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During exit from Caenorhabditis elegans (C. elegans) L1 developmental arrest,

a network of growth- and developmental genes is activated, many of which are
organized into operons where transcriptional termination is uncoupled from
mRNA 3’-end processing. CDK-12-mediated Pol 1l CTD S2 phosphorylation
enhances SL2 trans-splicing at downstream operonic genes, preventing pre-
mature termination and ensuring proper gene expression for developmental
progression. Using a genetic screen, we identified the SSUP-72/PINN-1 module
as a suppressor of defects induced by CDK-12 inhibition. Loss of SSUP-72/PINN-
1 bypasses the requirement for CDK-12 in post-embryonic development.
Genome-wide analyses reveal that SSUP-72, a CTD S5P phosphatase, affects Pol
I 3’ pausing and regulates intra-operon termination. Our findings establish
SSUP-72/PINN-1 as a key regulator of Pol Il dynamics, coordinating operonic
gene expression and growth during C. elegans post-embryonic development.

M Check for updates

Transcription generates gene expression patterns that allow cells to
perform specialized roles within an organism, to adapt to a changing
environment, and to maintain basic metabolic processes. Protein-
coding genes are transcribed by the RNA polymerase Il (Pol II). The
largest subunit of Pol Il harbors an unstructured tail-like C-terminal
domain (CTD) composed of repeats of the consensus heptapeptide
sequence Y-S-P-T-S-P-S'°. This CTD functions as a phase-separated
dynamic surface for recruiting proteins required for co-transcriptional
mRNA processing or the interaction with specific histone
modifications*’.

Pol Il is recruited to transcription units (TU) with a hypo-
phosphorylated CTD that becomes heavily phosphorylated on serine
5 (CTD S5P) during the transition from initiation to early elongation,
and then on serine 2 (CTD S2P) during productive elongation, gen-
erating a dual gradient, which temporally and functionally couples
transcription and mRNA processing®™. In yeast, the only essential
function of CTD S5P is to ensure the timely recruitment of the capping
machinery to the nascent transcript”, and it is assumed that CTD S2P
plays a similar role in recruiting factors for splicing and mRNA 3’ end
formation. Indeed, CTD S2P enhances the recruitment of the Cleavage

a Polyadenylation Specificity Factor and Cleavage and Stimulatory
Factor complexes (CstF), which are essential for cleavage, poly-
adenylation, and transcription termination'>”, Termination is coupled
to 3’ end processing since the free 5’ end resulting from the cleavage is
targeted by the nuclear exoribonuclease Ratl/Xrn2, which acts as a
“torpedo” to remove Pol Il from the chromatin template*. However,
while the 3’ end machinery is essential in both fission and budding
yeast, CTD S2P is not”. Therefore, the dependency on CTD S2P for 3
end processing appears to be weak. The Cdk12 kinase is responsible for
the bulk of CTD S2P and accordingly is not essential in fission or
budding yeast'*".

In C. elegans, inhibition or knock-down of CDK-12 leads to the loss
of CTD S2P and causes a reversible L1 (first larval stage) developmental
arrest, mimicking all the features of the developmental diapause
observed when embryos hatch in the absence of food™. At the level of
transcription, CDK-12 is mainly required for the expression of the
growth- and development-related genes located at position 2 or
downstream within operons. Operons are clusters of 2-8 genes under
the control of a single promoter”. Operons are enriched for house-
keeping genes required for growth and development® and were
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proposed to be an adaptation to limit the transcriptional resources
required to induce this large set of genes simultaneously”. A single
polycistronic pre-mRNA is converted co-transcriptionally into multiple
mature monocistronic mRNAs, where the 5-ends are formed by trans-
splicing of a cap-like 22-nucleotide splice leader (SL). The genes in
position 1 are trans-spliced to a SL1, whereas genes in position 2 and
over are trans-spliced to a SL2%. SL2 trans-splicing is associated with
the polyadenylation of the upstream mRNA and prevents transcription
termination. The SL2 particle is recruited by the CstF complex”’, which
itself requires high CTD S2P levels, thus explaining the requirement of
CDK-12 for SL2 trans-splicing. Even when proper termination is absent,
CTD S2P peaks on operonic loci’s 3’ ends. This unique uncoupling
between CTD S2P and transcription termination is well-suited for the
dissection and understanding of these processes.

To better understand the role of CDK-12 and CTD S2P during early
post-embryogenesis development and to identify additional reg-
ulators of SL2 trans-splicing, we conducted a forward genetic screen.
We identified a mutation in the ssup-72 gene that encodes a CTD S5P
phosphatase?*2° as an efficient suppressor of the L1 arrest induced by
CDK-12 inhibition. Further analyses revealed that the SSUP-72/PINN-1
module? is required for Pol Il 3’ pausing genome-wide to coordinate
the expression of growth and developmental genes in C. elegans.

