirl (F74G)-expressing HepG2 cells. As expected, the addition of 5-Ph-IAA robustly
induced the rapid depletion of RBM22 protein within 1 h in mAID-RBM22 cells (Fig. 1f)
while leaving the protein levels of RBM22 and POLR2G unaltered in WT HepG2 cells
(Additional file 1: Fig. S2j). We next used anti-RBM22 ChIP-qPCR to confirm that
mAID-tagged RBM22 maintains a specific binding pattern on chromatin similar to that
of the endogenous RBM22 (Additional file 1: Fig. S2k). Consistently, we obtained similar
results in terms of RNAPII pause release at the SGTA, RPL13, ARFGAPI, and TAF4B
genes upon acute depletion (Fig. 1g), while observing no such changes in WT HepG2
cells (Additional file 1: Fig. S21), indicating a direct effect.

Given that RNAPII pausing and release appear to be affected by splicing inhibition
[39, 40] and that the depletion of RBM22 inhibits the first step of splicing [41, 42], it is
possible that RBM22 may regulate pause release through affecting splicing. Pladienolide
B (Pla-B) appears to have similar efficacy in inhibiting the first step of splicing by block-
ing SF3B1 [43, 44]. Nevertheless, Pla-B-mediated splicing inhibition globally increases
RNAPII pause duration near the promoter [16], displaying an opposite effect of RBM22.
This effect was corroborated through SF3B1 knockdown (Additional file 1: Fig. S2m, n).
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Additionally, no significant difference was observed in the RNAPII PRR levels between
intron-less genes and genes bearing introns (Additional file 1: Fig. S20). Thus, the effect
of RBM22 on RNAPII pausing and release is improbable due to affecting splicing. Taken
together, these results suggest that the chromatin association of RBM22 mediates the
suppression of the pause release of RNAPII at many gene promoters.

RBM22 depletion enhances both sense and promoter upstream antisense RNA synthesis
To determine whether RNAPII pause release provoked by RBM22 depletion in turn pro-
motes RNA synthesis, we analyzed global nuclear run-on coupled with deep sequenc-
ing (GRO-seq) data which reflect nascent RNA synthesis by transcriptionally engaged
RNAPII, upon RBP depletion [13]. As expected, RBM22 knockdown resulted in a sig-
nificant increase in GRO-seq signals in the gene body regions; in contrast, the knock-
down of another chromatin-associated splicing factor, U2AF2, showed no such effect
(Fig. 1h, Additional file 1: Fig. S2p). Additionally, a significant increase in the level of
PRR of GRO-seq signals was detected upon RBM22 depletion but not U2AF2 depletion
(Additional file 1: Fig. S2q). These data further confirm the inhibitory role of RBM22 in
RNAPII pause release and emphasize the contribution of its chromatin association on
such a role.

Interestingly, transcription elongation in the antisense direction at the promoter,
which produces promoter upstream antisense RNA (uaRNAs or PROMPTs) [45-47],
was also apparently elevated in RBM22-depleted cells, as illustrated at the locus of SGTA
and RPL13 genes (Fig. 1a). Moreover, metagene analysis shows that the level of uaRNAs
is evidently increased beyond 300 bp upstream of the TSS, with a clear decrease near the
TSS in RBM22-depleted cells; however, U2AF2 depletion has no such effect genome-
wide (Fig. 1i, Additional file 1: Fig. S2r). We confirmed these changes with simplified
transient transcriptome [10] quantitative PCR (TT-qPCR) experiments at example genes
as well as many other genes in the cells treated with two independent RBM22-targeted
siRNAs (Additional file 1: Fig. S2s; Method Details). These results were consistent with
elevated RNAPII occupancy upstream of gene promoters in response to RBM22 deple-
tion (Fig. 1c). Notably, 68% of these changes in uaRNAs transcription overlapped with
the changes in the PRRs of associated genes in the sense direction (Fig. 1j), suggesting
that pause release induced by RBM22 depletion at gene promoters in the sense and anti-
sense direction are functionally coupled. Collectively, these results support the idea that
RBM22 controls bidirectional elongation by RNAPIL

RBM22 is required to maintain rapid elongation of RNAPII across genes

Given the RBM22 occupancy throughout the entire gene, we next examined whether it
might play a role in regulating the RNAPII elongation rate. The reversible CDK9 inhibi-
tor 5,6-dichloro-1-b-D-ribofurano-sylbenzimidazole (DRB), which can arrest RNAPII at
the TSS of genes while permitting it to clear from gene bodies, was used to measure the
elongation rate. The paused polymerases could be released into the gene body in a syn-
chronous “wave” after removing DRB [48]. We monitored the RNAPII wave at 0, 5, 10,
and 20 min after DRB washout by anti-POLR2A ChIP-seq (Additional file 1: Fig. S3a,
b, ¢). At each time point after DRB removal, we observed that the RNAPII elongation
wave was visibly delayed in the RBM22-depleted cells, as shown in both single gene and
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metagene profile analysis (Fig. 2a, b), suggesting that RNAPII transcribes slower in the
absence of RBM22. To confirm these effects, we performed anti-POLR2A ChIP-qPCR,
which enabled us to examine the RNAPII wave front signal and reevaluate the elonga-
tion rate in mAID-RBM22 cells (Fig. 2c). As anticipated, a significant reduction in the
signal from elongating RNAPII was observed in the region of the RNAPII wave front at
NUP210 and USOI genes 10 min after DRB washout, following the acute depletion of
RBM22. In contrast, no such changes were detected in the upstream and downstream
regions (Fig. 2d), thereby confirming a decrease in the elongation rate. Subsequently, we
computed the average POLR2A ChIP-seq signals from the 0, 5, 10, and 20-min sam-
ples across all genes longer than 80 kb (2217 genes) and used linear regression to calcu-
late the RNAPII elongation rates. The average elongation rate of RNAPII across genes
was apparently decreased from 2.13 kb/min, as reported in previous studies [49, 50],
to 1.39 kb/min after RBM22 knockdown (Fig. 2e). Such decreased elongation rate can
be readily repeated by another independent experiment (Additional file 1: Fig. S3d, e).
Moreover, to compare the RNAPII elongation rate at the individual gene level, we delib-
erately selected 415 genes exhibiting robust RNAPII ChIP-seq signals at all three time
points in both control and knockdown cells, ensuring precision in our calculation. Con-
sistently, a globally reduced elongation rate was observed (Fig. 2f). These results dem-
onstrate that RBM22 is crucial for promoting fast elongation by RNAPII genome-wide,
exhibiting an additional role of RBM22 in transcriptional elongation kinetics.

To further investigate the impact of RBM22 occupancy on elongation velocity, we
split genes into three subsets based on elongation velocity in control cells and found
that the genes of faster transcriptional elongation showed higher levels of RBM22
occupancy at genes (Fig. 2g), indicating a positive correlation between elongation
velocity and RBM22 occupancy. Accordingly, the genes with higher transcription
elongation velocity displayed a greater decrease than others after silencing RBM22
(Fig. 2h). In contrast, the RBM22 occupancy is uncorrelated with gene length (Addi-
tional file 1: Fig. S3f), meanwhile, the changes in RNAPII elongation rate were

(See figure on next page.)

