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CRL3"RMCS ybiquitin ligase and Integrator
phosphatase form parallel mechanisms to control
early stages of RNA Pol Il transcription
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SUMMARY

Control of RNA polymerase Il (RNA Pol Il) through ubiquitylation is essential for the DNA-damage response.
Here, we reveal a distinct ubiquitylation pathway in human cells, mediated by CRL3*"MC®  that targets exces-
sive and defective RNA Pol Il molecules at the initial stages of the transcription cycle. Upon ARMC5 loss, RNA
Pol Il accumulates in the free pool and in the promoter-proximal zone but is not permitted into elongation. We
identify Integrator subunit 8 (INTS8) as a gatekeeper preventing the release of excess RNA Pol Il molecules
into gene bodies. Combined loss of ARMC5 and INTS8 has detrimental effects on cell growth and results in
the uncontrolled release of excessive RNA Pol Il complexes into early elongation, many of which are
transcriptionally incompetent and fail to reach the ends of genes. These findings uncover CRL3"fM®5 and
Integrator as two distinct pathways acting in parallel to monitor the quantity and quality of transcription

complexes before they are licensed into elongation.

INTRODUCTION

At the heart of the central dogma, RNA polymerase || (RNA Pol I1)
transcribes all protein-coding genes and thousands of noncod-
ing RNAs in eukaryotes.”™ A human cell possesses around
100,000 RNA Pol Il molecules; however, this varies between cells
in a population, and it is modified upon perturbation of transcrip-
tion or RNA degradation.” '° Approximately half the RNA Pol I
molecules in a cell are engaged on chromatin, with the remainder
either interacting with chromatin transiently or freely diffusing
in the nucleoplasm.®'"~'® The factors and mechanisms respon-
sible for controlling RNA Pol Il abundance remain largely
unknown. ™

In a single transcription cycle, RNA Pol Il passes through mul-
tiple stages, each providing an opportunity to regulate gene
expression.”*'>'% Transcription factors stabilize RNA Pol Il at
transcription start sites (TSSs) where it forms a complex with
pre-initiation proteins, and then transcription initiates.'” At
many metazoan genes, RNA Pol Il does not immediately proceed
to elongation, typically accumulating 20-60 bp downstream of
the TSS'>"®"° in a region called the promoter-proximal zone.

This zone constitutes a major control point for transcription,
where RNA Pol Il can be held in a paused state by 5,6-dichloro-
benzimidazole 1-B-D-ribofuranoside (DRB)-sensitivity inducing
factor (DSIF) and negative elongation factor (NELF), proceed to
elongation, or terminate.’>?%?" Release into elongation is medi-
ated by cyclin-dependent kinase 9 (CDK9), which phosphory-
lates both RNA Pol Il and DSIF-NELF."%#22

The transition between transcription initiation and elongation
is highly inefficient—RNA Pol Il often terminates within the pro-
moter-proximal zone, rather than proceeding to create a full-
length transcript.’®*'" Recent estimates of this “premature”
termination are as high as 80% of initiation events in human
cells.®?" The possible functions of termination in the early stages
of transcription could be to ensure that transcription complexes
are competent for elongation, to provide additional opportunities
for gene regulation, or to maintain specific chromatin states at
promoters. A key contributor to premature termination is the
Integrator complex, which is composed of endonuclease and
phosphatase modules that independently impact transcription
cycle dynamics.”** Integrator endonuclease cleaves RNA
and terminates transcription within 3 kb downstream of the
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TSS, proposed to target incorrectly assembled RNA Pol Il com-
plexes incompetent for elongation.?>*%*>3% Conversely, Inte-
grator phosphatase prevents release of RNA Pol Il from pausing,
by dephosphorylating both RNA Pol Il and DSIF, thus counter-
acting CDK9 activity.?”-2%:%

While phosphorylation of RNA Pol Il regulates virtually all
stages of transcription,>? it is poorly understood if or how
other RNA Pol Il post-translational modifications (PTMs), like
ubiquitin, impact the transcription cycle. When elongating RNA
Pol Il stalls on obstacles, it becomes ubiquitylated at lysine
1268 (K1268) on its catalytic subunit, RPB1,°>° and this modifi-
cation is essential for cells to survive DNA damage.® RPB1
K1268 on elongation-stalled RNA Pol Il is targeted by at least
two different E3 ubiquitin ligases, Cockayne Syndrome A (CSA)
and a yet unknown ligase, leading to either stabilization of the
transcription-coupled nucleotide excision repair complex®®*°
orto RPB1 degradation as the last-resort pathway,>*"** respec-
tively. Here, we identify a distinct ubiquitin-mediated RNA Pol Il
control mechanism, whereby Cullin-RING E3 ubiquitin ligase
CUL3-ARMC5 (CRL3*RMC®) ypiquitylates RNA Pol Il to regulate
its levels in the free pool and in the promoter-proximal zone,
surveying excess and defective RNA Pol Il molecules at early
stages of transcription. Through a synthetic lethality screen, we
identify Integrator phosphatase module subunit 8 (INTS8) as a
gatekeeper that compensates for ARMC5 loss by not allowing
this excess RNA Pol Il accumulated in the promoter-proximal
zone to proceed into elongation. Combined loss of ARMC5
and INTS8 unleashes uncontrolled release of RNA Pol Il into early
elongation; yet, these transcription complexes are not fully
competent for elongation and fail to reach gene ends. Interest-
ingly, a specific class of short, TATA-box-containing genes uti-
lize ARMC5-INTS8 mechanism to attenuate their expression.
These findings reveal a parallel function of CRL3""MS5 and
Integrator in monitoring the quantity and quality of RNA Pol I
complexes before they are licensed into elongation.

RESULTS

Distinct forms of ubiquitylated RNA Pol Il in the
transcription cycle

Ubiquitylation of RPB1 K1268 is the only RNA Pol Il ubiquitylation
event with a clearly ascribed function.>*%**** To investigate
RNA Pol Il ubiquitylation more broadly, we inhibited cellular path-
ways that process ubiquitylated proteins: the proteasome, which
degrades ubiquitylated proteins; and p97/VCP, which unfolds
and segregates ubiquitylated substrates from macromolecular
complexes to channel them to the proteasome for degradation
or allow their recycling.*® To facilitate accumulation of normally
short-lived ubiquitylated protein species, we chemically in-
hibited these pathways and analyzed RPB1 ubiquitylation by
ubiquitin pull-down and western blot>*® in human HEK293 cells.
Using antibodies against RPB1 phosphorylated on its C-terminal
domain (CTD) revealed a substantial amount of ubiquitylated
RPB1 (Figure 1A). Importantly, this ubiquitylation was not abol-
ished by K1268R mutation of RPB1, which blocks UV-induced
RPB1 ubiquitylation®2° (Figure 1A). This therefore represents a
specific form of ubiquitylated RNA Pol Il, distinct from elonga-
tion-stalled RNA Pol Il, with a different ubiquitin recipient site
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or sites. Inhibition of the proteasome by MG132 led to accumu-
lation of ubiquitylated RPB1 fragments, which were abolished
when p97 was co-inhibited using CB-5083 (p97i) (Figure 1A).
This suggests that this particular form of RPB1 ubiquitylation
normally leads to p97-mediated extraction of ubiquitylated
RPB1 from the RNA Pol Il complex, fragmentation by an un-
known cellular protease, and further digestion of fragments by
the proteasome.

Phosphorylation of the CTD of RPB1 serves as a marker of
different stages of transcription.®>*®*” When RNA Pol Il initiates
transcription, the CTD becomes phosphorylated on Ser5 resi-
dues (Ser5"). Only upon release into elongation does Ser2
become phosphorylated (Ser2F), while Ser5 is progressively
dephosphorylated®®~*4" (Figure 1B). Elongation-stalled ubiqui-
tylated RNA Pol Il was predominantly phosphorylated at Ser2, as
expected (Figure 1C, lane 2). Conversely, the distinct form of
ubiquitylated RNA Pol |l stabilized by p97 inhibition contained
Ser5” but no Ser2®, indicating that it does not arise from elon-
gating RNA Pol Il but rather from earlier stages in the transcrip-
tion cycle (Figures 1B and 1C, lane 3). Together, these data
reveal the existence of an RPB1 ubiquitylation pathway that tar-
gets non-elongating RPB1 at a residue distinct from K1268.

Phosphorylation of RPB1 at Ser5 of the CTD is a hallmark of
RNA Pol Il in the promoter-proximal zone.*>=3%474¢ Gontrolling
RNA Pol Il levels here could provide an immense opportunity
for transcriptional regulation. To test if and how RNA Pol I
ubiquitylation contributes to this, we set out to identify the E3
ubiquitin ligase responsible, using targeted screening ap-
proaches. Inhibition of Cullin-RING family of E3 ubiquitin ligases
(CRLs) using MLN-4924 completely abolished the accumulation
of poly-ubiquitylated RPB1 following p97 inhibition (Figure 1D),
showing that the E3 ligase responsible must belong to this family
of enzymes.

CRLs are modular enzymes that rely on an adapter and a sub-
strate receptor to determine substrate specificity.*® Eight
distinct Cullin proteins can assemble hundreds of different E3 li-
gases thanks to the diversity of substrate receptors.*® To abolish
individual branches of cellular Cullin-RING ubiquitylation, we
depleted individual Cullins using small interfering RNA (siRNA)
and analyzed RPB1 ubiquitylation (Figures 1E and S1A). This
showed that Ser5P-modified ubiquitylated RPB1 can be de-
tected even without p97 inhibition and that it largely depends
on a Cullin 3 (CUL3)-based E3 ligase (Figures 1E and S1A).
This agrees with previous work implicating CUL3 and p97 in
RPB1 degradation upon depletion of DSIF-subunit SPT5.”

The CUL3-specific adapter and substrate receptor ARMC5
has recently been shown to directly interact with RNA Pol I
and to mediate its ubiquitylation in cells and in animals,®*"
but the mechanism, function, and the consequence for the
transcription process remain unknown. To ascertain whether
the RPB1 ubiquitylation we observe on Ser5” RNA Pol Il is
CRL3”RMCS dependent, we generated ARMC5 knockout (KO)
HEK293 cell lines (Figures S1B and S1C) and analyzed RNA
Pol Il ubiquitylation. Loss of ARMC5 completely abolished ubig-
uitylation of Ser5-phosphorylated RPB1 (Figure 1F). Importantly,
we found that CRL3*"M® is specific for RNA Pol Il originating
from the promoter-proximal zone: it does not ubiquitylate elon-
gation-stalled RNA Pol Il (Figure 1G), nor is it necessary for its
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degradation (Figure S1D). We conclude that ARMC5-dependent
RPB1 ubiquitylation therefore targets different RNA Pol Il spe-
cies, at a different residue on RPB1, and performs a distinct
regulatory role from the previously characterized pathways tar-
geting elongation-stalled RNA Pol Il (Figure 1H).

ARMC5-dependent RNA Pol Il degradation is a major
turnover pathway during homeostasis

Primary bilateral macronodular adrenal hyperplasia (PBMAH)**
patients carrying ARMC5 mutations over-accumulate RPB1 in
adrenal glands and other organs.’® Similarly, Armc5 KO mice
show elevated RPB1 levels across the animal and in cultured em-

synthesis. After ARMCS5 depletion, the re-

maining active RPB1 degradation rate ap-
proached the rate of dilution due to cell growth (Figure S2J),
demonstrating that ARMCS is essential for a major RPB1 turnover
pathway under homeostatic cell growth conditions. The relatively
short protein half-life of RPB1 in unperturbed cells is also consis-
tent with our earlier observations that only a short pulse (30 min-1
h) of p97 inhibition results in accumulation of a substantial amount
of ubiquitylated RPB1 (Figures 1A and 1B).