Results

SSUP-72 suppresses the L1 arrest from CDK-12 inhibition

cdk-12 lesions in C. elegans induce a fully penetrant early post-
embryogenic developmental arrest that we refer to as “L1 arrest”. To
identify mutations that allow animals to bypass this arrest, we muta-
genized cdk-12AS (an analogue-sensitive version of CDK-12) worms
with ethyl methanesulfonate (EMS) and subjected their F2 offspring to
3MB-PP1 inhibition. We recovered five worm lines that developed
normally when CDK-12 activity was inhibited. Whole genome sequen-
cing revealed that one of the suppressors carried a mutation in the
ssup-72 gene, resulting in a glutamic acid to lysine substitution at
position 22 (E22K, Fig. 1A). We recreated the mutation by CRISPR-Cas9
gene editing in the cdk-I2as background and confirmed that ssup-
72[E22K] bypasses the L1 arrest caused by CDK-12as inhibition (Fig. 1B).
To further validate this finding, we crossed a ssup-72 null allele
(tm2304) into CDK-12AS worms, which confirmed that the loss of SSUP-
72 suppresses the requirement of CDK-12 for early larval develop-
ment (Fig. 1C).

Because CDK-12 is responsible for the bulk of Pol II CTD S2
phosphorylation (CTD S2P), we asked whether the ssup-72/E22K] allele
also restores wild-type levels of CTD S2P. Ll-synchronized worms
cultured for 4 h in the presence of 3MB-PP1 (2 uM) were lysed and
analyzed by western blot, which showed that the suppression occurs
independently of CTD S2P levels (Fig. 1D and Supplementary Fig. 2A).
This uncoupling of CTD S2P levels and the larval growth phenotype led
us to test if the ssup-72[E22K] allele could also suppress the defects
resulting from the inhibition of CDK-9, the second elongation-specific
CTD kinase. We generated an analogue-sensitive cdk-9/M171G] version
using CRISPR-Cas9 gene editing. Confirming previous RNAi analyses®,
the inhibition of CDK-9as resulted in penetrant embryonic lethality
and developmental delays, neither being rescued by the ssup-72[E22K]
allele (Supplementary Fig. 1A, B). These data indicate that the ssup-
72[E22K] allele specifically suppresses the requirement of CDK-12 for
early larval development. Interestingly, the suppression by ssup-
72[E22K] is dose-dependent. Increasing the dose of the inhibitor and,
therefore, decreasing the level of CDK-12 activity gradually weakens
the suppression by ssup-72[F22K] (Fig. 1E). Consistently, the ssup-
72[E22K] allele does not suppress the L1 arrest caused by a cdk-
12(tm3864) null allele. However, the ssup-72(tm2304) null allele sup-
presses the early developmental arrest in cdk-12(tm3864) homozygous
worms. These results imply that ssup-72[E22K] is a hypomorphic allele
rather than a complete loss of function allele.

Together with our previous work on the role of CDK-12 in operon
transcription’, our results suggest that CDK-12 and SSUP-72 collabo-
rate to regulate the expression of operonic genes.

Increased CTD-S5P bypasses CDK-12 in exit from L1 arrest
While SSUP-72 has previously been associated with the mRNA 3’ end
processing machinery?, its role in this process remains elusive, and it is
unclear why the SSU72 gene is essential in budding yeast but dis-
pensable in other species, including fission yeast and C. elegans.
Because the ssup-72 null mutant allele suppresses the inhibition of
CDK-12as similarly to the ssup-72/E22K] allele (Fig. 1C), we wondered if
the suppression solely requires the loss of the catalytic activity of
SSUP-72, or if it is mediated through structural effects resulting from of
the absence of the protein.

The catalytic pocket of the SSU72 family contains a well-studied
and typical CXsR motif, where a Cysteine to Serine substitution abol-
ishes its CTD S5P phosphatase activity”. We generated a phosphatase-
dead ssup-72[C13S] allele and found that the cdk-12as;ssup-72[C13S]
strain does not arrest its development upon CDK-12as inhibition
(Fig. 1F). To support this finding, we tested previously reported
mutations at serine 39 (S39), the phosphorylation of which was shown
to downregulate SSUP-72 activity in C. elegans®. A phosphomimetic
ssup-72[S39E] allele suppressed CDK-12 inhibition while the non-
phosphorylable ssup-72[S39A] allele did not (Supplementary Fig. 1C).
Together, these data suggest that various ways of experimentally
downregulating either SSUP-72 levels or phosphatase activity all result
in the suppression of CDK-12as inhibition and a rescue of the L1 arrest.