Fig. 2 DRB/POLR2A ChIP-Seq measures RNAPII elongation rates across genes. a Examples of DRB/POLR2A
ChlP-seq signals at two representative genes (NUP210 and USOT) at different time points following the release
from DRB-induced inhibition of transcriptional elongation. Arrows indicate the front of the transcription
wave. b DRB/POLR2A ChiP-seq metagene profiles for the genes longer than 80 kb (N=2217). Arrows indicate
the front of the calculated transcription wave. ¢ Schematic representation of the regions amplified in the
ChIP-gPCR. The wave front represents the region where RNAPII transcribes only in the condition without
5-Ph-IAA treatment. The upstream region represents the common interval where RNAPII transcribes with

or without 5-Ph-IAA treatment. The downstream region represents the interval where RNAPII does not
transcribe with or without 5-Ph-IAA treatment. d POLR2A ChIP-gPCR showing the RNAPII enrichment in
different areas of example long genes in mAID-RBM22 cells with 5-Ph-IAA or without 5-Ph-IAA treatment.
Values are mean £ SD (n=4). The p values are determined using the two-tailed unpaired t-test (*p <0.05;
**p<0.01;**p <0.001; ****p <0.00001; ns, not significant). e Calculation of the RNAPII average elongation
rates based on metagene profiles using linear regression for all the genes longer than 80 kb with high
POLR2A ChlIP-seq signals in control (2.13 kb/min) or RBM22 knockdown (1.39 kb/min) HepG2 cells. f Boxplot
analysis of the RNAPII elongation rates for individual 415 genes with robust signal at all time points. g-h
Boxplot analysis of the RBM22 ChlIP-seq signals (g) and the elongation rate changes upon RBM22 knockdown
(h) for the genes with different elongation rates in control cells. The 598 genes with computable elongation
rates were divided into three groups based on elongation rate in control cells: low (rate < 1.87 kb/min),
medium (1.87 kb/min < rate < 2.36 kb/min), and high (rate >2.36 kb/min). The p values are determined using
the two-tailed unpaired t-test (*p <0.05; **p <0.01; ***p <0.001; ****p <0.00001)
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Fig. 2 (Seelegend on previous page.)

relatively unaffected by the increases in gene length (Additional file 1: Fig. S3g). These
results suggest that a contribution of the chromatin association of RBM22 to tran-

scription elongation velocity.

Pla-B-mediated splicing inhibition also leads to a reduction in RNAPII elongation
velocity at the beginning of many genes [39], in contrast, our results demonstrated that
RBM22 promotes elongation velocity across the entire genes, showing a distinct effect.
Additionally, the changes in RNAPII elongation rate were relatively unaffected by the
increases in intron density (Additional file 1: Fig. S3h). Thus, these data suggest that
RBM22-mediated regulation on elongation velocity is unlikely due to affecting splicing,

(siControl)

(siControl)

although we cannot completely rule out the effect of splicing.

Page 8 of 32
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Loss of RBM22 impairs transcription termination of protein-coding genes

The high occupancy of RBM22 at RNAPII pausing sites in the region downstream of
the TES (Fig. 1b) implies that RBM22 might have a role in RNAPII termination. Thus,
we next examined RNAPII occupancy beyond the TES. Interestingly, a strong increase
in total RNAPII levels downstream of the TES was detected in RBM22-depleted cells
(Fig. 3a, b), suggesting that RNAPII continues elongation even after reaching the TES
and that transcriptional readthrough may occur.

To determine whether RBM22 depletion causes transcriptional readthrough, we
analyzed the GRO-seq signals beyond the TES. Consistent with the elevated RNAPII
occupancy downstream of the TES, the loss of RBM22 indeed induced substantial
readthrough at many actively transcribed genes (Fig. 3a, ¢). We confirmed the changes
in readthrough frequency in our example genes and in many other genes by TT-
qPCR and these changes could be rescued by the re-expression of RBM22 (Additional
file 1: Fig. S4a). To quantify the changes in the transcriptional readthrough of indi-
vidual genes, the readthrough index (RI), the ratio of length-normalized nascent RNA
levels in the region beyond the TES to the levels in the last exon [51], was analyzed
genome-wide (Additional file 1: Fig. S4b). As expected, the RI values of most actively
transcribed genes were significantly increased in RBM22-depleted cells (Fig. 3d), and
3260 genes displayed a > 1.5-fold increase in RI (Fig. 3e, Additional file 2: Table S2).
In comparison, the RI was not changed in U2AF2-depleted cells (Additional file 1:
Fig. S4c). Furthermore, acute depletion of RBM22 in cells consistently recapitulates
the alterations in transcription termination observed at ARFGAPI, FUS, RPL13, and
SGTA genes (Fig. 3f). Taken together, these data indicate that chromatin-associated
RBM22 is required for transcription termination at protein-coding genes.

Given that the inefficient splicing of terminal introns could potentially result in
transcriptional readthrough [52-55], we analyzed how this effect contributes to the
termination defect upon RBM22 depletion. However, only 2.70% of readthrough
genes were associated with retained terminal introns, showing a subtle contribution
(Additional file 1: Fig. S4d). We also confirmed that the splicing inhibition by Pla-B
did not result in widespread transcriptional readthrough of protein-coding genes
(Additional file 1: Fig. S4e) by analyzing a previously published TT-seq dataset [16].
Thus, it is unlikely that the global effects of RBM22 knockdown on termination are
due to the effects on terminal intron splicing or global splicing inhibition, suggesting
a splicing-independent effect at the vast majority of regulated genes.

Stress-induced readthrough transcription results in the synthesis of downstream-
of-gene (DoG)-containing transcripts, a unique class of noncoding RNAs [56], that
might affect downstream gene expression [53]. To evaluate DoG transcripts, we
employed ARTDeco [57] to identify DoG regions genome-wide. By definition, normal
transcription termination events occur on average approximately 4 kb downstream
of annotated gene ends [10]. We observed an increase in the number of DoG regions
(>5 kb) from 939 in the control cells to 1416 in the RBM22-depleted cells, with 256
regions lost and 733 new regions gained (Fig. 3g). In addition to the enlarged size
of the DoG regions (Fig. 3h), an increased expression of DoG transcripts was also
detected upon RBM22 depletion (Fig. 3i).
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Fig. 3 RBM22 controls the transcription termination of protein-coding genes. a Examples of POLR2G
ChlIP-seq and GRO-seq signals at two representative protein-coding genes (ARFGAPT and FUS) in control,
RBM22 knockdown HepG2 cells, showing the enhanced transcriptional readthrough in the absence of
RBM22. b-c Heatmaps displaying the changes in POLR2G ChlP-seq (b) and GRO-seq (c) signals in a region
from 2 kb upstream to 10 kb downstream of the TES of each protein-coding gene (N=20,003) upon RBM22
knockdown in HepG2 cells. For the subtraction of heatmaps, the color bars depict the subtracted values

of siRBM22 minus siControl. d Rl distribution in control and RBM22 knockdown HepG2 cells, showing the
enhanced transcriptional readthrough at many transcribed genes (N=5626) upon RBM22 knockdown. The
p value was determined using the Kolmogorov-Smirnov test. e Histogram showing the fold change (FC) of
RI (GRO-seq) at protein-coding genes upon RBM22 knockdown in HepG2 cells. f TT-qPCR quantification of
transcriptional readthrough at four representative protein-coding genes before (without 5-Ph-IAA) or after
(with 5-Ph-IAA) RBM22 degradation in mAID-RBM22 cells. The readthrough ratio in untreated cells (without
5-Ph-1AA) was set to 1. Error bars represent the SD. The p values are determined using the two-tailed unpaired
t-test (*p <0.05; **p < 0.01; ns, not significant). g Venn diagram of DoGs discovered in the two individual
conditions. h Length distribution of DoGs discovered in the three individual conditions. The percentage of
DoGs of various lengths relative to the entire set of DoGs identified in individual conditions is shown on the
y-axis. i Boxplot showing the GRO-seq signal at DoG regions in the two conditions

Furthermore, in our analysis of RNA-seq data, we found that the expression of a small
proportion of downstream genes was altered, showing a minor effect of readthrough
induced by RBM22 on downstream gene expression (Additional file 1: Fig. S4f). A likely
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explanation was that without intruding into the neighboring gene locus (Additional
file 1: Fig. S4g), the DoG transcripts provoked by RBM22 depletion are unable to inter-
fere with the expression of downstream genes. Together, these data indicate that RBM22
loss-of-function causes DoG transcript expression but does not affect downstream gene
expression.