ARMCS5 controls the levels of free and promoter-
proximal RNA Pol 1l

We next investigated which part of the transcription cycle
may be affected by ARMC5 loss. On western blots probed
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with CTD-independent antibodies, RPB1 manifests two distinct
bands. ARMC5 depletion predominantly causes an increase in
abundance of the lower RPB1 band, lla (Figures 2E and S3A),
which corresponds to largely unphosphorylated or lowly Ser5-
phosphorylated RPB1.°* Additionally, ARMC5 KO cells dis-
played a substantial increase in RPB1 Ser5” signal, while
Ser2” was less affected (Figures 2E-2G and S3A). Together
with our earlier observation that ARMC5-mediated ubiquitylation
is found on RNA Pol Il modified with Ser5° but not Ser2”
(Figures 1B-1G), this further indicates that ARMC5 regulates
RNA Pol Il at the initial steps of transcription.

To investigate RNA Pol Il dynamics in living cells, we per-
formed fluorescence recovery after photobleaching (FRAP) as-
says using HCT116 mCherry-RPB1 cells. Two primary popula-
tions of RPB1 were detected, one with high mobility that
displayed fast recovery after bleaching and a second compo-
nent showing very slow recovery and therefore having low
mobility or being immobilized (Figures S3B-S3l). We assume
that the high-mobility state comprises freely diffusing RNA Pol
I molecules, as well as those that are not stably bound to chro-
matin. The stably bound fraction comprises elongating and sta-
bly paused RNA Pol Il. Fitting two-component recovery curves to
FRAP data (Figure S3G) indicated that the half-life of the mobile
and stably bound components was 3 and 139 s, respectively. In
unperturbed cells, we estimate that 60% of RPB1 is stably
bound, in agreement with similar assays of RPB1 performed
previously in other systems®'"'? (Figure 2H). Upon ARMCS5
depletion, the fraction of mobile RPB1 was greatly increased
(Figure 2H), indicating that a large proportion of RPB1 is not
stably bound to chromatin. After correcting for the increase in
overall RPB1 levels, the absolute amounts of stably bound
RPB1 remained unchanged. In agreement with FRAP, chromatin
fractionation followed by western blot also indicated that excess
RPB1, accumulating in ARMC5 KO cells, was found mostly in the
soluble fraction, rather than purifying biochemically with chro-
matin (Figure 2l). Excess RPB1 that accumulates upon ARMC5
removal is therefore predominantly found in the mobile frac-
tion—either in the free pool or in rapid cycles of initiation and
termination, rather than being stably associated with chromatin.

To further investigate this, we mapped RNA Pol Il occupancy
across the genome using double-crosslinking chromatin immu-
noprecipitation and sequencing (dxChlP-seq). In ARMC5 KO,
both total RNA Pol Il and Ser5” RNA Pol Il specifically accumu-
lated close to the TSSs—in the promoter-proximal zone, but not
further in gene bodies or at transcription termination sites (TTSs)
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(Figures 2J, 2K, and S3J), indicating that excess RNA Pol Il at
the promoter-proximal region is somehow prevented from
entering elongation. This is consistent with the relatively con-
stant levels of immobile RNA Pol Il observed via FRAP. The effect
of ARMC5 KO was apparent on almost all RNA Pol lI-transcribed
genes (Figure 2L), suggesting that ARMC5 affects promoter-
proximal RNA Pol Il globally.

ARMCS5 targets perturbed early transcription complexes
Inducing defects in RNA Pol Il initiation, pausing, and elongation
can lead to RPB1 degradation.®®10:41:46:55-57 Tg test if ARMC5
is involved in this perturbation-induced loss of RNA Pol Il, we
monitored RPB1 levels in HCT116 cells transfected with
ARMCS5 siRNAs, upon treatment with a variety of transcription in-
hibitors. Inhibitors were chosen to target key steps in the pro-
moter-proximal zone: triptolide (inhibits TFIIH subunit XPB, a
translocase that facilitates promoter melting during transcription
initiation)®®°"; LDC4297 and THZ1 (inhibit CDK7°%°° responsible
for Ser5 phosphorylation, release from the enhancer-bound
Mediator complex and recruitment of SPT5); and DRB and
AZD4573 (inhibit CDK9?*® that phosphorylates RNA Pol I
CTD Ser2, SPT5, and NELF, releasing RNA Pol Il from the pro-
moter-proximal zone into elongation) (Figure 3A). Strikingly,
perturbation-induced loss of RPB1 was almost completely
blocked in ARMC5-depleted cells (Figure 3B), demonstrating
that ARMC5 is essential for degradation of RNA Pol Il in
perturbed early transcription complexes. Similar results were
obtained in HEK293 ARMC5 KO cells, where we measured
both total RPB1 abundance as well as RPB1 CTD phosphoryla-
tion levels (Figure S4A).

Ubiquitin pull-down in the presence of p97 inhibitor confirmed
the increase in ubiquitylated RPB1 upon chemical perturbation
of transcription, which was fully dependent on ARMCS5 in all
cases tested (Figure 3C), using an expanded inhibitor panel
(JQ1 that inhibits BET family of bromodomain proteins that stim-
ulate CDK9 and pause-release®’; okadaic acid that inhibits
PP2A,%° responsible for dephosphorylating RNA Pol Il in the pro-
moter-proximal zone®’*°*%; and THZ531 that inhibits CDK12/
13,% responsible for phosphorylating RNA Pol Il at Ser2 during
elongation®) (Figure S4B). Together, these results reveal that a
broad range of inhibitors induce ARMC5-dependent RPB1 ubig-
uitylation and degradation.

In both wild-type (WT) and ARMC5 KO cells, effects were most
dramatic with triptolide, which triggered ARMC5-mediated RPB1
ubiquitylation to the greatest extent (Figure 3C) and caused an

(D) Mean nuclear fluorescence intensity of mCherry-RPB1 in live cells compared with that expected from measured half-life change. Error bars show 95% CI for

the mean.

(E) Western blot of RPB1 in whole-cell lysates of WT and ARMC5 KO HEK293 cells.

(
(
(
(

F and G) As in (A) and (B), respectively, but for the Ser5” and Ser2” forms of RPB1. Error bars show SD.

H) FRAP of mCherry-RPB1 cells following ARMC5 knockdown (50 cells per condition across 5 experiments). Immobile RNA Pol Il percentage estimated per cell
small points) and per experiment (large points). Fl-adjusted amount of RNA Pol Il shows mean with range across experiments.

1) Chromatin fractionation and western blot in WT and ARMC5 KO, HEK293 cells.

(J) dxChlIP-seq, boxplots showing the abundance of total (D8L4Y) and Ser5P RNA Pol Il in different genomic bins: TSS, transcription start site; GB, gene body;
TTS, transcription termination site. Asterisks denote significance determined by Wilcoxon rank-sum test.

(K) dxChlP-seq, individual gene examples. Gray boxes indicate RNA Pol Il TSS-proximal signal in WT cells.

(L) dxChlIP-seq, distribution of differences in RNA Pol Il abundance at the TSS-proximal region between ARMC5 KO and WT cells. x axis: log2 ratio (ARMCS5 KO/
WT); y axis: number of genes. Genes with coverage >5X over background are analyzed.

See also Figures S2 and S3 and Video S1.
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almost complete loss of RNA Pol Il in WT cells but no loss in
ARMCS5-depleted cells (Figures 3B and S4A). Upon short
(30 min) triptolide treatment, ARMC5-dependent ubiquitylation
can be detected by western blot in the presence of p97 inhibitor,
even without enriching ubiquitylated proteins by pull-down (Fig-
ure 3D, input). These findings demonstrate that ARMC5 is capable
of ubiquitylating most cellular RNA Pol Il molecules within hours
when the transcription cycle is perturbed. Importantly, triptolide-
mediated RPB1 degradation still occurs in RPB1 K1268R mutant,
again highlighting that the last-resort pathway®*"**> and ARMC5
regulate distinct forms of RNA Pol Il (Figure S4C).

Triptolide-mediated inhibition of XPB has been assumed to
completely block transcription initiation.°® Surprisingly, we
observed that following triptolide exposure, ARMC5 KO cells
show not only increased levels of Ser5” RPB1 but also persis-
tence of Ser2®, as observed both by western blots and immuno-
fluorescence (Figures 3E, 3F, and S4A). This raises an intriguing
possibility that transcription elongation may be possible in the
presence of triptolide when ARMCS is absent.

Loss of ARMCS5 confers partial resistance to triptolide

To test whether RNA Pol Il can initiate and elongate in the pres-
ence of triptolide in ARMC5 KO cells, we used dxChIP-seq to
map total and Ser5” RNA Pol Il occupancy genome-wide. A sig-
nificant amount of RNA Pol Il remained bound to genes upon
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250 ; RPB1

150-
<—Vinculin

triptolide exposure in ARMC5 KO cells
(Figures 4A and 4B). The effect of
ARMCS loss is global, with the vast major-
ity of genes retaining TSS-proximal RNA
Pol Il upon triptolide treatment (Figure 4C).

We next estimated nascent RNA pro-
duction on a global scale using short
pulses of RNA labeling with nucleoside
analog 5-ethynyl uridine (5EU).°° We did not detect a reproducible
change in 5EU incorporation in untreated ARMC5-depleted cells,
compared with the WT (Figures 4D and S5A). However, ARMC5
KO cells did retain an increased fraction of their RNA synthesis ac-
tivity upon treatment with triptolide (Figure 4D), suggesting that
loss of ARMC5 allows RNA Pol Il (which would normally be
degraded) to bypass triptolide-inhibited XPB and synthesize
RNA. This was confirmed by analyzing nascent RNA synthesis
genome-wide, using transient transcriptome sequencing with
chemical fragmentation of RNA (TTehem-s€q)®’ (Figures 4E, 4F,
and S5B), which showed this effect was global, affecting the
vast majority of genes (Figures 4G, 4H, S5B, and S5C).

Triptolide is normally toxic to cells.®® Surprisingly, a low dose
(5 nM) of triptolide killed WT cells but not ARMC5 KO cells
(Figure 4l), revealing that at least some of the inhibitory and toxic
effects of triptolide are due to the ARMC5-dependent RNA Pol I
degradation. Together, these data demonstrate that RNA Pol II
can (partially) bypass inhibited XPB translocase to initiate and
elongate transcripts if it is not first targeted for degradation
by ARMCS5.

<« Ser2 phos.
RPB1

ARMCS loss causes accumulation of evicted,
phosphorylated RNA Pol Il off-chromatin

While some RNA Pol Il molecules bypass inhibited XPB in ARMC5
KO cells and proceed into elongation, we observed that a
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Figure 4. ARMCS5 loss confers partial resis-
tance to XPB inhibition by triptolide

(A) dxChIP-seq, metagene profiles of RNA Pol Il
occupancy (TPL, 300 nM for 2 h). Legend shown
in (B).

(B) Zoom-in of (A) around the TSS. x axis: relative
scale for (A) (TSS and TTS are indicated) and ab-
solute scale for (B); y axis: read counts normalized
to background.

(C) dxChlP-seq, distribution of differences in RNA
Pol Il abundance at the TSS. x axis, log2 ratio
(ARMC5 KO/WT); y axis, number of genes. Genes
with coverage >5 X over background are analyzed.
(D) Example images (nuclear segmentations over-
laid in white) and relative mean nuclear 5EU in-
tensity for HEK293 cells pulse labeled for 30 min.
TPL, 300 nM for 2 h. Mean + SD of 5-6 replicates
from 3 experiments (500-2,000 cells/replicate).

(E) Spike-in normalized metagene TTchem-S€Q
profiles showing nascent RNA distribution across
l gene units (TPL, 300 nM for 2 h).
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significant fraction of phosphorylated RPB1 is progressively lost
from chromatin upon triptolide treatment, accumulating in the sol-
uble fraction (Figure 5A). Importantly, phosphorylated RPB1 also
accumulates in the soluble fraction even in untreated ARMC5
KO cells (Figure 5A). Our current understanding is that RNA Pol
Il can only be phosphorylated on chromatin,®®-2847:48:54 which
suggests that phosphorylated soluble RPB1 is evicted from chro-
matin without being dephosphorylated. Moreover, when ARMC5-
mediated RPB1 degradation was prevented, treatment with trip-
tolide led to a significant increase in the fraction and absolute
amount of mobile RNA Pol Il observed by FRAP in live cells—
well beyond the (already elevated) levels of mobile RNA Pol Il
seen in ARMC5-depleted HEK293 or HCT116 cells (Figures 5B,
5C, S6A, and S6B). Together, these results show that preventing

wT L
ARMC5 KO ‘

L

L.
(F) Boxplots showing total spike-in normalized

TTchem-Seq read counts at expressed genes (>10
normalized reads).