RBM22 controls the transcription of snoRNA and snRNA

In addition to protein-coding genes, RNAPII-transcribed snRNA and snoRNA genes are
also obviously occupied by RBM22 (Additional file 1: Fig. Sle), suggesting that RBM22
might affect their transcription. For a subset of independently transcribed snoRNAs
and snRNAs, a strong increase in RNAPII occupancy in both genic regions and down-
stream regions of TES was detected in the RBM22-depleted cells (Fig. 4a, b), displaying
stronger recruitment of RNAPII and continuous transcription without disengagement
beyond TES. Consistently, we observed a significant increase in nascent RNA signals up
to 100 kb downstream of the TES, in addition to increased nascent RNA signals in genic
regions in the absence of RBM22 (Fig. 4a, c), confirming the stronger transcriptional
activity and compromised termination. In contrast, no such changes were detected in
the U2AF2-depleted cells (Additional file 1: Fig. S5a). We validated these changes by TT-
qPCR, which also could be rescued by re-expression of RBM22 (Additional file 1: Fig.
S5b). To quantify the level of transcriptional readthrough, we specifically defined the RI
values for snoRNAs and snRNAs (Additional file 1: Fig. S5c). Remarkably, the RI values
of the vast majority of these small noncoding RNAs were dramatically increased (Fig. 4d,
Additional file 2: Table S3). Moreover, we verified the changes in transcription termi-
nation at U3, RNUI-60P, and RNU2-63P genes upon the acute depletion of RBM22
(Fig. 4e). These data indicate that in addition to its effects on protein-coding genes,
RBM22 also restrains the transcriptional activity of snoRNA and snRNA genes and facil-
itates their termination. Taken together, these results demonstrate a common effect of
RBM22 on transcriptional activity and termination at diverse classes of RNAPII-tran-
scribed genes.

It is worth noting that these snoRNA and snRNA genes are independently transcribed
and do not require splicing. Moreover, subtle changes in transcriptional activity and
read-through were detected at these types of genes by TT-seq upon splicing inhibition
[39] (Additional file 1: Fig. S5d, e). Collectively, these results suggest a splicing-inde-
pendent role of RBM22 on the termination of this subset of snoRNA and snRNA genes.

sno/snRNA gene-derived DoGs are provoked by RBM22 depletion

Intriguingly, in contrast to previously characterized readthrough transcripts that typi-
cally initiate from protein-coding genes [53], the readthrough transcription at sno/
snRNA genes may generate a new type of DoG, sno/snRNA gene-derived DoGs
(sRDoGs) (Fig. 4a). To determine whether these sSRDoGs are polyadenylated, we used
modified, circulation-based 3" sequencing (c3’-seq) to quantify the genome-wide usage
of polyA sites (Additional file 1: Fig. S5f; Method Details). Confirming the quality of the
c3’-seq data, the majority of detected signals were located at the end of annotated genes
with high reproducibility (Additional file 1: Fig. S5g, h, i), and canonical polyadenylation
signals, such as AWTAAA and 2GT/T elements, were substantially enriched around the
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Fig. 4 RBM22-mediated transcriptional control at snoRNA and snRNA genes. a Examples of POLR2G ChiP-seq
and GRO-seq signal at two representative sno/snRNA genes (U3 and RNU1-60P) in control and RBM22
knockdown HepG2 cells, showing the enhanced transcriptional readthrough induced by RBM22 knockdown.
b Metagene analysis showing the change in POLR2G ChlIP-seq signal at independently transcribed snoRNA
and snRNA genes (N=25) upon RBM22 knockdown. ¢ Metagene analysis showing the change in GRO-seq
signal at independently transcribed snoRNA and snRNA genes (N=25) upon RBM22 knockdown. d
Histogram showing the fold change of Rl value for sno/snRNA genes upon RBM22 knockdown, ranked
according to Rl value. Doughnut plot displaying the number of genes with significant Rl change, determined
by |log2FC|>0.58 (n=11). SnoRNA/snRNA genes occupied by POLR2G in the control condition, as defined

by having a peak called MACS2 and not overlapped with transcribed genes were used (n=17). e TT-gPCR
quantification of transcriptional readthrough at three representative sno/snRNA genes before (without
5-Ph-1AA) or after (with 5-Ph-IAA) RBM22 degradation in mAID-RBM22 cells. The readthrough ratio in
untreated cells (without 5-Ph-IAA) was set to 1. Error bars represent the SD. The p values are determined using
the two-tailed unpaired t-test (*p < 0.05; **p < 0.01; ns, not significant)

end of c3’-seq reads (Additional file 1: Fig. S5j). However, we were not able to detect
confident polyA signals in these sRDoG regions, although each region contains more
than one AWTAAA element (Additional file 1: Fig. S5k), suggesting that unlike those
protein-coding gene-derived DoGs upon osmotic stress [58], these sSRDoGs induced by
RBM22 depletion do not undergo polyadenylation. These transcripts may be unstable
and subjected to quick degradation by nuclear quality control.
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RBM22 is associated with 5" paused and elongating RNAPII and inhibitory 7SK-P-TEFb
complex

The data presented above indicate that RBM22 is an important transcriptional regula-
tor of RNAPII, but the underlying molecular mechanism is unclear. We therefore next
sought to study the protein interactome of RBM22. Cells inducibly expressing FLAG-
HRV-tagged RBM22 were lysed, and RBM22-interacting proteins were isolated by FLAG
immunoprecipitation, specifically released by HRV 3C proteinase and analyzed by quan-
titative label-free mass spectrometry (QMS; Additional file 1: Fig. S6a). Relative to con-
trol cells without Dox induction, this analysis identified 517 interacting partners (Fig. 5a,
Additional file 2: Table S4), showing enrichment for splicecosome components, especially
U2 snRNP, consistent with the role of RBM22 as a splicing factor [20, 59]. Importantly,
we also identified many transcription elongation factors, such as P-TEFb (consisting of
CDK9 and CCNT1), PAF1 and AFF4 [3, 36, 60], as well as POLR2A, the largest RNAPII
subunit (Fig. 5a, Additional file 1: Fig. S6b). Indeed, RBM22 has been reported to be
immunoprecipitated with RNAPII from human cells [7].

To confirm this interaction, we performed RNAPII immunoprecipitation in benzo-
nase-treated cell lysates to eliminate any nucleic acid-dependent interactions. Efficient
coprecipitation was observed when tagged RBM22 and the RNAPII subunit RPB3 were
coexpressed by transient transfection of expression plasmids in HEK293T cells (Fig. 5b).
As expected, the RNAPII-associated transcription elongation factor SPT5 was also
coprecipitated by RBP3 (Fig. 5b). These results indicate that RBM22 associates with
RNAPII in cells, consistent with the RBP3 protein interactome analysis [7].

To investigate the potential recognition of phosphorylated RNAPII, we used lentivi-
rus to establish a cell line that stably expresses FLAG-tagged RBM22 and carried out
coimmunoprecipitation to examine the binding of RBM22 to unphosphorylated, Ser5P
and Ser2P RNAPII in this cell line. Strikingly, RBM22 preferentially interacts with Ser5P
and Ser2P RNAPII in comparison with unphosphorylated RNAPII (Fig. 5¢), consistent
with the stronger co-occupancy of RBM22 and hyperphosphorylated RNAPII on chro-
matin (Fig. 1a, b). The same results were obtained from reciprocal coimmunoprecipita-
tion experiments (Fig. 5d, e, f). Notably, the interaction between RBM22 and the P-TEFb
component CDK9 as well as SPT5 was also detected (Fig. 5¢).

To further elucidate whether the phosphorylation state of RNAPII CTD affects the
recruitment of RBM22, we eliminated Ser5 and Ser2 phosphorylation by siRNA knock-
down of CDK7, CDK9, and CDK12. As expected, CDK9 knockdown reduced Ser2P
RNAPII, while CDK7 knockdown decreased both Ser5P and Ser2P RNAPII (Additional
file 1: Fig. S6c), consistent with findings from previous studies using the CDK9 siRNA
[61] and CDK7 inhibitor THZ1 [62-65]. Interestingly, CDK12 knockdown did not result
in changes in RNAPII phosphorylation levels (Additional file 1: Fig. S6c¢), possibly due
to the presence of its functionally redundant kinase, CDK13, in cells [66—68]. Clearly,
the interaction between RBM22 and RNAPII was reduced by either CDK7 or CDK9
depletion but not CDK12 depletion (Fig. 5g, Additional file 1: Fig. S6c), showing that
both Ser5 and Ser2 phosphorylation of RNAPII CTD are required for the recruitment
of RBM22 to RNAPII. Notably, the downregulation of both Ser2P and Ser5P RNAPII
upon CDK7 knockdown did not result in a stronger decrease in the interaction between
RNAPII and RBM22 in comparison with CDK9 knockdown (Fig. 5g). It is possible that
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CDKO9, as an interacting protein of RBM22 (Fig. 5a, c, and j) and RNAPII [31, 69], may
also have a role in enhancing their interaction through protein—protein interaction. We
further confirmed this requirement by treating the cells with the CDK9 inhibitor DRB
and the pan-CDK inhibitor flavopiridol (Fig. 5h). Consistently, these inhibitors reduced
the levels of Ser5 and Ser2 phosphorylated RNAPII (Additional file 1: Fig. S6d), mean-
while decreasing the association of RBM22 with RNAPII (Fig. 5h). To determine whether
the association of RBM22 with RNAPII is transcription-dependent, we performed the
co-IP experiments upon Actinomycin D treatment. We observed that Actinomycin D
treatment leads to an increase in the levels of Ser2P RNAPII (Fig. 5i), consistent with
previous observations [70, 71], however, the relative level of RBM22 associated with
Ser2P RNAPII remains unchanged (Fig. 5i). These results suggest a transcription-inde-
pendent interaction. Together with the genome-wide co-association between RBM22
and RNAPII, these results support the idea that RBM22 is recruited by 5" paused and
elongating RNAPII during transcription.

Interestingly, the RBM22 interactors also included the components of the P-TEFb-
inhibiting 7SK snRNP [2, 72-74], such as LARP7, HEXIM1, and TRIM28 (Fig. 5a, Addi-
tional file 1: Fig. S6b), suggesting that RBM22 might also associate with the 7SK-P-TEFb
complex. To test this idea, we first accessed the published RBM22 and LARP7 eCLIP
data in HepG2 cells [35] and confirmed the interaction between RBM22 and 7SK non-
coding RNA (Additional file 1: Fig. S6e), the core RNA component of the 7SK snRNP
[74]. Furthermore, reciprocal IP experiments confirmed the interaction between RBM22
and the core protein components of the 7SK snRNP, such as LARP7, HEXIM1, and
CDKO9 (Fig. 5}, k).

The association of RBM22 with RNAPII, the spliceosome, and the 7SK-P-TEFb com-
plex was further explored through glycerol gradient fractionation analysis of RBM22
complexes in cell lysates. Our results indicated that approximately 40% of RBM22 is
linked with RNAPII, forming a large protein complex with the spliceosome (Fig. 5I, frac-
tions 11-19). The remaining fraction of RBM22 forms a smaller complex with the free
7SK-P-TEFb complex under our sedimentation conditions (Fig. 5, fractions 1-5). These
findings, consistent with the co-IP data presented earlier, suggest that RBM22 may play a
role in coordinating different RNAPII activities and splicing through its association with
distinct complexes.

RBM22-regulated homeostasis of the 7SK-P-TEFb complex on chromatin contributes

to RNAPII 5" pause and release

The functional impact of RBM22 on RNAPII pause release and its association with
the inhibitory 7SK-P-TEFb complex suggests that RBM22 may affect the homeostasis
of the 7SK-P-TEFb complex on chromatin. We therefore performed ChIP-seq of both
inhibitory (HEXIM1) and activating (CDK9) components of the 7SK-P-TEFb complex
(Additional file 1: Fig. S7a, b). Western blotting showed that RBM22 depletion did not
affect the global protein levels of HEXIM1, LARP7, or CDK9 (Additional file 1: Fig.
S7¢). We obtained clear HEXIM1 and CDK9 ChIP-seq signals at promoter-proximal
regions in control cells (Fig. 6a—c), similar to the previously reported results for ChIP-
seq in HCT116, MCF7, and MEF cells [12, 73, 75], suggesting genome-wide inhibition
of P-TEFb within the 7SK-P-TEFb complex at gene promoters in the human genome.
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Moreover, we observed that the HEXIM1 binding signal at promoters is associated
with an increase in the RBM22 occupancy (Fig. 6d). More importantly, knockdown of
RBM22 caused a strong reduction in the levels of HEXIM1 at gene promoters, as illus-
trated by the SGTA and RPL13 gene loci (Fig. 6a) and apparent from the heatmap analy-
sis (Fig. 6b). These results indicate that HEXIM1 is substantially disassociated from the
gene promoter in the absence of RBM22, suggesting that RBM22 stabilizes the inhibi-
tory 7SK-P-TEFb complex at promoters.

The disassociation of HEXIM1 from the gene promoter may result in the liberation
of active P-TEFb from the inhibitory 7SK-P-TEFb complex, allowing it to process into
the gene body (GB) from the promoter. To test this hypothesis, we initially assessed the
release of P-TEFb from the 7SK-P-TEFb complex by examining the interaction between
CDK9 and HEXIM1 through co-IP [76, 77]. Our findings indeed confirm a reduction
in CDK9-bound HEXIM1 in the absence of RBM22 (Fig. 6e). Moreover, the depletion
of RBM22 largely reduces the accumulation of CDK9 at the TSS but relatively increases
CDK9 occupancy in the gene body on both example genes and genome-wide (Fig. 6a, c),
displaying P-TEFb promoter-GB translocation (PGT) at the chromatin level in response
to RBM22 depletion. We next determined the sites of CDK9 accumulation and the+ 1
nucleosome in the promoter-proximal regions. The accumulation sites of CDK9 were
defined as their binding summits detected by ChIP-seq (Method details), and ENCODE
MNase-seq data in K562 cells were used to determine the position of +1 nucleosome
dyads [78]. Using metagene analysis, we found that CDK9 accumulates immediately
upstream of the 4 1 nucleosome at most gene promoters in control cells; however, such
accumulation of CDK9 upstream of the 4+ 1 nucleosome was apparently decreased, while
CDK9 accumulation downstream of the + 1 nucleosome was clearly increased (Fig. 6f),
suggesting that CDK9 was translocated from upstream to downstream of the 4 1 nucleo-
some in the absence of RBM22 and supporting the idea that RBM22 inhibits P-TEFb
PGT at promoters. In contrast, HEXIM1 showed a decrease in accumulation before
the+1 nucleosome, with only a subtle increase after the+1 nucleosome (Additional
file 1: Fig. S7d), consistent with its disassociation from the promoter (Fig. 6b). To gener-
ally evaluate P-TEFb PGT, we used CDK9 PRR to quantify the degree of P-TEFb PGT.
As expected, an evident increase in the PRR of CDK9 was observed upon RBM22 deple-
tion (Fig. 6g). Accordingly, CDK?9 inhibition had the opposite effect on CDK9 PRR [79]
(Additional file 1: Fig. S7e). Together with the disassociation of HEXIM1 from the pro-
moter, these data support the idea that RBM22 represses P-TEFb PGT by stabilizing the
7SK-P-TEFb complex at promoters.