(G) TTchem-seq, distribution of differences in
nascent RNA abundance on individual genes,
without (left) and with (right) TPL. x axis: log2 ratio
(ARMC5 KO/WT); y axis: number of genes.

(H) Individual gene examples from dxChIP-seq
(top, middle) and TTghem-S€q (bottom) experi-
ments. Note that GADD45B is 1 of the 44 genes
induced by ARMCS5 KO in untreated condition; this
is explored further in Figure 7.

(I) Cell growth assay in WT and ARMC5 KO cells,
without (left) and with (right) TPL (5 nM). Repre-
sentative of biological triplicate experiment is
shown; data re represented as mean + standard
error of imaging.

See also Figure S5.
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ARMCS5-dependent RNA Pol Il degradation
causes accumulation of evicted, phos-
phorylated RNA Pol Il off-chromatin, which
is further exacerbated when initiation is
perturbed with triptolide.

On long exposures of western blots,
ARMC5-dependent ubiquitylated RPB1
traces were predominantly observed in the soluble fraction
(Figure 5A, bottom panels). To determine if ARMCS5 interacts
with chromatin, we performed fractionation and ARMC5
immunoprecipitation experiments, which revealed that over-
expressed ARMCS5 is predominantly found in the soluble frac-
tion (in agreement with its previously reported diffuse nuclear
and cytoplasmic localization®) (Figure S6C). However, when
crosslinker dithiobis (succinimidyl propionate) (DSP) was
used,®® ARMC5 could also be detected in the chromatin frac-
tion, along with the interaction between ARMC5 and RPB1
(Figure 5D). When no crosslinker was used, the RPB1-
ARMCS5 interaction was observed only in the soluble fraction
(Figure S6C). This indicates that ARMC5 is found predomi-
nantly in the soluble fraction, where it interacts with RNA Pol
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Figure 5. Evicted, phosphorylated RNA Pol Il
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Il, but it may also transiently interact with RNA Pol Il on
chromatin.

Two possibilities can explain these results, and they are not
mutually exclusive: (1) ARMC5 may ubiquitylate promoter-prox-
imal RNA Pol Il on chromatin with RNA Pol Il and ARMC5 then
rapidly evicted from the DNA into the soluble fraction; and/or
(2) ARMC5 may ubiquitylate RNA Pol Il in the free pool, after evic-
tion by another factor. Either scenario is compatible with effects
of ARMCS5 depletion observed throughout this study.

Integrator phosphatase module compensates for the
loss of ARMC5
Regardless of whether ARMCS5 targets RNA Pol Il on chromatin or
inthe free pool, RNA Pol Il dxChIP-seq (Figures 2J-2L) and TTchem-
seq in unperturbed cells (untreated condition in Figures 4E and
S5C) reveal that excess RNA Pol Il accumulates in the promoter-
proximal zones of genes upon ARMCS5 loss and not in gene bodies.
To comprehensively quantify the consequences of ARMC5
loss on each stage of the transcription cycle, we used data
collected throughout this study (Figure 6A). ARMCS5 depletion
most severely affects mobile and free RNA Pol Il molecules,
moderately affects the levels of promoter-proximal RNA Pol Il
on chromatin, and does not largely affect gene body RNA
Pol Il occupancy or transcriptional activity (Figure 6A). Using
poly(A) fluorescence in situ hybridization (FISH), we also
determined that ARMCS5 loss does not affect abundance of pol-
yadenylated RNA (Figure 6B). These data suggest that each
successive step in the transcription cycle progressively buffers
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despite increased levels of RNA Pol Il in
the promoter-proximal zones, only a frac-
tion of those are released into productive
elongation. Therefore, control mecha-
nisms acting in the promoter-proximal
zone can compensate if excess RNA Pol Il is present at the tran-
scription initiation stage, which prevents it from entering gene
bodies.

We reasoned that removal of such control mechanisms in
combination with ARMC5 loss may compromise the ability of
the cell to adjust to increased levels of RNA Pol Il, resulting in
synthetic lethality. ARMCS5 KO cells are viable with no apparent
growth phenotype. We were therefore able to perform a syn-
thetic lethality screen, using siRNAs to target known key regula-
tors of promoter-proximal transcription, in WT and ARMC5 KO
cells. In particular, we depleted the following: Gdown (prevents
premature release from the initiation complex),®® SPT5 (compo-
nent of DSIF, keeps RNA Pol Il in a stably paused complex; when
phosphorylated, it mediates release from pausing and turns into
a positive elongation factor),'>?® NELF (keeps RNA Pol Il stably
paused),”’Integrator phosphatase module subunit INTS8 (pre-
vents excessive pause-release via dephosphorylating RNA
Pol Il and SPT5),":?%** Integrator RNA cleavage module sub-
unit INTS11 (attenuates transcription via premature termina-
tion),?>%%:323% and PAF1 (keeps RNA Pol Il stably paused and
converts to a positive elongation factor upon pause-release)’®
(Figure S7A). This revealed that depletion of INTS8, but not other
factors, has a strong synthetic growth-retardation phenotype
with ARMCS5 loss (Figure 6C). Importantly, INTS8 depletion in
ARMCS5 KO cells did not obviously increase cell death, allowing
these cells to be used in subsequent analyses (Video S2).
Notably, depleting any of the promoter-proximal factors trig-
gered some level of ARMC5-mediated RPB1 ubiquitylation,

RPB1
high expos.

<« Tubulin
«~—H3
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Figure 6. Integrator phosphatase module
compensates for the loss of ARMC5

(A) Summary of ARMC5 effects on RNA Pol Il at
different stages of the transcription cycle—quan-
tification of data obtained throughout the study.
ARMC5 “depleted” refers to siRNA-mediated
knockdown of ARMCS5 in FRAP and to ARMC5 KO
in all other cases. “Mobile”: RNA Pol Il fraction in
FRAP; “soluble”: RNA Pol Il in chromatin fraction-
ation; “TSS-bound”: RNA Pol Il in dxChlIP-seq;
“chromatin-bound”: RNA Pol Il in chromatin frac-
tionation; “immobile”: RNA Pol Il in FRAP; “gene
body-bound”: RNA Pol Il in dxChIP-seq; “nascent
RNA”: shown in TT¢hem-s€q. Details of quantifica-
tion and statistical analyses are in STAR Methods.
(B) Example images and quantification of poly(A)
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with INTS8 depletion causing the most pronounced effect
(Figure 6D).

Monitoring RNA Pol Il dynamics by FRAP revealed that INTS8
knockdown alone substantially delayed fluorescence recovery
(Figure S7B), indicating that the vast majority of RNA Pol Il mole-
cules in INTS8-depleted cells are stably bound to chromatin (Fig-
ure S7C). Similarly, a combined knockdown of INTS8 and
ARMCS5 slowed the FRAP kinetic of mCherry-RPB1 when
compared with the ARMC5-only knockdown condition (Figure 6E).
After correcting for changes in overall RNA Pol Il abundance
(Figures S7D and S7E), we observed that the effects of ARMC5
and INTS8 depletion are largely separable: ARMCS5 depletion re-
sults in excessive cellular RNA Pol Il, most of which accumulates
in the mobile fraction (representing RNA Pol Il in the free pool
and possibly in rapid cycles of initiation-termination), while INTS8
depletion causes retention of RNA Pol Il molecules in the immobile
fraction (likely representing stably paused and elongating RNA Pol
Il), regardless of the ARMCS5 status (Figure 6F). Interestingly, while

- — Ser5 phos.

Ser2 phos.

with range across experiments.

(G) Western blot detecting total RPB1, Ser5”, and
Ser2P, upon ARMCS5 KO and INTS8 knockdown.
See also Figure S7 and Video S2.

Time (s)

#= == = | < Total RPB1
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total RNA Pol Il levels depend on ARMC5
but not on INTS8, western blots revealed
that Ser5”, a mark of promoter-proximal
RNA Pol ll, depends on both factors. More-
over, these effects are additive (Figures 6D
and 6G). Together, these results suggest
that ARMC5 and INTS8 regulate different
aspects of RNA Pol Il dynamic behavior, which somehow
converge to regulate levels of Ser5-phosphorylated RNA Pol Il

Integrator phosphatase and ARMCS5 control early
transcription complexes through parallel mechanisms
To gain further insight into how ARMCS5 and INTS8 regulate RNA
Pol Il, we mapped total RNA Pol Il occupancy using dxChlP-seq,
upon depletion of ARMC5, INTS8, and both factors in combina-
tion. ARMC5 KO and INTS8 knockdown both resulted in
increased levels of RNA Pol Il in the promoter-proximal zone,
peaking at the pausing site (Figure 7A, left), and their combination
had an additive effect (Figure 7A, left). In agreement with their ad-
ditive effects on Ser5F levels (Figures 6D and 6G), this indicates
that both ARMC5 and INTS8 act to reduce the levels of RNA Pol
Il'in the promoter-proximal zone, likely by separate mechanisms.
Surprisingly, we noticed that RNA Pol Il occupancy at gene
ends has a completely inverse profile to that in the promoter-
proximal zone. Loss of either ARMCS5, INTS8, or both reduced
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Figure 7. ARMC5 and INTS8 regulate the
quantity and quality of early transcription
complexes

(A) dxChlIP-seq, metagene profiles of RNA Pol II
occupancy. x axis: TSS and TTS are indicated,
absolute scale; y axis: read counts normalized to
background.
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the levels of RNA Pol Il in the vicinity of TTSs, despite the in-
creases in the promoter-proximal zone in these conditions (Fig-
ure 7A, right). This effect was quantified using the pausing in-
dex,”" which estimates the ratio of promoter-proximal vs.
elongating RNA Pol Il. Depletion of both ARMC5 and INTS8
alone increased the RNA Pol Il pausing index, and their com-
bined loss had an even greater effect (Figure 7B).

To investigate this further, we performed TTchem-S€q to mea-
sure RNA Pol Il activity. Metagene analysis revealed a global in-
crease in nascent RNA upon INTS8 depletion, which peaked in
the first 5 kb downstream of the TSS and declined to WT levels
further within gene bodies, at around 10 kb (Figure 7C). This in-
dicates that INTS8 loss allows for excessive release of RNA
Pol Il into early elongation, as suggested previously,””** but
these complexes do not proceed into late elongation past the
10 kb mark. Thus, a dramatic increase in the immobile RNA
Pol Il fraction in FRAP caused by INTS8 depletion (Figures 6E
and 6F) likely represents RNA Pol Il molecules that are stably
paused or are in early elongation.

Interestingly, ARMC5 KO in combination with INTS8 loss did not
further augment INTS8-depletion-driven global increase in early
elongation activity (Figure 7C), despite having an additive effect
onincreasing RNA Pol Il occupancy in this zone of genes (Figure 7A
left). This indicates that excess RNA Pol [l molecules present in the
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less efficiently transcribing than in the
case of INTS8 depletion alone. This sug-
gests they may be immature or incompe-
tent for elongation (thus giving rise to higher
signal in dxChlP-seq, which measures oc-
cupancy, but not in TTchem-s€q, which
measures RNA Pol Il activity). This is further
supported by an observation that these excessive early elongation
RNA Pol Il complexes do not proceed into late elongation: in cells
depleted of INTS8, ARMC5, and both factors in combination, both
dxChlP-seq and TT¢nem-S€q signals return to WT levels within 10
kb post-TSS and further decline below WT levels at gene ends,
indicating that RNA Pol Il must have been terminated during late
elongation (Figures 7A, 7C, and S8A).

Together, these results show that both INTS8 and ARMC5 can
limit the release of excess and possibly incompetent RNA Pol I
complexes into late elongation, working through independent
yet parallel mechanisms to control the quality and quantity of
RNA Pol Il on genes.

A specific set of genes use INTS8-ARMCS5 to attenuate
gene expression

Since INTS8 and ARMCS5 depletion most dramatically affect early
elongation complexes (in the zone covering up to 5-10 kb from the
TSS) (Figures 7A and 7C), it is possible that short and long genes
may be disproportionately affected by the loss of these factors.
Indeed, genes shorter than 10 kb displayed an overall increase
in nascent RNA signal upon INTS8 loss, throughout the gene
unit, which was surprisingly exacerbated by a combined
ARMCS loss (Figure S8B). This indicates that short genes use
ARMCS5 and INTS8 to prevent excessive RNA Pol Il activity.
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To gain a better understanding of what types of genes are co-
regulated by ARMCS5 and INTS8, we performed differential gene
expression analysis of spike-in normalized TTqnem-Seq data
(Figures 7D and S8C) and analyzed if differentially expressed
genes possess any particular properties, distinguishing them
from the rest of the genome. This suggested that a particular
class of genes use ARMC5 and INTS8 mechanisms to attenuate
their gene expression level (examples in Figure 7E): these genes
tend to be short (Figure S8D) and thus below the late-elongation
limit of 10 kb (at which point incompetent RNA Pol Il starts being
aborted); they tend to have low baseline expression (Figure S8E)
and weak pausing (Figure S8F) and contain TATA boxes in their
promoters (Figure S8G).

DISCUSSION

Here, we reveal that ubiquitylation acts to regulate RNA Pol I
levels during homeostatic cell growth by targeting RNA Pol i
in the transcription cycle before the transition from pausing to
elongation. This RNA Pol Il degradation pathway requires the
Cullin-RING E3 ligase CRL3*"MC® which ubiquitylates RPBI1;
p97/VCP, which extracts polyubiquitylated proteins from com-
plexes*®; and the proteasome, which degrades proteins’?; and
it is distinct from the last-resort ubiquitylation pathway that de-
stroys RNA Pol Il stalled during elongation.>®*"*?¢ |n the
absence of this mechanism, cells are able to proliferate nor-
mally in vitro, and given that patients and mice carrying
ARMCS5 mutations can survive to adulthood despite excess
RNA Pol 11,°%°? loss of this pathway also seems to be tolerated
in vivo. Our results suggest that this is because cells can pre-
vent this excess RNA Pol Il from entering elongation, first by
keeping most RNA Pol Il in the free pool, and secondly by pre-
venting its release from the promoter-proximal region into gene
bodies. However, the absence of ARMC5 makes cells strongly
dependent on checkpoints at the promoter-proximal region—
with concomitant loss of ARMC5 and the Integrator phospha-
tase module subunit INTS8 leading to a severe growth-retarda-
tion phenotype.

In yeast, RNA Pol Il has been proposed to act as a “limiting
factor” for mRNA production that controls the coordination of
mRNA synthesis rates with cell size—a key part of a mechanism
of mRNA concentration homeostasis."’ In this model, the
amount of RNA Pol Il loaded on the genome depends on RNA
Pol Il availability. We previously proposed an alternative model,
based on our human cell data, in which RNA Pol Il levels are
adapted to the global transcriptional activity.” In this model,
RNA Pol Il turnover is activity dependent: it is protected from
degradation when actively transcribing (stably bound to chro-
matin) and subject to degradation when inactive. Therefore,
RNA Pol Il levels diminish when absolute transcription rates are
decreased. Here, we report that ARMCS5 is essential for degrad-
ing RNA Pol Il in response to transcriptional inhibition and that
when ARMCS is not present, RNA Pol Il accumulates predomi-
nantly in the inactive, free state. Given that the CRL3ARMCS
pathway is a major RNA Pol Il turnover pathway in unperturbed
cells (Figure 2) and that ARMC5-dependent ubiquitylation is
enhanced in response to diverse chemical (Figure 3) and genetic
(Figure 6) perturbations, these suggest that CRL3*R"MC® acts
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quite generally and may be a key player in the mechanisms coor-
dinating RNA Pol Il levels with transcriptional activity.

Our results demonstrate that ubiquitin-dependent regulation
of the cellular pool of RNA Pol Il is an important element of tran-
scriptional control—not only in the DNA-damage response, as
we reported previously,” but also for homeostatic control of
transcription, controlled by CRL3*"M®®_ ARMCS5 removal has
profound effects on global RNA Pol || homeostasis, causing
accumulation of RNA Pol Il in the free pool and in promoter-prox-
imal zones of most genes in the genome (Figures 1, 2, 3, and 4).
We revealed that INTS8 functions as a gatekeeper, preventing
the release of these excessive transcriptional complexes into
elongation, which is in agreement with its proposed function in
restricting pause-release.?’?*** The ability of ARMC5 and
INTS8 to control the quantity of RNA Pol Il on genes is exploited
by a specific class of loci that uses these two mechanisms for
attenuating gene expression levels: these genes are short, lowly
expressed, have a low pausing index, and contain TATA boxes in
their promoters. Interestingly, dependency of lowly expressed
genes on suppression by both the Integrator phosphatase
and endonuclease modules has already been observed in
Drosophila and mammalian cells,””** and here, we find that
these effects are further amplified by the concurrent loss of
ARMCS5. Furthermore, genes controlled by ARMC5 and INTS8
may be specifically involved in neuronal and T cell regulation,
respectively (Figure S8H). This association may be relevant for
human disease: ARMC5 mutations increase the risk of severe
neural tube defects,”’ while INTS8 mutations have been associ-
ated with peripheral T cell lymphoma.”® Together, these results
support the idea that regulation of the transcription apparatus
in the promoter-proximal region is likely heterogeneous across
gene classes.

We also provide evidence that in addition to regulating RNA Pol
Il quantity on genes, both ARMCS5 and INTS8 prevent the entry of
incompetent transcription complexes into late elongation, acting
as two parallel mechanisms with additive effects. When ARMC5
and INTS8 are depleted in combination, increased amounts of
RNA Pol Il are unleashed into early elongation, compared with
removal of INTS8 alone, but these excess RNA Pol Il complexes
are not fully transcriptionally active and are terminated prema-
turely along the gene, failing to reach gene ends. This could be
because they are somehow incompetent for elongation. Given
that CRL3""MC5 ybiquitylates RNA Pol Il when transcription com-
plex is made “defective” by a variety of chemical and genetic per-
turbations (Figures 3C and 6D), it is plausible that ARMCS5 targets
incorrectly assembled transcription complexes or those lacking
key subunits. Another possibility that could explain why RNA Pol
Il does not reach gene ends upon ARMC5/INTS8 depletion could
be activation of yet another premature termination pathway,
acting to prevent excess production of full-length transcripts in
cases of elevated early elongation.

Which RNA Pol Il species are directly targeted by CRL3ARMC®
and where in the cell they are targeted remain partially unre-
solved questions. It is possible that ARMCS5 targets RNA Pol Il
predominantly in the free pool, after it has been evicted from
chromatin, to control global RNA Pol Il homeostasis. In this sce-
nario, any disruption of transcription that results in RNA Pol I
eviction would lead to reduced RNA Pol Il levels. Elevated RNA
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Pol Il levels in promoter-proximal regions caused by ARMC5 loss
would, in this case, be a result of increased amounts of RNA Pol Il
in the free pool available for initiation. However, this would not
directly explain why some of these excessive transcription com-
plexes are incompetent for elongation. An alternative (and not
mutually exclusive) model is that ARMC5 acts on RNA Pol I
directly in the promoter-proximal region—targeting Ser57 RNA
Pol Il as part of a checkpoint that ensures that a faulty transcrip-
tion complex is terminated and targeted for degradation. To
what extent faulty transcription complexes exist in unperturbed
cells is unclear. However, a large number of factors assemble
on RNA Pol Il to orchestrate the transcription process,”® and
the promoter-proximal zone is a place of complex molecular
transactions, where RNA Pol Il exchanges interaction partners
multiple times.®®"* Given the complexity of these exchanges, it
is possible that some of these steps may occasionally (or even
often) go wrong, giving rise to incompletely or incorrectly assem-
bled transcription complexes that are not fully capable of effi-
cient elongation. Nonetheless, we found that RNA Pol Il that is
normally targeted by ARMCS5 in the presence of triptolide is, in
the absence of ARMCS5, able to bypass inhibited XPB translo-
case and to proceed to transcribe into gene bodies. This sug-
gests that at least some of the RNA Pol Il normally targeted by
ARMCS is properly assembled and able to produce functional
transcripts. This is supported by our observation that ARMC5
KO cells can proliferate in low levels of triptolide that are normally
lethal to cells. It is possible that ARMC5 forms a complex with
different protein adapters on- and off-chromatin, targeting both
defective RNA Pol Il on DNA and excessive RNA Pol Il in the
free pool.

Altogether, we conclude that CRL ubiquitin ligase and
Integrator phosphatase form parallel mechanisms to control
early stages of RNA Pol Il transcription (Figure 7F). In the future,
it will be interesting to identify other factors and pathways that
synergize with ARMC5 to maintain transcriptional homeostasis
and to define how exactly and in what circumstance ARMC5
targets RNA Pol II.

SARMCS

Limitations of the study

The amount and function of RNA Pol Il bound transiently to chro-
matin are difficult to determine. How the population of RNA Pol Il
shown to be chromatin-bound via fractionation relates to that
observed to be immobile via FRAP is unclear. Transient interac-
tions of RNA Pol Il with DNA with intermediate timescales (up to
several seconds) may appear as either mobile or immobile via
FRAP, or they may appear in either chromatin-bound or soluble
fractions. Whether these intermediate populations of RNA Pol I
represent a paused component and how they relate to the posi-
tioning of RNA Pol Il on genes via dxChlP-seq are not addressed
in the current study.

Unlike higher-resolution methods such as precision run-
on sequencing (PRO-seq) or native elongating transcript
sequencing (NET-seq), Pol Il dxChIP-seq is unable to reveal
nucleotide-level RNA Pol Il occupancies, which could be useful
for more detailed assessment of the synergistic effects of
ARMCS5 and Integrator on RNA Pol Il processivity and pausing.

No antibodies are available to detect endogenous ARMCS5,
either by western blot or immunofluorescence, which means
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that we rely on overexpression of ARMCS5, likely well beyond
physiological levels.

In conditions where RNA Pol Il turnover is compromised, such
as ARMC5-depleted cells, the extent to which the RPB1 subunit
is contained in RNA Pol Il complexes within the nucleus may vary
substantially from unperturbed cells. Here, we broadly assume
that detected RPB1 levels within the nucleus reflect levels of
the RNA Pol Il complex.

Finally, this study uses both CRISPR-mediated KO and
siRNA-mediated knockdown to examine ARMCS5 function.
While the data collected using these two strategies are
generally concordant, possible mechanisms counteracting
ARMCS5 loss (over days in knockdown condition or weeks in
KO condition) are unknown and may influence the results pre-
sented here.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Ana Tufegdzi¢ Vidakovi¢
(atv@mrc-Imb.cam.ac.uk).

Materials availability

Materials generated in this study will be made available on request, but we may
require a completed Materials Transfer Agreement if there is potential for com-
mercial application.