To determine whether P-TEFb PGT results in RNAPII pause release, we first analyzed
the correlation between the RNAPII PRR and CDK9 PRR. Strikingly, a strong positive
correlation between RNAPII PRR and CDK9 PRR was observed in control cells (Fig. 6h,
left panel), in agreement with the correlation analysis of previous ChIP-seq data [79]
(Additional file 1: Fig. S7f, left panel), suggesting that P-TEFb PGT appears to promote
RNAPII pause release. Next, we examined the RNAPII PRR and CDK9 PRR in response
to RBM22 depletion. Clearly, RNAPII PRR increases along with the elevated CDK9 PRR
in response to RBM22 depletion (Fig. 6h, right panel), consistent with the coincident
decrease in RNAPII PRR and CDK9 PRR under treatment with a specific CDK9 inhibitor
[79] (Additional file 1: Fig. S7f, right panel), suggesting that upon RBM22 depletion, the
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Fig. 6 P-TEFb dynamics on chromatin coordinated regulated by RBM22 and inhibitory 7SK snRNP. a Examples
of HEXIM1, CDK9, and SPT5 ChiP-seq signals at two representative protein-coding genes (SGTA and RPL13) in
control or RBM22 knockdown HepG2 cells. b Heatmaps displaying the reduction in HEXIM1 ChIP-seq signal
at protein-coding gene promoters upon RBM22 knockdown. For the subtraction of heatmaps, the color bars
depict the subtracted values of siRBM22 minus siControl. ¢ Metagene analysis showing the change in CDK9
ChlP-seq signal in the promoter-proximal regions of protein-coding genes in control or RBM22 knockdown
HepG2 cells. d Boxplot analysis of HEXIM1 occupancy signal at gene promoters with different RBM22 binding
signals. The 1068 genes with HEXIM1 binding at the promoter were equally divided into three groups based
on RBM22 occupancy at gene promoters. e Co-IP assay examining the interaction between endogenous
HEXIM1 and CDK9 in mAID-RBM22 cells with 5-Ph-IAA or DMSO treatment. f Distance distribution of CDK9
ChiP-seq peak summit relative to TSS and + 1 nucleosome dyads, determined by MNase-seq, showing the
pause release of P-TEFb at chromatin level upon RBM22 knockdown. The y-axis represents the gene number
of CDK9 accumulation at relative positions from summit to TSS in control and RBM22 knockdown cells. g
CDK9 PRR distribution showing the stronger pause release of P-TEFb at protein-coding genes upon RBM22
knockdown. The p value was determined using the Kolmogorov-Smirnov test. h 2D density plot displaying
the high correlation between CDK9 PRR and RNAPII PRR in control and RBM22 knockdown HepG2 cells. The
yellow line box represents the gene with PRR values higher than the median, which were used to compare
the PRR change for CDK9 and RNAPII before and after the RBM22 knockdown. The p-value was determined
using the Fisher test
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P-TEFb PGT contributes to the RNAPII pause release. Intriguingly, we observed similar
changes at snoRNA and snRNA genes, even though they are only several hundred base
pairs long. However, these changes are consistent with the occurrence of readthrough
transcription (Additional file 1: Fig. S7g, h and i). Taken together, these results suggest
altered homeostasis of the 7SK-P-TEFb complex in the genome in the absence of RBM22
as a likely cause for RNAPII pause release at protein-coding genes as well as elevated
transcription at snoRNA and snRNA genes.

Loss of RBM22 disrupts the association of the elongation factor SPT5 with RNAPII

Previous work showed that disruption of SPT5 can cause pause release [80], a reduced
elongation rate [7], and transcriptional readthrough [81, 82]. We observed a clear inter-
action between RBM22 and SPT5 (Fig. 5¢) in cells. To determine whether the interac-
tion between RBM22 and SPT5 is direct, we incubated purified SPT5 with RBM22, both
expressed and isolated from E. coli. Efficient co-precipitation of SPT5 was observed
with GFP-RBM22 but not with GFP alone (Fig. 7a, Additional file 1: Fig. S8a, b), indi-
cating a direct interaction. Furthermore, a strong co-occupancy of RBM22 and SPT5
in the genome (Fig. 7b) and genome-wide positive correlations between the binding of
RBM22 and SPT5 at promoters, gene bodies, and downstream regions (Additional file 1:
Fig. S8c, d) were observed in wild-type HepG2 cells, in agreement with the interplay
between these two proteins. These data imply that RBM22 may strengthen the interac-
tion between SPT5 and chromatin as well as RNAPIIL.

Remarkably, the vast majority of genes with changes in pause release, elongation rate,
and transcriptional readthrough in RBM22-depleted cells harbor SPT5 binding (Fig. 7b).
A very elegant hypothesis is that SPT5 may also contribute to RBM22-mediated tran-
scription regulation. We therefore tested whether RBM22 depletion perturbed the chro-
matin localization of SPT5. Indeed, we observed a strong decrease in SPT5 occupancy

(See figure on next page.)

Fig. 7 Loss of RBM22 impairs the association of the elongation factor SPT5 with RNAPII. a Recombinant
proteins from pull-down assays visualized by immunoblotting. Input (purified 6HIS-GFP, 6HIS-GFP-RBM22
before and after the cleavage of HRV 3C protease and SPT5) and eluted proteins from immunoprecipitations
(GFP or GFP-RBM22 incubated with SPT5) were visualized with the GFP and SPT5 antibodies (* indicates
non-specific signal). b Barplot showing the number of SPT5 target genes within each category of RBM22
ChlIP-seq binding, pause release, elongation slower, and readthrough genes. ¢ Metagene analysis showing
the change in SPT5 ChiP-seq signal at all protein-coding genes in control or RBM22 knockdown HepG2
cells. d Metagene profiles of RNAPII-normalized SPT5 occupancy levels at the promoter, gene body, and
termination zone in control and RBM22 knockdown HepGz2 cells. The 9076 genes with RNAPII binding were
used. e Co-IP assay examining the interaction between endogenous SPT5 and Ser2P RNAPII (POLR2A-Ser2P)
in MAID-RBM22 cells with DMSO or 5-Ph-IAA treatment. f TT-qPCR quantification of transcriptional level

and transcriptional readthrough at three representative protein-coding genes in control, SPT5 knockdown
(siSPT5) or HEXIM1 knockdown (siHEXIM1) HepG2 cells. Graphs show the ratios of relative readthrough,
normalized to control. The p values are based on a two-tailed unpaired t test; *P < 0.05, **P<0.01. g

During early elongation by RNAPII at many protein-coding genes, RBM22 may initially be recruited by
promoter-paused RNAPII, whose CTD is modified by Ser5 phosphorylation. This recruitment may stabilize
promoter-associated inhibitory 7SK-P-TEFb complex to globally restrict P-TEFb PGT and subsequent RNAPII
pause release in the sense and antisense direction. Moreover, RBM22 interacts with SPT5 and sustains the
association between SPT5 and RNAPI, thus promoting RNAPII pausing at promoters. During productive
elongation and termination at most genes, RBM22 may enhance the association of SPT5 to maintain the
speed of elongating RNAPII and ensure efficient transcription termination. These roles of RBM22 facilitate the
maintenance of RNAPII transcription homeostasis
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across the entire gene locus in response to RBM22 depletion while western blotting
showed that RBM22 depletion did not affect the global protein levels of SPT5 (Figs. 6a
and 7c, Additional file 1: Fig. S7c). Moreover, the reduction in SPT5 binding on chroma-
tin upon RBM22 knockdown increases with the level of RBM22 occupancy on chroma-
tin (Additional file 1: Fig. S8e). These findings strongly suggest a requirement of RBM22
for the interaction of SPT5 with chromatin. When we normalized SPT5 occupancy sig-
nals to the corresponding RNAPII levels, the relative occupancy of SPT5 was strongly
reduced at the promoter, GB and termination zone upon loss of RBM22 (Fig. 7d). Fur-
thermore, we observed a reduced interaction between SPT5 and actively transcribing
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RNAPII following the acute depletion of RBM22 (Fig. 7e). Taken together, these find-
ings provide support for the notion that RBM22 plays a role in enhancing the stability of
the association between SPT5 and RNAPII during transcription. Furthermore, the genes
with changes in pause release, elongation rate, and termination significantly overlapped
(Additional file 1: Fig. S8f), supporting SPT5-mediated functional coupling. These find-
ings suggest that RBM22 can link RNAPII 5" pausing, elongation rate, and termination
through its functional interaction with SPT5.

Since the SPT5 association with RNAPII also decreases at sno/snRNA genes upon
RBM22 depletion (Additional file 1: Fig. S8g), we investigated whether SPT5 deple-
tion is sufficient to induce readthrough of these types of genes. We first analyzed rRNA
minus transcriptome data upon SPT5 knockdown in HeLa cells [83] and confirmed
the detectable readthrough signals downstream of several sno/snRNA genes, including
our example gene RNU2-63P (Additional file 1: Fig. S8h, left panel). Moreover, RBM22
depletion-induced readthrough at U3, RNUI-60P, RNU2-63P, and RNVUI-6, as shown
in Fig. 4, is repeatable upon dTAG-mediated acute degradation of SPT5 [84] (Addi-
tional file 1: Fig. S8h, right panel). These data indicated that in addition to protein-cod-
ing genes, SPT5 is also required for sno/snRNA gene termination, suggesting that the
decreased SPT5 association with RNAPII might be a factor for impaired termination of
sno/snRNA genes.