Data and code availability

e Single-cell quantifications, summaries of microscopy experiments, and
western blot film scans have been deposited on Mendeley Data. Image
data can be made available upon request. Data generated using high-
throughput sequencing has been deposited to GEO (https://www.
ncbi.nlm.nih.gov/geo/), GEO: GSE266979.

o Code used to analyze image data is available on GitHub (https://doi.org/
10.5281/zenodo.14031542). Code used to analyze sequencing data is
available from the lead contact upon request.
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Image quantification: mCherry-RPB1 FRAP This paper Mendeley Data: https://doi.org/10.17632/
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Image quantification: RPB1 This paper Mendeley Data: https://doi.org/10.17632/
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Image quantification: RPB1 This paper Mendeley Data: https://doi.org/10.17632/

immunofluorescence in HCT116 cells 42hcnbdr4t.1
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immunofluorescence in HCT116 cells 8n7zcmzrbn.1
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Scans of Western Blot films This paper Mendeley Data: https://doi.org/10.17632/
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Experimental models: Cell lines

Flp-In T-Rex HEK293 cells Thermo Fisher Scientific R78007
RPB1 K1268R knock-in clone D12 Tufegdzié Vidakovié et al.” N/A

(in Flp-In T-Rex HEK293)

ARMCS5 knock-out clone 1A3 (in Flp-In This paper N/A
T-Rex HEK293)
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HCT116 mCherry-RPB1 clone This paper N/A
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siRNAs targeting INTS8, Silencer Select
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targeting human NELFCD
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targeting human INTS11
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targeting human PAF1
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targeting human Cullin 1
ON-TARGETplus SMARTpool siRNA
targeting human Cullin 2
ON-TARGETplus SMARTpool siRNA
targeting human Cullin 3
ON-TARGETplus SMARTpool siRNA
targeting human Cullin 4A
ON-TARGETplus SMARTpool siRNA
targeting human Cullin 4B
ON-TARGETplus SMARTpool siRNA
targeting human Cullin 5
ON-TARGETplus SMARTpool siRNA
targeting human Cullin 7
ON-TARGETplus SMARTpool siRNA
targeting human Cullin 9

Figure S1B primer inside F
CTCAGCATCCTAGCCGATTG
Figure S1B primer inside R
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Thermo-Fisher
Thermo Fisher
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Figure S1B primer outside F This paper N/A

TTCCGGACTTTGTGACTGTG

Figure S1B primer outside R This paper N/A

CTGTGTGTCCAGTTGGGTTG

Figure S1B gRNA 1F for ARMC5 KO This paper N/A

CACCGCTAAAAGCCTTACCGCTGAG

Figure S1B gRNA 1R for ARMC5 KO This paper N/A

AAACCTCAGCGGTAAGGCTTTTAGC

Figure S1B gRNA 2F for ARMC5 KO This paper N/A
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Figure S1B gRNA 2R for ARMC5 KO This paper N/A
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Figure S2C primer RPB1 F (-430 from ATG) This paper N/A
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Figure S2C primer RPB1 R (+349 from ATG) This paper N/A
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Recombinant DNA

pSpCas9n(BB)-2A-GFP-gRNAs This paper N/A

Donor plasmid for ARMC5 KO This paper N/A
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POLR2A-N CRISPR pX330
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ARMCS5-Flag
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Nagashima et al.”®
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Gift from Robert Bradley; llagan et al.”®
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GeneCopoeia
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RRID:Addgene_124495

RRID:Addgene_84017
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EX-H0661-M35

Software and algorithms

Trim Galore v0.6.7

Bowtie2 v8.3.1

SAMtools v1.9
Picard v2.27.5
DeepTools v3.5.1
BEDtools v2.30.0

dplyr

ggplot2

STAR v2.7.9a
HTSeq v2.0.5
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eulerr
clusterProfiler

Babraham Bioinformatics

Langmead et al.””; Langmead
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Lietal.”
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and culture conditions

Wild-type, ARMC5 KO, and K1268R Flp-In T-REx HEK293 (R78007, Thermo Fisher Scientific) cell lines were cultured in supple-
mented high glucose DMEM (31966021, Thermo Fisher Scientific) with 10% foetal bovine serum (FBS), 100 U/mL penicillin,
100 pg/mL streptomycin at 37 °C with 5% CO,. RPB1 K1268R mutant HEK293 cell line was generated in an earlier study.® For
microscopy experiments, HCT116 and HCT116 mCherry-RPB1 cells were maintained in McCoy’s 5A modified medium (Thermo
Fisher Gibco 16600108), and HEK293 parental and ARMCS5 knock-out cells were maintained in Dulbecco’s Modified Eagle Medium
containing high glucose (Thermo Fisher Gibco 11995065), both in 10% FBS (Moregate Biotech) at 37 °C and 5% CO,. HEK293, and
cell lines derived from these, are female. HCT116 cells, and cell lines derived from these, are male. Cells were not authenticated.

METHOD DETAILS

Generation of ARMCS5 KO cell lines

CRISPR-Cas9 mediated genome editing of Flp-In T-REx HEK293 cell lines was performed as previously described.®” The oligonu-
cleotides encoding gRNAs for targeting ARMCS5 locus are listed in the Key Resources Table. Briefly, the forward and reverse strand
oligonucleotides were annealed and ligated into pSpCas9(BB)-2A-GFP linearized with Bbsl, and plasmids were sequenced after
cloning and transformation. To generate knock-outs, cells were co-transfected with the two pSpCas9(BB)-2A-GFP plasmids con-
taining gRNA 1 and 2 using Lipofectamine 3000 (Thermo Fisher Scientific) according to the manufacturer’s instructions. 24 h after
transfection, high GFP-positive cells were sorted clonally by FACS into 96-well plates and cultivated until colonies were obtained.
Clones were tested for deletion of the entire ARMCS5 locus by genotyping, with primers flanking the gene and primers within the
gene (Figure S1A).

Generation of mCherry-RPB1 knock-in cells

A CRISPR homology-directed repair donor plasmid encoding mCherry-RPB1 was generated by Gibson assembly. Assembly frag-
ments were amplified by PCR from a mAID-mClover-POLR2A donor plasmid’® (Addgene #124496) and mCherry-U2AF1 plasmid’®
(Addgene #84017) templates. The assembled mCherry-RPB1 donor plasmid contains a left homology arm from -530bp to Obp
upstream of the start codon, followed by the mCherry fusion protein, a Gly-Ala-Gly-Ala-Gly-Ala-Gly-Ser linker, then a 584bp right
homology arm, including the endogenous ATG from RPB1. No additional tags or antibiotic resistance markers are present.

Cells were transfected with this mCherry-RPB1 donor plasmid and a pX330 Cas9 gRNA plasmid previously used to generate
miniAID-mClover-POLR2A cells’® (Addgene #124495). Upon transfection, mCherry was expressed transiently from the plasmid
for several days, as inferred from cytoplasmic fluorescence. After 5-7 days, this cytoplasmic signal disappeared and a lower level
of nuclear mCherry signal was detected in a subpopulation of cells. To isolate these cells, we used fluorescence-activated cell sorting
(FACS) to sort single cells into individual wells of a 96-well plate, keeping only those with the highest 5% of mCherry signal. These
were manually validated as single cells and expanded to generate putative mCherry-RPB1 clones. Clones were genotyped by PCR
(Figure S2D), genomic DNA was Sanger sequenced (Figure S2E), and expression of full-length tagged protein was validated by west-
ern blot (Figure S2F). All experiments were performed with a single homozygous clone (clone 2). RPB1 abundance is similar between
untagged and mCherry-tagged cell lines (Figures S2F and S2G).

Cell treatments

For TTchem-S€4, cell growth and Dsk2 pulldown assays, siRNA transfections were performed with Lipofectamine RNAiMax (Thermo
Fisher) according to manufacturer instructions, with 40 nM final siRNA concentration. UV irradiation was performed using a custom-
built UV conveyor belt and the given dose was determined using a UV-meter.”® MG-132, p97 inhibitor CB-5083, MLN-4924, tripto-
lide, THZ1, JQ1, AZD4573, flavopiridol, THZ531, LDC4297, DRB, and okadaic acid were used as indicated in figures or figure legends
and are listed at key resources table.

Cell growth assays

For analysis of cell growth, 5,000 HEK293 cells were seeded per well in poly-lysine (P7280, Merck) coated 96-well plates 24 hours
after siRNA transfections. Growth was monitored and recorded every 4 h using Incucyte (Sartorius). Data from one representative
experiment of three biological replicates, each with 5 technical replicate wells per condition and 4 imaging areas per each well,
were used for plotting.

Detection of ubiquitylated RPB1

Whole cell lysates were prepared by scraping the cells in PBS, spinning down at 300 rcf and removing the supernatant. Cell pellet was
resuspended in TENT buffer (50 mM Tris-HCI pH 7.4, 2 mM EDTA, 150 mM NaCl, 1% Triton X-100) containing fresh protease inhib-
itors, phosphatase inhibitors and 2 mM of N-ethylmaleimide (NEM). Samples were incubated on ice for 10 min, sonicated in a 4°C
water bath sonicator (Bioruptor) at high power, with 30 s ON and 30 s OFF pulses, for a total duration of 7 min, then centrifuged
at maximum speed (18,000 rcf) for 7 min to remove debris. GST-Dsk2 pulldown of ubiquitylated proteins in human cells has been
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previously described in detail.*® Dsk2 beads were pre-washed in TENT buffer containing fresh protease inhibitors, phosphatase in-

hibitors and 2 mM NEM. A bead suspension of 0.2-0.4 mL (equivalent to 10-20 pL packed beads) was used to pull down ubiquitylated
proteins from 1-2 mg of the whole cell protein extract. Samples were incubated on a turning wheel at 4 °C overnight. The beads were
then washed twice with 1 mL of TENT buffer containing fresh protease inhibitors, phosphatase inhibitors and 2 mM NEM, and then
once with 1 mL of PBS containing protease inhibitors, phosphatase inhibitors and 2 mM NEM. The samples were then centrifuged at
500 rcf for 5 min at 4°C, all liquid was removed, and 40 uL of Laemmli buffer containing DTT were added to the beads. Samples were
vortexed briefly, boiled at 98°C for 5 min, spun down and supernatants were saved and analysed by Western Blot.

Western blot

For whole cell extracts, cells pellets were resuspended in protein lysis buffer (20 mM Tris-HCI pH 7.5, 250 mM NaCl, 1 mM EDTA,
0.5% (v/v) NP-40, 10% glycerol, supplemented with protease inhibitors, phosphatase inhibitors and 2 mM NEM) and then sonicated
in a 4°C water bath sonicator (Bioruptor) at high power, with 30 s ON and 30 s OFF pulses, for a total duration of 7 min, then centri-
fuged at maximum speed (18,000 rcf) for 7 min to remove debris. Protein concentration was measured using Qubit protein assay
(Q33212, Thermo Fisher Scientific) and normalised with protein lysis buffer. Proteins were separated on 4%-12% or 4%-20%
Tris-Glycine gels (Thermo Fisher Scientific) and transferred to nitrocellulose membranes (Amersham). Membranes were blocked
in 5% (w/v) skimmed milk in PBST (PBS, 0.1% (v/v) Tween-20) for 1 h at room temperature and incubated with primary antibody
(in 5% (w/v) skimmed milk in PBST) overnight at 4°C. Primary antibodies are listed in Key Resources Table. Membranes were sub-
jected to 3 rinses and 3 x 5 min washes with PBST, incubated in 5% (w/v) skimmed milk in PBST containing HRP-conjugated sec-
ondary antibody (Key Resources Table), and visualised using either Radiance plus Chemiluminescent Substrate ECL reagent (Azure
Biosystems) or SuperSignal West Pico PLUS (Thermo Fisher Scientific). To assess the relative abundance of RPB1 in distinct cellular
fractions (soluble proteins, chromatin-associated proteins, and whole-cell lysate) between WT and ARMCS5 KO strains, western blot
quantification was performed. Band intensities corresponding to RPB1 were quantified using ImageJ (version 1.53k). Relative inten-
sities of RPB1 bands were normalized using the band intensities of Vinculin for soluble protein fractions and whole-cell lysate, or his-
tone H3 for chromatin-associated proteins.