To confirm the regulatory roles of inhibitory HEXIM1 and elongation factor SPT5 in
RBM22-regulated transcription, we used TT-qPCR to examine the nascent RNA level in
response to HEXIM1 and SPT5 depletion. For protein-coding genes, we readily detected
an increase in transcriptional level and relative readthrough upon depletion of either
protein (Fig. 7f, Additional file 1: Fig. S8i), while similar results were obtained for sno/
snRNA genes (Additional file 1: Fig. S8j). Taken together, our findings suggest that the
observed RBM22-dependent alternations in transcription elongation kinetics and termi-
nation defects are at least partially mediated by coordinating the 7SK-P-TEFb complex
homeostasis and SPT5 dynamics.

Discussion

We present a systematic study of RBM22 in transcriptional control and gene expression.
Our knowledge of the RBM22 protein has largely been restricted to its function as a
nuclear-localized RBP that promotes RNA splicing as part of the human spliceosome
and has an essential role in zebrafish development [20, 35, 59, 85—87]. Our data sug-
gest that RBM22 has a splicing-independent role in coordinating transcriptional pro-
grams in multiple aspects. First, RBM22 inhibits the RNAPII 5 pause release. Second,
RBM22 sustains a high transcription elongation rate. Third, RBM22 participates in tran-
scription termination by RNAPII at both protein-coding genes and sno/snRNA genes.
Intriguingly, these two types of genes undergo termination through distinct mecha-
nisms [2, 9]; however, robust termination in both cases relies on the presence of RBM22.
These roles of RBM22 facilitate the maintenance of RNAPII transcription homeostasis
(Fig. 7g), reminiscent of the effect of the elongation factors ELOF1 and RECQL5 and
the mRNA cleavage factor WDR33 [88-90]. Intriguingly, RBM22 displays a negative
effect on RNAPII pause release but a positive effect on the elongation rate and termi-
nation process. There is no indication that any other RBPs or splicing factors possess
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such a function. The observations that loss of RBM22 increases pause release and that
RBM22 is required to maintain rapid elongation seem contradictory. Probably, enhanced
pause release results in transcription-induced DNA supercoiling accumulation, which
might impede RNAPII elongation and reduce its rate in turn [91, 92]. It is worth noting
that a converse effect was observed on the negative elongation factor RECQL5, which
promotes RNAPII pause release but decreases its elongation rate [89]. These observa-
tions may reflect a transcriptional balance between pause release and elongation rate.
Our observation of increased uaRNA signals downstream of the TSS following RBM22
depletion may also suggest a potential involvement of RBM22 in influencing chromatin
conformation near the TSS. While the exact mechanisms underlying this phenomenon
require further investigation, it prompts us to consider the possibility that RBM22, in
addition to its known functions in transcriptional regulation, may contribute to shaping
the local chromatin landscape. In any case, RBM22 represents a new versatile RNAPII
transcription factor.

Given the direct role of RBM22 in transcriptional control, we speculate that the high
abundance of RBM22 expression and its association with distinct machineries and com-
plexes in cells allow it to have a dual function. Similarly, the Ul snRNP also shows a
splicing-independent role in preventing premature termination and polyadenylation in
introns [15]. Additionally, splicing inhibition by targeting U2 snRNP strongly impairs
RNAPII pause release and reduces RNAPII elongation velocity at the beginning of
genes, thereby decreasing RNA synthesis genome-wide [16]. Furthermore, SRSF2 also
has a role in transcriptional control but promotes RNAPII pause release by liberating
P-TEFb [12]. Splicing factors, by virtue of their involvement in the intricate process of
mRNA maturation, may have evolved multifaceted roles to coordinate and fine-tune
gene expression. One speculation is that splicing factors, being intimately connected
with nascent RNA or regulatory non-coding RNA, could influence various steps of tran-
scription, from initiation to elongation and termination. Additionally, they may interact
with components of the transcription machinery, forming dynamic regulatory networks.
This 'moonlighting’ phenomenon raises intriguing questions about the evolution and
functional versatility of splicing factors. Further investigations into the specific molecu-
lar mechanisms and evolutionary pressures driving splicing factors to take on additional
roles in transcription will undoubtedly contribute to a deeper understanding of cellular
regulatory networks.

The transcriptional process typically commences with chromatin opening at the pro-
moter facilitated by pioneer transcription factors. Subsequently, RNAPII undergoes
pre-initiation, initiation, 5 pausing, pause release, productive elongation, and mRNA
cleavage-triggered termination [1]. Our data indicate that RBM22 plays a role in this
process by associating with 5”-paused and elongating RNAPII and interacting with gene
loci. At promoters, RBM22 binds to and stabilizes the inhibitory 7SK-P-TEFb, which in
turn represses the release of active P-TEFb and its PGT on chromatin. This, in effect,
restrains the release of RNAPII pause. Furthermore, RBM22 may serve as a stabilizing
factor for the association of SPT5 with RNAPI], facilitating RNAPII pausing at promot-
ers, maintaining a consistent elongation rate, and ensuring efficient termination (Fig. 7g).
Notably, the mechanism of transcription elongation activated by P-TEFb PGT observed
in this study differs from that by the chromatin recruitment of released P-TEFb for
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transcription activation suggested by many previous studies [93-95]. Our data, together
with previous literature [79], suggest that PGT of P-TEFb at the chromatin level may be
an important mechanism of regulating gene transcription [79] (Fig. 6).

In addition to RBM22, other RBPs, such as DDX21 and WDR43, also have a role in
regulating RNAPII pausing [96—98]. In addition, AGO1 enhanced RNAPII transcrip-
tion in Arabidopsis thaliana by coordinating small noncoding RNAs and the SNF com-
plex [99]. In contrast, RBM22 activity displays opposing functions in regulating RNAPII
pause release by stabilizing the promoter-associated 7SK-P-TEFb complex and suppress-
ing the release of active P-TEFb by restricting its promoter—GB translocation.

This study identifies the splicing factor RBM22, which acts as a key regulator of
RNAPII transcription to orchestrate 5 -elongation control, elongation velocity, and
transcription termination. Given the roles of RBM22 in development and human health
[85, 100—102], investigating how RBM22 in transcriptional control contributes to physi-
ological function and disease phenotypes will be an interesting future direction.

Conclusions

In summary, we unveil a previously unknown, splicing-independent role of RBM22, a
canonical splicing factor, in regulating multiple phases of RNAPII transcription, includ-
ing 5" pausing, elongation, and termination, to sustain the homeostasis of RNAPII tran-
scription. Additionally, we demonstrate that RBM22 executes this function through
mechanisms involving the coordination of the inhibitory 7SK-P-TEFb complex and the
elongation factor SPT5. These findings challenge the traditional view of RBM22 solely as
a splicing factor, suggesting a broad function in orchestrating RNAPII transcription.

Methods

Cell culture

HepG2 (HB-8065), HEK293T (CRL-11268), and derived cell lines were cultured accord-
ing to ENCODE cell culture protocol. Briefly, HepG2 cells were cultured in MEM
medium (Gibco, 11,095,080), supplemented with 10% fetal bovine serum (NEWZERUM,
FBS-S500), 1 mM non-essential amino acids (Gibco, 11,140,050), 1 mM sodium pyru-
vate (Gibco, 11,360,070), 100 U/mL penicillin and 100 pg/mL streptomycin (Gibco,
15,140,148). HEK293T cells were grown in DMEM medium (Gibco, 11,965,084), supple-
mented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL streptomycin.
All cell lines are free from mycoplasma contamination.

General cloning

Human RBM22 cDNA was gifted by Professor Jiahuai Han (Xiamen University, China)
and inserted into pLVX-Flag-Puro between Agel and BamHI sites, and pcDNA3.0-
HA between EcoRI and BamHI sites. Human RPB3 (POLR2C) cDNA was obtained by
RT-PCR with total cDNA of HepG2 cells and inserted into pCDH-Flag between Xbal
and BamHI sites. SPT5 full-length was cloned by PCR amplification and inserted into
pET-28a by homologous recombination with NovoRec plus One step PCR Cloning Kit
(Novoprotein, NR005). GFP or GFP-RBM22 containing Flag-HRV region were also
recombined into pET-28a.
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All sgRNAs were designed to target the region surrounding the start codon of RBM22,
within a range of+50 base pairs. The sgRNA oligos were annealed and subsequently
inserted into the pX459 plasmid. For the mAID-GFP RBM22 donor plasmid, the left
and right homology arms were cloned by PCR amplification from the genomic DNA of
HepG2. The Blasticidin-P2A-FLAG mAID-EGFP-HRYV cassette, along with the left and
right homology arms, was integrated into the pUC19 plasmid by NovoRec plus One step
PCR Cloning Kit (novoprotein, NR005-01B). All used primers are listed in Table S5.

Cell line manipulation and treatment

To generate stable cell lines expressing inducible FLAG-tagged RBM22, HEK293T cells
were co-transfected with pLVX-Flag-RBM22-Puro, psPAX2 (Addgene # 12,260) and
PMD2.G (Addgene # 12,259) to produce lentivirus. Virus-containing supernatant was
collected 48 h post transfection to infect HepG2 cells in the presence of 8 ug/ml of poly-
brene. Then the infected cells were selected by puromycin. The expression of FLAG-
RBM22 was induced by the addition of doxycycline for 48 h and assessed by western
blotting. HEK293T cell lines expressing FLAG-RPB3 were generated as described above
by co-transfection of pPCDH-FLAG-RPB3, psPAX2, and PMD2.G.

For the generation of the parental degron cell line, the modified pMK381 plasmid
(AAVS1 CMV-mCherry-OsTIR1 F74G) and AAVS1-targeting sgRNA were transfected
into HepG2 cell lines. After 2 days, the cells were transferred and cultivated for 1 week
in the presence of 4 ug/ml puromycin in the culture medium. Clonal lines were isolated
using FACS enrichment of high mCherry-expressing cells.

For the construction of the RBM22 degron cell line, OsTIR1 (F74G) stable-express-
ing cells were transfected with RBM22 N-terminal targeting sgRNA, CRISPR/Cas9, and
mAID-EGFP RBM22 donor plasmid. After 2 days, colonies were selected in the pres-
ence of 100 pg/ml Blasticidin. Cells with high GFP expression were isolated by FACS,
and individual cells were sorted into a 96-well plate to obtain single clones. Single colo-
nies were selected and analyzed using genomic PCR to confirm the genome type. Sub-
sequently, Western blotting was performed to assess the expression levels of RBM22,
comparable to those in wild-type HepG2 cells. Furthermore, homozygous knock-in cells
were analyzed to determine their capacity for auxin-inducible degradation of mAID-
EGFP-tagged RBM22.

SiRNA transfection was performed with Lipofectamine RNAiMAX (Invitrogen,
13,778,500) following its reverse transfection protocol. SiIRNAs used in this study were
purchased from GenePharma and their sequences are listed in Table S5. Plasmid trans-
fection was carried out with Lipofectamine 2000 (ThermoFisher Scientific, 11,668,019)
according to the manufacturer’s instruction. Transfected cells were harvested 48 or 72 h
post transfection for experimental assays. For DRB and flavopiridol treatment, cells were
incubated with 100 uM DRB (5,6-dichlorobenzimidazone-1-b-D-ribofuranoside, Sigma)
for 3 h or 5 pM flavopiridol (MCE) for 30 min. For actinomycin D (Act D) treatment,
cells were incubated with 5 pg/ml Act D (Sigma) for 90 min.

Mass spectrometry
One to 2 x 10® HepG2 cells expressing inducible FLAG-RBM22 were induced for 48 h
by Dox (100 ng/ml final concentration) or H,O (control). Cells were harvested by
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centrifugation at 500 g for 6 min at 4°C. Cell pellets were suspended in cell lysis buffer
(50 mM Tris HCI, pH 7.4, 50 mM NaCl, 1 mM EDTA, 1% TritonX-100, and proteinase
inhibitor cocktail) containing 200 units/ml Benzonase (Thermo, 88,701). After rotating
for 30 min at 4°C, the cell lysates were cleared by spinning at 13,000 rpm for 30 min
at 4°C. The supernatants were incubated with ANTI-FLAG M2 Affinity Gel (Sigma-
Aldrich, A2220) overnight at 4°C with rotation. Beads were washed four times with IP
wash buffer (20 mM Tris—HCIl pH 7.5, 150 mM NaCl, 1.5 mM MgCl,, 3 mM EDTA,
10% (v/v) glycerol, 0.1% (v/v) NP-40) and once with TE buffer (10 mM Tris—HCI pH 8.0,
1 mM EDTA). The immunoprecipitations were eluted using HRV 3C protease by incu-
bation for 2 h at 22°C and subjected to label-free quantitative mass spectrometry.

Co-immunoprecipitation and western blotting

Cells were lysed in cell lysis buffer containing phosphatase and protease inhibitors and
200 units/ml Benzonase for 30 min at 4°C. Cell debris was removed by centrifugation
at 12,000 rpm for 30 min at 4°C. The supernatants were incubated with protein A/G
magnetic beads (Thermo, 88,803) coupled with 5 ug antibody against FLAG (GenScript,
A00187), POLR2A-S2P (Abcam, ab5095), POLR2A-S5P (Abcam, ab5408) or 8WG16
(Abcam, ab817) overnight at 4°C with rotation. Beads were washed four times with
IP wash buffer and once with TE buffer. Beads were eluted using 30-100 ul TE buffer
containing 10 mM DTT by shaking for 30 min at 37°C. Protein samples were loaded
into 10% SDS-PAGE and transferred to PVDF membranes. After blocking and antibody
incubation, the western blot signals were detected by SuperSignal West Pico plus chemi-
luminescent Substrate (Thermo).

Glycerol gradient analysis

Glycerol gradient analysis was performed following a previously established proto-
col with some adjustments [103]. Briefly, a 10-40% glycerol gradient was prepared in
NP-40 lysis buffer (50 mM HEPES, pH 7.5, 0.2 mM EDTA, 100 mM NaCl, 1 mM DTT,
1% NP-40, 1 x protease inhibitor cocktail) and allowed to stand for 1 h at 4°C. Subse-
quently, HepG2 cell lysate (500 pl) was carefully layered onto a 4 ml-gradient and under-
went ultracentrifugation in a Beckman MLS-50 rotor at 50,000 rpm for 11 h at 4°C. The
resulting gradient fractions (200 pl each) were manually collected and then precipitated
with 10% trichloroacetic acid.

TT-qPCR

TT-qPCR was performed as previously described [10] with a few modifications. Briefly,
nascent RNA was labeled with 4sU (1 mM; Sigma, T4509) for 10 min at 37°C in cells.
Cell nuclei were isolated with CE buffer (Hepes 10 mM, KCl 60 mM, EDTA 1 mM,
NP40 0.1%, DTT 1mM, sucrose, 0.34 M) and lysed with TRIzol. Total RNA was puri-
fied by phenol—chloroform extraction and ethanol precipitation, fragmented to ~ 500 bp
using Covaris $220, and then treated with RQ1 DNase (Promega, M6101) for 15min at
37°C. After treatment with antarctic phosphatase (NEB, M0289S), biotinylation of 4sU-
labeled RNA was performed using MTSEA (5mg/ml; Biotium, BT90066) at R.T. in the
dark. Biotinylated samples were extracted by phenol-chloroform and precipitated by
ethanol to remove free biotin-XX and biotinylated RNA was captured by MyOne Cl1



Du et al. Genome Biology =~ (2024) 25:102 Page 25 of 32

streptavidin-coupled beads (Invitrogen, 65,001). After washing, the biotinylated RNA
was eluted by proteinase K treatment. Eluted RNA was precipitated and subjected to
reverse transcription and quantitative PCR. The 2-AACt method calculates relative
readthrough expression by comparing the Ct values of the readthrough region to the
last intron, normalizing them to WT, and computing fold change as 2722, The primers
used for TT-qPCR are listed in Table S5.