Chromatin fractionation

The cells were scraped in PBS, span down and the pellet was snap-frozen in liquid nitrogen. The frozen pellets were defrosted at
room temperature and transferred to ice. 265 pL of soluble extraction buffer (20 mM HEPES-KOH pH=7.5, 150 mM potassium
acetate, 1.5 mM MgCl,, 10% v/v glycerol, 0.05% NP-40, with addition of fresh protease inhibitors, phosphatase inhibitors and
2 mM NEM) were used to resuspend each cell pellet, and the suspensions were incubated on ice for 20 minutes. To release
the cytosol and nucleoplasm, 20 strokes with a loose micropestle were applied to each sample. The chromatin was pelleted
by centrifugation at 1000 rcf at 4°C for 10 minutes and the supernatant kept as soluble fraction. The pellets were washed with
soluble extraction buffer, resuspended in 100 uL of chromatin extraction buffer 1 (125 U/mL of benzonase in 20 mM HEPES-
KOH pH=7.5, 1.5 mM MgCl,, 10% glycerol, 150 mM NaCl, 0.05% NP-40, with addition of fresh protease inhibitors, phosphatase
inhibitors and 2 mM NEM) and incubated on ice for 30 minutes. Each sample was centrifuged at 20,000 rcf at 4°C for 10 minutes
and the supernatants saved as the first fraction in a new tube. The pellets were resuspended in 50 pL of chromatin extraction
buffer 2 (20 mM HEPES-KOH pH=7.5, 1.5 mM MgCl,, 10% glycerol, 3 mM EDTA, 500 mM NaCl, 0.05% NP-40, with addition
of protease inhibitors, phosphatase inhibitors and 2 mM NEM) and incubated on ice for 10 minutes with occasional gentle vortex-
ing. The samples were centrifuged at 20,000 rcf at 4°C for 5 minutes and the supernatant transferred to a new tube as the second
chromatin fraction, to which 115 uL of chromatin dilution buffer (20 mM HEPES-KOH pH=7.5, 1.5 mM MgCl,, 10% glycerol, 3 mM
EDTA, 0.05% NP-40, with addition of protease inhibitors, phosphatase inhibitors and 2 mM NEM) were added. These diluted sec-
ond fraction samples were further centrifuged at 20,000 rcf at 4°C for 5 minutes. The resulting supernatants were combined with
the corresponding first chromatin fractions - giving rise to 265 pl of each total chromatin fraction. For Western blot analysis, protein
concentration was determined using Qubit, and equal volumes of soluble and chromatin fractions was ran on 4%-12% or
4%-20% Tris-Glycine gels (Thermo Fisher Scientific), whereby samples in each fraction were normalised to the lowest-concen-
tration sample in the set, to represent nearly equal number of cells in each well.

TTchem-S€q (Nnascent RNA-seq)
TTenem-S€q Was performed essentially as described,®” with minor modifications.” For each condition, 2 wells of a 6-well plate were
seeded, each containing 6 x 10° cells, and transfected with siRNAs (Dharmacon, L-020270-02 and D-001810-10) the next day, using
Lipofectamine RNAiMax (Invitrogen, 13778100), according to manufacturer’s instructions. 40 nM final siRNA concentration was
used. 24 hours after transfection, cells of the same condition were re-seeded and combined into a single 10 cm dish. The following
day, cells were treated with triptolide or vehicle, and nascent RNA was in vivo labelled with a 1 mM 4sU (Glentham Life Sciences,
GN6085) pulse for exactly 15 min (e.g. for 2-hour triptolide time point samples, 4sU was added 1 h and 45 min after treatment). Label-
ling was stopped by TRIzol (Thermo Fisher Scientific, 15596026) and RNA extracted as described previously.®’

As a control for sample preparation, S. cerevisiae (strain BY4741, MATa, his3D1, leu2D0, met15D0, ura3D0) 4-thiouracil (4TU)-
labelled RNA was spiked in to each sample. S. cerevisiae were grown in YPD medium overnight, diluted to an ODggg 0f 0.1, and grown
to mid-log phase (ODggo of 0.8) and incubated with 5 mM 4TU (Sigma-Aldrich, 440736) for 6 min. Yeast can metabolise 4TU and
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produce 4sU, which gets incorporated into the nascent RNA. Total yeast RNA was extracted using the PureLink RNA Mini kit (Thermo
Fisher Scientific, 12183020) following the enzymatic protocol.

For purification of 4sU labelled RNA, 100 ng of human 4sU-labelled RNA was spiked-in with 1 ng of 4sU-labelled S. cerevisiae RNA.
The 101 ug of RNA (in a total volume of 100 puL) were fragmented by addition of 20 uL freshly made 1 M NaOH and incubated on ice for
20 min. Fragmentation was stopped by addition of 80 uL 1 M Tris pH 6.8 and the samples cleaned up twice with Micro Bio-Spin P-30
Gel Columns (BioRad, 7326223) adding 200 uL of RNA solution per column. The biotinylation of 4sU- residues was carried out in a
total volume of 250 pl, containing 10 mM Tris-HCI pH=7.4, 1 mM EDTA and 5 ng MTSEA biotin-XX linker (Biotium, BT90066) for 30 min
at room temperature in the dark. The RNA was then purified by phenol:chloroform extraction, denatured by 10 min incubation at 65°C
and added to 200 pL of uMACS Streptavidin MicroBeads suspension (Milentyl, 130-074-101). The RNA was incubated with the beads
for 15 min at room temperature and the mix was applied to a pre-equilibrated uColumn in the magnetic field of a utMACS magnetic
separator. Beads were washed twice with wash buffer (100 mM Tris-HCI pH=7.4, 10 mM EDTA, 1 M NaCl and 0.1% Tween20). Bio-
tinylated RNA was eluted twice by addition of 100 mM DTT and cleaned up withRNeasy MinElute kit (QIAGEN, 74204) using 1050 uL
of 100% ethanol per 200 plL reaction after addition of 700 uL RLT buffer to also bind short RNA fragments to the silica matrix.

Libraries for RNA sequencing were prepared using the KAPA RNA HyperPrep Kit (KR1350) with modifications. 75 ng of RNA per
sample were mixed with FPE Buffer, but fragmentation procedure was omitted and RNA was instead denatured at 65°C for 5 min. The
rest of the procedure was performed as recommended by the manufacturer, with the exception of SPRI bead purifications: after
adapter ligation, 0.95x and 1x SPRI bead-to-sample volume ratios were used (instead of two rounds of SPRI purification with
0.63x volume ratios). This was done to retain smaller (150-300 bp) cDNA fragments in the library which would otherwise be lost in
size selection. The libraries were quality controlled by electrophoresis on a Tapestation system (Agilent), quantified by Qubit (Thermo-
fisher), pooled and sequenced with single end 70 bp reads on a NextSeq2000, with 50,000,000 average reads per sample. Biological
triplicates were generated for each condition.

dxChlP-seq (double-crosslinking chromatin immunoprecipitation and sequencing)

Two 15 cm dishes were seeded per condition, each containing 8.4 x 10° cells. The following day, cells were treated with DMSO or
300 nM Triptolide for 2 h, the media was then removed and the cells were quickly washed twice with PBS. After the final wash, 12 mL
of 1.66 mM disuccinimidyl glutarate (DSG) in PBS were added to each plate and incubated at room temperature for 15 min. The DSG
solution was then removed, the cells were quickly washed with PBS three times, and 11 mL of freshly prepared solution containing
1% formaldehyde in PBS with 5 mM HEPES-KOH pH 7.5, 10 mM NaCl, 0.1 mM EDTA, 50 uM EGTA were added to each plate. After
8 minutes of incubation at room temperature, the reaction was quenched with 1 mL of 1.25 M glycine. After 5 minutes, the cells were
washed 3 times with ice-cold PBS, scraped and centrifuged at 2,000 rcf at 4°C for 7 minutes. The pellet was snap-frozen in liquid
nitrogen and stored at -70°C.

The pellets were quickly thawed at room temperature, resuspended in LB1 buffer (50 mM HEPES-KOH pH=7.5, 140 mM NaCl,
1 mM EDTA, 10% Glycerol, 0.5% NP-40, 0.25% Triton X-100, with addition of protease inhibitors, phosphatase inhibitors and
2 mM NEM) and incubated for 20 minutes while rotating at 4°C. The cells were then centrifuged at 1,000 rcf at 4°C for 5 minutes.
Each pellet was resuspended in 20 mL of LB2 buffer (10 mM Tris HCI pH=8, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, protease
inhibitors, phosphatase inhibitors, 2 mM NEM), incubated for 5 minutes at 4°C and centrifuged at 1,000 rcf at 4°C for 5 minutes.
The pellets containing the chromatin were then resuspended in 2mL of LB3 (10 mM Tris HCI pH=8, 100 mM NaCl, 1 mM EDTA,
0.5 mM EGTA, 0.1% freshly added Na-Deoxycholate, 0.5%, N-lauroylsarcosine, with freshly added phosphatase inhibitors, protease
inhibitors and 2 mM NEM) and transferred to 1mL Covaris tubes (Covaris, 520135). Chromatin shearing was performed using a Co-
varis E220 for 4 minutes with the following settings: PIP=150, CPB=1000, Duty factor=20%, Temperature=5°C).

Sheared chromatin was transferred to 2 mL tubes and 200 uL of 10% Triton X-100 was added and mixed into each sample before
centrifuging at 20,000 rcf at 4°C for 20 minutes. Supernatant was transferred to a new tube and pre-cleared with protein G dyna-
beads, in 0.1% BSA solution in PBS, for 1 h at room temperature. Beads were separated from the chromatin using a magnetic sepa-
rator, and supernatant (pre-cleared chromatin) was transferred to a new protein-LoBind Eppendorf tube (0030108116). An aliquot of
the pre-cleared chromatin was reserved to use as input and the rest was used for immunoprecipitation. For immunoprecipitation,
50 pL protein G dynabeads (10004D, Fisher Scientific) per sample were pre-washed and pre-coated with the desired antibody.
Pre-coating was done by incubating the beads with the 20 ug of antibodies (Pol Il D8L4Y, RRID:AB_2687876 and Ser5° Pol I,
3E8, Helmholtz Zentrum Munich) resuspended in BSA-PBS solution, for 1h at room temperature, then washing the antibody-conju-
gated beads two times with BSA-PBS solution, and resuspending in LB3. Antibody detecting Ser5° Pol Il is derived from rat, thus for
this condition the beads were pre-coated with 30 g rabbit anti-rat IgG (ab6703, Abcam), washed three times with BSA-PBS solution,
and then conjugated with anti-Ser5” Pol Il antibody. Antibody conjugated beads were added to chromatin and the samples were
incubated overnight at 4°C on a turning wheel. The next day, the beads were washed 5 times with ice-cold RIPA buffer (50 mM
HEPES-KOH pH=7.5, 500 mM LiCl, 1 mM EDTA, 1% NP-40, 0.7 % freshly added Sodium Deoxycholate) and eluted with elution buffer
(25 mM Tris-HCI pH=7.5, 5 mM EDTA, 0.5% SDS) at 65°C for 1 hour with shaking. The supernatant is transferred to a new tube and
treated with Proteinase K (AM2546, Invitrogen) overnight at 60°C. The DNA is purified with silica columns (D5205, Zymo Research)
and libraries prepared with NEBNext Ultra Il DNA Library prep kit (E7645L, NEB). The libraries were sequenced with paired end 60 bp
reads on a NextSeq2000, with 30,000,000 average reads per sample. Biological triplicates were generated for each condition.
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Preparation of cells for microscopy

Microscopy compatible clear plastic 96-well plates (Greiner uClear 781091), 384-well plates (Greiner nClear 781091), or 8-well glass-
bottom chamber slides (ibidi 80827) were coated with poly-L-lysine (Sigma Aldrich P1399) at 100 ug/mL for 1 hour, washed twice with
PBS, residual volume aspirated and allowed to dry before cells were plated. Parental or ARMC5 knock-out HEK293 cells were plated
on 384-well plates at 2500 cells per well, in DMEM (Thermo Fisher Gibco 11995065) + 10% FBS (Moregate Biotech). HCT116 or
HCT116 mCherry-RPB1 cells were plated on 96-well plates at 5000 cells per well, on 384-well plates at 1500 cells per well (both
plates without poly-L-lysine coating), and in 8-well chamber slides at 8000 cells per well (with poly-L-lysine coating), in McCoy’s
5A (Thermo Fisher Gibco 16600108) + 10% FBS (Moregate Biotech). Cells were cultured for three days before imaging.

siRNA transfection for microscopy
siRNA transfections were performed as previously described.” In 96-well plates, 25 uL of siRNA at 30 nM in Opti-MEM (Thermo Fisher
31985-062) was added per well, followed by 25 uL of transfection reagent (Thermo Fisher Lipofectamine RNAIMAX 13778100) diluted
1/125 in OptiMEM. In 384-well plates, 10 uL of siRNA at 30 nM in Opti-MEM was added per well, followed by 10 pL of diluted trans-
fection reagent. In 8-well chamber slides, 40 uL of siRNA at 30 nM in OptiMEM was added per well, followed by 40 uL of diluted trans-
fection reagent. After 20-30 minutes of room temperature incubation, cells were added onto the transfection reaction and allowed to
settle. Experiments were conducted three days after siRNA transfection.

With the exception of Figure S6D, all microscopy siRNA experiments used pools of 3 siRNAs, with the amount of each individual
siRNA reduced to maintain the total siRNA concentration as a constant. In experiments where two pools were combined (Figure 6),
half concentrations of individual pools were used for comparison, with the remaining fraction made up with scrambled control siRNA.

Bleach-chase experiments (protein half-life measurement)

mCherry-RPB1 half-life measurements were made using the ‘bleach-chase’ method.>® This involves partially bleaching cells ex-
pressing a fluorescent protein and monitoring the rate of fluorescence recovery over time to infer protein turnover dynamics (further
details in quantification and statistical analysis).

Imaging was performed on a Nikon Ti2 microscope with CSU-W1 spinning disk 72-90h after siRNA transfection, using a 20X/
0.75NA objective and Hamamatsu ORCA-Fusion C14440-20UP camera (image pixel size 325nm x 325nm). The entire imaging exper-
iment was automated using Nikon JOBS. Pre- and post-bleach imaging used 561nm laser excitation and a 617/73 nm bandpass
emission filter, for ‘bleached’ and ‘unbleached control’ regions with the same well (9 imaging sites each). Bleach steps were per-
formed using a widefield light source, from a mercury vapour lamp with 635/60 nm filter. In all cases, seven z-planes were acquired
with a spacing of 2.0 um. Two wells (ARMC5 siRNA and scrambled siRNA) were imaged sequentially for each timepoint. Allowing
10 min between frames resulted in a time between frames of approximately 14.4 min. Images were acquired for 6 frames before
the bleach step and recovery was monitored for 9 h after the bleach step. The mean loss of mCherry-RPB1 intensity induced by
the bleach pulse was 43 + 1% — optimised to minimise bleach pulse duration and to retain the ability to visualise cells using mCherry
signal after bleaching. Video S1 shows an example time-course.

Experiments were repeated on three different days, with two replicates performed each day. Cell confluency was monitored post
hoc by examining the change in nuclear area distributions over time (nuclear area decreases with cell number as cultures become
close to confluent). Wells that showed a decrease in mean nuclear area with cell number during post-bleach acquisition were
excluded, due to a confounding effect of cell morphology changes on mean fluorescence intensity measurements and the possibility
of changes in cell growth rate at confluency. After excluding these data, four experimental replicates were obtained, across three
repeats of the experiment on different days. Each replicate consisted of 6500-16000 quantified cells.

Compound treatment (384-well plates, immunofluorescence and 5EU click)
3 days after plating cells, media was changed via a 2x wash to either McCoy’s 5A (HCT116) or DMEM (HEK293) media containing
10% FBS and 1% penicillin-streptomycin (Sigma Aldrich P0781). All compounds were initially dissolved at 25 mM in DMSO, ali-
quoted and stored at -80 °C.

For immunofluorescence, compounds were added in 20 pL of media at 5x concentrations onto 80 ulL, for a consistent final 0.4%
DMSO venhicle, at indicated timepoints.

For the EU nascent RNA assay, compounds were added at 5x concentrations in 15 pL onto 60 pL at indicated timepoints. 5-ethynyl
uridine (Lumiprobe 2439) was then added at 600 uM in 15 uL onto 75 plL, containing either the relevant compound or vehicle at 1x
concentration, for 100 uM final EU at the indicated timepoint with maintained vehicle and compound concentrations.

Immunofluorescence

All steps were followed by three PBS washes. Cells were fixed in 4% paraformaldehyde (EMS Emgrid 15710) for 15 minutes, then
permeabilised in 0.25% Triton X100 (Sigma Aldrich 93443) for 10 minutes. Cells were incubated in 50% blocking buffer (Millenium
Biosciences Li-Cor Intercept in PBS, LCR-927-70001) in PBS for 30 minutes, before being stained with primary antibodies in
50% blocking buffer in PBS for 90 minutes. Cells were then incubated for 30 minutes with secondary antibodies plus DAPI at
200 ng/mL in 50% blocking buffer in PBS. Total protein was stained with 1 uM Alexa488-NHS or Alexa647-NHS in 50 mM carbonate
buffer at a pH of 9.2 for 15 minutes.
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mRNA poly(A) fluorescence in situ hybridisation

Assays were performed similarly to previous descriptions.* All steps were followed by three PBS washes (cell fixation and permea-
bilisation) or 2X saline sodium citrate (SSC) buffer (FISH steps; Thermo Fisher Invitrogen AM9763). Cells were fixed in 4% parafor-
maldehyde (EMS Emgrid 15710) for 15 minutes, then permeabilised in 70% ethanol at 4 °C for 4-6 hours. Total protein was stained
with 1 uM Alexa488-NHS in a 50 mM carbonate buffer at a pH of 9.2 for 15 minutes.

Cells were washed twice with FISH wash buffer containing 10% formamide (Thermo Fisher Invitrogen AM9342) in 2X SSC. Cells
were hybridised overnight at 37 °C with 100 nM ATTO647N-labelled poly-dT (Integrated DNA Technologies) in a hybridisation buffer
containing 10% formamide by volume (Thermo Fisher Invitrogen AM9342), 2 mM ribonucleoside vanadyl complexes (New England
Biolabs S1402S), 100 ng/mL yeast transfer RNAs (Thermo Fisher Invitrogen 15401011), 200 ung/mL BSA (Thermo Fisher Invitrogen
AM2616), and 100 mg/mL dextran sulphate (Merck Sigma Aldrich D8906-50G) in 2X SSC. The next day, two one-hour washes at
37 °C were performed in FISH wash buffer, the second containing DAPI at 200 ng/mL. A single room temperature wash in FISH
wash buffer was performed, followed by washing three times in 2X SSC alone, which cells were left in for imaging.

5-ethynyl uridine visualisation via click chemistry

Assays were performed as previously described.” All steps were followed by three PBS washes. Cells were fixed in 4% paraformal-
dehyde (EMS Emgrid 15710) for 15 minutes, then permeabilised in 0.25% Triton X100 (Sigma Aldrich 93443) for 10 minutes. Cells
were changed into Tris-buffered saline (125 mM sodium chloride, 50 mM Tris pH 8 Thermo Fisher Invitrogen AM9856) via 3x
wash. A 1.5x click reaction mixture was made in TBS containing 150 mM sodium ascorbate (Sigma Aldrich A7631), 3 mM copper
sulphate (Chem-Supply Australia CA068) and 7.5 uM Alexa647 azide (Thermo Fisher Invitrogen A10277). 30 puL of 1.5x click reaction
was added onto 15 pL residual TBS and incubated for 30 minutes at room temperature. Total protein was stained with 1 uM
Alexad88-NHS in 50 mM carbonate buffer at a pH of 9.2 for 15 minutes, with DAPI added for 5 minutes at 200 ng/mL in PBS.

Fixed cell imaging
For experiments on HCT116 cells with siRNA knockdown of ARMCS5 (Figure S2A), and in combination with compound treatment (Fig-
ure 3B), imaging was performed on a Perkin Elmer Operetta CLS, with 40x/NA1.1 water immersion objective and LED light source.
For all other immunofluorescence, EU click, and poly(A) FISH experiments, on HCT116 mCherry-RPB1 and HEK293 parental and
ARMCS5 knock-out cells, imaging was performed on a Nikon Ti2 microscope equipped with a Yokogawa CSU-W1 spinning disk, with
40x/NA0.95 Plan Apo  air objective, and dual Hamamatsu ORCA-Fusion C14440-20UP cameras. 20 z-planes at 1 um intervals were
acquired. DAPI DNA stain was acquired with a 405 nm laser and 450/82 nm filter. Alexa488+ conjugated secondary antibodies were
acquired with a 488 nm laser and 525/50 nm filter, and mCherry-RPB1 was acquired with a 561 nm laser and 617/73 nm filter. Where
applicable, Alexa488-NHS or Alexa647-NHS cell stains were acquired with the appropriate green (525/50 nm) or far-red (685/
40 nm) filter.

Fluorescence recovery after photobleaching (FRAP)

3 days after plating cells in 8-well chamber-slides, regular media was exchanged for 360 pL imaging media, McCoy’s 5A phenol red-
free (Cytiva SH30270.01) + 10% FBS (Moregate Biotech) + 1% penicillin and streptomycin (Sigma-Aldrich P0781) via a 2x wash on
HCT116 mCherry-RPB1 cells. Where included, triptolide, triptolide plus CB-5083, and vehicle-only were made up inimaging media at
10x concentrations and added into wells 60 minutes before commencing imaging of that well, 40 puL onto 360 pL. Final concentrations
were 1 uM triptolide, + 10 uM CB-5083, in a consistent 0.044% DMSO vehicle in all wells in experiments with compound treatment.
All FRAP traces were collected on a Zeiss LSM900 point-scanning confocal with Plan-Apochromat 63x oil immersion objective, NA
1.40, at 37C and 5% CO,, in a window of 60 — 90 minutes after compound treatment where relevant. For each cell, an initial image of
the whole nucleus was collected, before two circular regions were imaged with a diameter of 1.8 uM (18 pixels) and an area of 2.45 uM
(255 pixels). Both regions were imaged within a 1 s frame for 120 s. After a 10 frame baseline, one region was bleached with 100%
laser power for approximately 5 s. Control traces were collected under identical conditions from cells fixed in 4% PFA for 15 minutes.
See quantification and statistical analysis for a description of image analysis.

Loss of fluorescence intensity during acquisition in the unbleached control region was due to fluorophore depletion during photo-
bleaching step, and not due to photobleaching during acquisition, as this did not occur in fixed cells (Figure S3D), nor did it occur
when photobleaching was not performed (Figure S3A).

Following triptolide treatment, mCherry-RPB1 fluorescence intensity was dramatically reduced. In order to perform the FRAP
experiment in the triptolide-alone condition, some selection bias was introduced in the experimenter choosing cells with observable
residual fluorescence. Following INTS8 knockdown, either alone or in combination with ARMC5 knockdown, there was a notable ef-
fect on cell health. Unhealthy appearing cells, which were poorly attached and rounded, were not assayed.

For initial experiments comparing siRNA knockdown of ARMC5 to scrambled control (Figure 2H), five experiments were performed
with ten cells collected per condition, per experiment. For experiments comparing the effect of triptolide following ARMC5 knock-
down (Figures 5B and 5C), three experiments were performed with 7 — 10 cells collected per condition, per experiment. For exper-
iments comparing ARMC5 knockdown to INTS8 knockdown and in combination (Figures 6E, 6F, S7B, and S7C), five experiments
were performed with 10 cells collected per condition, per experiment.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative image processing

For initial experiments on HCT116 with siRNA knockdown of ARMC5 (Figure S2A), and in combination with compound treatment
(Figure 3B), analysis was performed within Operetta CLS Harmony software (Perkin Elmer). lllumination bias was corrected, z-stacks
maximum-intensity projected and nuclei segmented using the DAPI channel. Mean fluorescence intensity was then taken per cell,
which was analysed and plotted as below.