ChlP-seq and ChIP-qPCR

ChIP-seq was performed as previously described [13]. Briefly, approximately 1 x 10’
cells were crosslinked for 20 min at room temperature in 1% formaldehyde solution
diluted in PBS and then glycine was added to stop the reaction. Crosslinked cells were
harvested and lysed in cell lysis buffer and then nuclei were isolated and resuspended
in nuclear lysis buffer. Genomic DNA was sheared by sonication for 10 cycles with 10 s
pulses and 50 s pausing under 40% output power. The clear supernatant was subjected
to immunoprecipitation with antibody-coupled magnetic beads overnight at 4°C. After
washing, elution, and decrosslinking, RNase and proteinase K treatments were used to
remove RNA and protein respectively. Purified DNA was subjected to library construc-
tion using the VAHTS™ Universal DNA Library Prep Kit (Vazyme, ND606) and ChIP-
qPCR. To calculate the relative pause release ratio, the 2-AACt method compares the

differences in Ct values (Ct,,,1)-Ct(cnip) between the gene body and promoter regions

Input
and then normalizes these values to the control sample. All the ChIP-qPCR primers
used in this study are listed in table S5. ChIP-seq libraries between 200 and 500 bp were
purified and sequenced by the Illumina Novaseq 6000. Antibodies used in this study are

listed in Table Sé6.

c3’-seq

Total RNA was isolated using TRIzol followed by two consecutive phenol-chloroform
extractions and then precipitated by ethanol. Purified RNA was fragmented to ~ 500 bp
with Covaris $220, followed by DNase digestion. Sheared RNA and RT-circulation-
primer (Table S5) were used for reverse transcription, which was performed using HiS-
cript® I1I 1st Strand cDNA Synthesis Kit (Vazyme; R312). After the removal of remaining
RT primers with Exonuclease I (NEB, M029S), the cDNA from 150 to 500 nt was puri-
fied in 10% TBE-Urea gel. The cDNA circularization was performed using CircLigase
II (epicenter, CL9021K) for 1 h at 60°C. Circularized products were re-linearized with
APE1 (NEB, M0282S) and then amplified with Phanta Max Super-Fidelity DNA Poly-
merase (Vazyme; P505). C3’-seq libraries between 225 and 400 bp were purified and
sequenced by the Illumina Novaseq 6000.

Pulldown assays of recombinant proteins

Pull-down assays were generated as described [7] with the following modifications.
Briefly, pET-28a plasmids (6His-SUMO-3Flag-HRV-GFP and 6His-SUMO-3Flag-HRV-
GFP-RBM22) were transformed into BL21 E.coli. Pre-culture was inoculated in LB
medium until an OD600 of 0.6. Overexpression was induced by adding 1 mM IPTG
while shaking for 18 h at 16°C. Bacteria were pelleted and resuspended by vortexing
10 ml of lysis buffer (PBS, protease inhibitors). After sonication and centrifugation,
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proteins were purified on a disposable gravity flow column with Ni-NTA agarose. Puri-
fied proteins were concentrated by using centrifugal filter units (Millipore) and then sec-
ond purified with ANTI-FLAG M2 Affinity Gel (Sigma-Aldrich, A2220).

For in vitro pull-down, GFP or GFP-RBM22 coupled beads were washed with pull-
down buffer (100 mM NaCl, 20 mM Na-HEPES pH 7.5, 4% glycerol, 3 mM MgCl,, 1 mM
1,4-Dithiothreitol, 300 ng/ml BSA) incubated with purified SPT5 at 4°C for 3 h. After
pull-down, beads were washed with pull-down buffer and NETN buffer (20 mM Tris pH
8.0, 100 mM NaCl, 1 mM EDTA, 0.5% NP-40). Pull-down was eluted using HRV 3C pro-
tease by incubation for 2 h at 22°C and separated by SDS-PAGE.

ChIP-Seq data analysis

ChIP-seq data were processed according to the ENCODE uniform transcription factor
ChIP-seq pipeline (https://www.encodeproject.org/chip-seq/transcription_factor) and
using hgl9 as the reference human genome. GENCODE v19 gene annotation was used
for downstream analysis. PCR duplicates were removed using Picard v 2.26.5. The result-
ing reads were normalized to total reads aligned (reads per million, rpm). BigWig files
were visualized using the UCSC Genome Browser (http://genome.ucsc.edu). Peak call-
ing of ChIP-seq was performed with MACS version 2.1.2 (model-based analysis) [104].
Deeptools (v3.5.0) was used to calculate the average read density across defined genomic
intervals and plot heatmaps of chromatin occupancy.

GRO-Seq data analysis

GRO-seq data of RBP knockdown (GSE120105), generated in our previous study [13],
were downloaded and mapped to the human genome using the Bowtie2 [105] with the
local model. Non-redundant reads were determined by Samtools [106] and used for
downstream analysis. Bam files were normalized based on the number of total reads
with Samtools and bigwig files were built with the python package RSeQC. DoGs were
identified using ARTDeco [57].

RNA-seq data analysis

Taking advantage of the published fractional RNA-seq data [107], we simply quantified
gene expression using featureCounts v1.6.2 tools from the Rsubread R package. Differ-
ential expression analysis was performed using the DESeq2 R package. For each gene, we
analyzed basic types of alternative splicing events by using rMATS v4.1.1.

c3’-seq data analysis

C3’-seq reads were firstly trimmed using cutadapt (v3.4) [108] to remove the adaptor
and dT sequence at 3" end and aligned against the hgl9 genome with STAR (2.6.0a)
[109]. The uniquely mapped reads were filtered and merged as a peak if they were within
30 bp from each other. The misprimed sites that have ten or more consecutive As in the
downstream of the peak were removed and the remaining peaks were potential polyA
sites detected by c3’-seq. Global alternative polyadenylation changes were quantified by
PolyA-miner [110] from c3’-seq data.
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PRR calculation

Pause release ratios (PRR) were calculated by taking the read density in the gene body
(500 bp downstream of the TSS to 500 bp upstream of the TES) divided by the read den-
sity of the promoter region (300 bp upstream of the TSS to 100 bp downstream of the
TSS). FeatureCounts [111] (v1.6.2) was used to count reads within promoter and gene
body intervals. Genes, which are occupied by RNAPII at promoters, longer than 2 kb,
and located > 1 kb from the neighboring genes, were chosen for accurate calculation. If
a gene has multiple TSSs, the TSS with the highest RNAPII occupancy, determined by
POLR2G ChIP-seq, will be chosen for PRR analysis. PRR distribution plots were visual-
ized using ggplot2 (v3.3.5).

Readthrough analysis

GRO-seq data were used to measure transcriptional readthrough. Readthrough index
(RI) was defined for two different groups of genes. For protein-coding genes, RI was the
ratio of the GRO-seq read density in the downstream region of a gene relative to the
GRO-seq read density in its last exon. If a gene has multiple annotated last exons, the
last exon with the highest expression, determined by RNA-seq, will be chosen for analy-
sis. For snoRNA and snRNA genes, a special RI was defined as the ratio of the GRO-seq
read density in the region of twice the gene length located 100 bp downstream of TES to
the GRO-seq read density in the gene body.

Calculation of elongation rate

For DRB RNAPII ChIP-seq experiments, cells were treated with 100 uM DRB for 3 h.
Then the cells were washed twice with PBS and incubated in DRB-free media for 0, 5,
10, or 20 min before crosslinking. For DRB POLR2A ChIP-seq metagene profiles, the
signal was plotted for 50 bp bins for the region from the TSS to+ 80 kb only for non-
overlapping genes >80 kb long. All the genes longer than 80 kb were used for elongation
rate calculation (corresponding to 2217 human genes with non-overlapping transcrip-
tion units). The RNAPII wave front was identified by first calculating the mean ChIP-seq
signal for the region from+ 60 to+ 80 kb downstream of the TSS, which we defined as
background. We then identified the position where the signal rose 5 standard deviations
above the mean background signal and the position was defined as wave peak. Then
elongation rates can be calculated from the position of the wave peak for each time point
using linear regression. For a single gene, all the genes longer than 80 kb were divided
into 50 bp bins (to a total of 80 kb) and the expressed signal of each 50-bp bin was quan-
tified. Genes that are barely expressed or have missing values in more than 60% of the
bins will be filtered out. Then we get a set of genes that pass an expression threshold
to calculate the elongation rate. For each gene of each sample, the transcriptional wave
front was identified in the same way as the meta-elongation rate calculation described
above. Only the genes where the front edge of the wave was called at a position down-
stream of the wave for the previous time point were chosen. Finally, we fit a linear model
to the wave peak positions of all samples (i.e., 0, 5, 10, 20 min post release) as a function
of time to determine the rate of elongation.
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Sequencing data normalization
We used standard normalization techniques to remove effects originating from differ-
ent sequencing depths, gene lengths, or both.
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