All other image processing except FRAP was done using a custom pipeline written in python, which progresses from raw images
through to extraction of single-cell measurements. These were then analysed, summarised and plotted using RStudio, making use of
the tidyverse packages.”® Z-stacks were maximum-intensity projected and corrected for illumination biases across the field-of-view,
as previously described.®* Nuclei were segmented in 2D from the DAPI signal using a manually trained Cellpose 2.0 model (based on
the “nuclei” model). Separate models were used for HEK293 cells and HCT116 cells. Cell segmentation was done for poly(A) FISH
experiments, and was achieved by watershed-based segmentation of the poly(A) FISH signal using nuclei as seeds, making use of
the mahotas python package.’’ Mean fluorescence intensity and nuclear morphology measurements were calculated using the
regionprops function from the scikit-image python package.®® Nuclei touching image borders were excluded.

To combine data from replicate experiments performed on different days, quantitative measurements were normalised by dividing
all background-subtracted data on the plate by the mean of control wells (e.g., either ‘Vehicle/HEK293’ or ‘Scrambled siRNA’).

Protein half-life measurement using bleach-chase

The bleach-chase method was performed similarly to the original method,*® which involves tracking the dynamics of a fraction of
‘invisible’ mCherry-RPB1, I5(t), that is created during a bleach pulse and is degraded thereafter. Since it is not visible, its levels
are inferred at each time point from the difference between total protein levels in unbleached cells, P(t), and the visible protein levels
in the bleached cells, P, (t), according to,

If removal of P is constant in time:
P(t) = P(0)(1 — e~ %),
where ay is the total removal rate of mCherry-RPB1. a4 is most conveniently estimated by fitting the equation:
In(P(t) — P,(t)) = In(P(0) — P,(0)) — auort (Equation 1)

to experimental data. In growing cells, protein concentration decreases via both degradation and dilution, so the total removal rate
measured, oo, iS the sum of the degradation rate, aqeg, and the dilution rate, ag;.

After acquiring images as described in method details, Z-stacks were maximum-intensity projected and nuclei were segmented in
2D from the mCherry-RPB1 signal using a manually trained Cellpose 2.0 model®® (based on the “nuclei” model). Mean fluorescence
intensity in each nucleus at each timepoint was calculated using the regionprops function from scikit image.® After removing all cells
touching the image borders, 6000-17000 cells at each timepoint were quantified. Background fluorescence intensity was estimated
from a region outside the cells and was subtracted from intensity values. The amount of invisible mCherry-RPB1, P(t), generated
during the bleach pulse was estimated by averaging across cells from bleached and unbleached regions (separately) in each well,
and subtracting the mean intensity of mCherry-RPB1 in bleached regions P, (t) from that of cells in unbleached regions, P(t). The
mean loss of fluorescence intensity over the 9h chase (acquisition photobleaching) was estimated from unbleached cells, to be
6 + 1%, in both siRNA treatments.

The mean nuclear intensity of ‘invisible’ mCherry-POLR2A, P(t), was well described by an exponential decay model over the 9h
recovery, as indicated by a linear fit of Equation 1 to the data (Figure S2I). This indicates constant turnover kinetics during the 9h
chase. a4 was estimated by fitting Equation 1 to the data using a linear mixed effects models (Satterthwaite’s degrees-of-freedom
method) in the Ime4 package® in R. Each well was treated as a random effect on both slope and intercept. A chi-squared test indi-
cated a significant difference in slopes («:) between scrambled siRNA and ARMCS5 siRNA treated cells (P<107). Estimates of mean
together with 95% confidence intervals for a0 in each condition were obtained from the fitted model using the emmeans package.97

The rate of protein dilution due to cell growth, ag;, was estimated by fitting an exponential growth model to the number of cells in
each field-of-view:

N(t) = N(0)e~" (Equation 2)

Again, we used linear mixed effects models in the Ime4 package to estimate oy (after log-transforming Equation 2). Similarly to the
procedure above, each well was treated as a random effect for both slope and intercept. A chi-squared test indicated that ARMC5
siRNA transfection did not have a significant effect on cell growth rate (P=0.53), but we noticed a small effect of bleaching on cell
growth: gy = 0.040+0.001 compared to agy = 0.043 +0.001 for unbleached (P=0.001; equivalent to a 1.3h lengthening of the cell
cycle). Because recovery is calculated from the bleached cells, with unbleached cells serving as a (typically constant) reference,
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we used agy = 0.040+0.001, from the bleached cells for protein half-life calculations. Errors indicate the 95% confidence interval for
the mean.

This fitted value of «g; is equivalent to a doubling time of Tp = In 2/ag; = 17.2 +0.6 h which agrees well with doubling times ob-
tained previously for HCT116 cells, of 17.1 h®® or 17.4 h.*°

Mean rates of protein turnover due to active degradation in each condition were calculated as:

Odeg = Otot — il

e (CORED "
Olgeg - Qtot gl '
where a0t and dagy are the uncertainties in turnover and dilution rates, respectively. agey Was finally converted to a protein half-life
using Ty = In2/ageg.
Protein concentration P = agy, /a0t Where agy, is the protein synthesis rate. Leaving the synthesis rate unchanged, and changing
the removal rate asor — as0t’, the new protein concentration will be P’ = agyn/aso’. Therefore P//P = ajor/coi’, SO the new protein
concentration is modified by a factor equal to the ratio of the two removal rates. In the case of cells transfected with ARMC5 siRNA,

ot (Scrambled)/ %ot (ARMCs) = 1.51 (95% confidence interval: 1.38-1.64), which gives an expected change in protein abundance if there
is no synthesis rate change (Figure 2D).

with uncertainty in agey estimated as,

FRAP analysis

Representative images of pre- and post-FRAP trace collection in fixed cells are shown in Figure S3B. Raw fluorescence intensity
values of FRAP traces from all cells for scrambled control and ARMC5 knockdown conditions, in both live and fixed conditions, are
shown in Figure S3C. Each trace was individually normalised as a percentage of the pre-bleach baseline values, as shown in Fig-
ure S3D. FRAP traces collected from fixed cells did not show substantial recovery, reflecting almost completely immobilised
mCherry-RPB1 (Figure S3D). Further rescaling of FRAP traces was performed, with 0% being defined by the post-bleaching in-
tensity in fixed cells, and 100% being defined by the intensity of the respective unbleached control region at each timepoint
(Figure S3E).

Normalised, rescaled FRAP traces were fit in Prism 9 (Graphpad Software) with a two-phase association model, fitting either each
cell individually, or the mean of each experimental day (Figure S3F). The initial value was constrained to the 0% value defined by fixed
cells, and the plateau was constrained to the 100% value defined by the unbleached control region.

When kinetic rates of the two components were allowed to vary across experimental day and between conditions in comparing
control and ARMC5-depleted cells, estimated half-lives of the two components did not substantially vary (Figure S2G). Additionally,
when fitting the mean data, fast and slow half-lives as a shared parameter between scrambled and ARMC5 depletion conditions was
the preferred model over a model where these parameters varied between conditions (Extra sum-of-squares F test, F (DFn, DFd) =
1.203 (2, 994), p = 0.3). As a result the kinetic rates of the two components were shared across experimental conditions for both per-
cell and per-experiment fitting. The increase in the fraction of freely diffusing RPB1 following ARMC5 knockdown shown via curve
fitting (Figure 21) is also observable by simply quantifying the rapid initial recovery of fluorescence 15 s after bleaching (Figure S3G).

To calculate fluorescence intensity-adjusted Pol Il fractions, estimates of the bound percentage of Pol Il were multiplied by the
normalised baseline fluorescence intensity of each condition within each experiment relative to the corresponding control. Mean
with range across experiments are shown.

Computational analysis of genome-wide experiments

dxChlP-seq alignment and processing

dxChlP-seq reads were trimmed and quality-filtered with Trim Galore (https://github.com/FelixKrueger/TrimGalore), using a quality
threshold of 30. Trimmed reads were aligned to the hg38 genome using Bowtie™’"""®; default parameters, then PCR duplicates were
marked and removed with Picard (http://broadinstitute.github.io/picard). The correlation between replicates was checked using
deepTools multiBamSummary,®° then replicates were merged.”® Merged BAM files were converted into RPKM-normalised bigwigs
using deepTools bamCoverage.

dxChIP-seq metagene profiles and quantification

Ensembl-annotated genes (GRCh38.102) were stratified by gene length (where appropriate) and split into bins. TSSs and TTSs were
defined using a £500bp window (>1kb genes), while gene bodies were defined by excluding 2kb segments at the start and end of
each gene (>5kb genes). Coverage was computed using bedtools,®' normalising to the average signal 5kb upstream of each
gene (metagene analysis) or the average signal outside of genes and Pol Il peaks (meta TSS/TTS/gene body quantification). All down-
stream data processing and visualisation was performed in R, using dplyr® and ggplot2.%®

Pol Il pausing index analysis

Pausing indices were calculated as the dxChIP-seq read density at the TSS (—30 bp to +300 bp) divided by the read density at the
gene body (+700 to TTS) for each protein-coding gene longer than 1.5kb in length.”" Genes were only considered for analysis if they
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had a TSS read coverage of at least 5-fold over background in at least one condition. All data processing and visualisation was per-
formed in R, using dplyr and ggplot2.

TTchem-seq alignment and processing

TTehem-S€Q reads were trimmed and quality-filtered with Trim Galore, using a quality threshold of 30. Trimmed reads were aligned to
the hg38 and Saccharomyces cerevisiae (sacCer3) genomes using STAR aligner®* with basic two-pass mapping. PCR duplicates
were marked and removed using Picard, and the correlation between replicates was checked using deepTools multiBamSummary.
Replicates were merged, and resulting BAM files were split by strand.”® Bigwig files were created using deepTools bamCoverage,
normalising to the number of spike-in reads.

TTchem-seq metagene profiles

Metagene analysis followed the same protocol as dxChIP-seq, with the inclusion of an extra step to detect and cap extreme outliers
beyond the interquartile range multiplied by 100. Spike-in normalised bigwigs were used for mapping, and metagenes were plotted
without further background normalisation.

TTchem-seq quantification and differential expression analysis

For each replicate, read counts per gene (including introns) were determined using the htseq-count tool.”” Pairwise analyses were
performed with DESeq2,%° incorporating spike-in normalisation for quantitative comparisons across samples. Low-count genes
were captured by prefiltering for genes with average normalised counts of at least 10, then performing the differential expression
analysis with independent filtering switched off. All comparisons were made against the WT siCtrl condition, identifying significantly
regulated genes based on an adjusted p-value threshold of 0.05 (Benjamini and Hochberg method) and a minimum fold-change of 2.
All downstream data processing and visualisation was performed in R, using dplyr and ggplot2.

Analysis of gene length and baseline expression

Significantly upregulated and downregulated genes were compared to the set of prefiltered genes used for differential expression
analysis (“all expressed genes”) across several metrics. The length of each gene was determined using Ensembl annotations
(GRCh38.102), and baseline expression was defined as the average number of normalised read counts across all biological repli-
cates in untreated WT cells. To remove redundancy between categories, genes individually regulated by either ARMCS5 or INTS8
were subtracted from the combined set of ARMC5 + INTS8 genes (where appropriate). Venn diagrams were constructed using eu-
lerr,®” and boxplots were visualised using ggplot2.

Gene ontology analysis

Gene ontology analysis was conducted with the clusterProfiler package. values underwent correction by the Benjamini-
Hochberg method, and significant GO terms were identified based on a g-value threshold of 0.05.

Analysis of promoter types

Core promoter elements were determined using classifications from the Eukaryotic Promoter Database.'°'°" The prevalence of
differentially expressed genes across these annotations was visualised using GraphPad Prism.
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