While SSUP-72 has mainly been described as a CTD S5P phos-
phatase, it also has CTD-independent substrates associated with phy-
siological functions and pathogenesis®*>2. Previous biochemical
studies have unveiled that SSUP-72 specifically binds to CTD repeats
harboring a Proline 6 (P6) in the cis conformation, because the phos-
phatase catalytic site is enclosed in a narrow groove formed by two [3-
sheets, which restrains CTD conformation accessibility*>. Therefore,
the peptidyl-prolyl-cis-trans isomerase PINN-1 that catalyzes the CTD P6
cis-trans isomerization is required for the binding of SSUP-72 to the
CTD and for CTD S5P dephosphorylation®*. In addition, Ssu72 and Pinl
form a functional module within the 3’ processing machinery”*. We
found that a pinn-1 null allele (¢m2235) rescued CDK-12as inhibition
(Fig. 1F), strengthening the hypothesis that keeping SSUP-72 activity
away from the CTD results in the suppression of CDK-12as inhibition.

Next, we used quantitative western blotting with synchronized L1
larvae fed for 4 h before protein extraction to determine the levels of
CTD S5P. We observed ~35% higher levels in bulk CTD S5P level in the
pinn-1and ssup-72 null mutants compared to the wild type (Fig. 1G and
Supplementary Fig. 2B). The catalytic-dead ssup-72/CI13S] and the
screening-recovered ssup-72[E22K] mutants showed similarly
increased CTD S5P levels (Fig. 1G).

CDK-12 regulates transcription elongation

To better understand the effect of CDK-12as inhibition on transcription
at a genome-wide level, we adapted Global run-on sequencing (GRO-
seq) to L1 nuclei. Compared to ChIP-seq or RNA-seq, GRO-seq has the
advantage of measuring nascent RNA. Worms were synchronized at
the L1 stage and cultured in the presence or absence of 3MB-PP1 (2 uM)
for 4 h before isolating nuclei and performing the nuclear run-on. The
GRO-seq data were used to generate rescaled metagene plots showing
Pol Il density for all non-operonic C. elegans protein-coding genes
(Fig. 2A, left panel). In contrast to humans®, worm Pol II only slightly
pauses at 5’ ends but undergoes extensive pausing towards the 3’ ends,
likely allowing 3’ RNA processing®. The inhibition of CDK-12as in
worms results in an altered distribution of Pol Il occupancy over active
genes, characterized by an overall increase of Pol Il occupancy (Fig. 2A,
left panel). The increased gene body occupancy is consistent with
impaired Pol Il elongation progression or less processive (slower) Pol
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Il. We computed a “processivity score” (defined as the ratio of Pol II
occupancy at the 3’ end of the gene over the 5" end of the gene) to
quantify this change in individual genes, confirming a global elonga-
tion defect in cdk-12as worms. (Fig. 2B, C). Very unexpectedly, the Pol Il
profile was nearly identical in the cdk-12as stain that arrests at L1 and
the cdk-12as;ssup-72[E22K] strain that grows like the wild type, indi-
cating that the effect of CDK-12as inhibition on transcriptional

elongation is very unlikely to cause the L1 developmental arrest
directly. The GRO-seq experiment also revealed that while the SSUP-
72[E22K] mutation does not affect transcription during initiation and
elongation, it globally decreases 3’ pausing (Fig. 2A, right panel), which
supports a specific role of CTD S5P dephosphorylation in this process.
Notably, this decreased pausing occurs without any distinctive effect
on worm growth or development in the ssup-72 mutants.
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Fig. 1| Mutations of the SSUP-72/PINN-1 module suppress the developmental
arrest resulting from inhibition of CDK-12as. A Schematic overview of the EMS
mutagenesis and screen for suppressors of the L1 developmental arrest resulting
from the inhibition of the CDK-12as (analogue-sensitive) mutant. B, C Transmitted
light images of the indicated strains and conditions. Images were taken 96 h after
depositing individual PO worms at L4 stage. Blue arrows point to the PO, yellow
arrows to L1arrested worms. D Left, Western blot analysis of Pol Il CTD-S2P levels at
L1 stage in the indicated strains and conditions. Uncropped scan in Supplementary
Fig. 2A. Right, quantification of CTD S2P intensities normalized to total protein
signal. The intensities for the wild type were set to 1. Significance was tested using a
two-tailed unpaired t-test test (ns not significant, ** = <0.01). Measurements were

taken from 3 independent replicates. Error bars represent standard deviation.

E Worm length as a proxy for growth, measured after 72 h of CDK-12as inhibition,
starting with staged L1 worms of the indicated strains and conditions. Measure-
ments were taken from two independent replicates. F Transmitted light images of
the indicated strains and conditions. Images were taken 96 h after depositing
individual PO worms at L4 stage. G Quantification of Western blot analysis of CTD
S5P levels normalized to total protein in L1-staged worms from the indicated
strains. The intensities for the wild type were set to 1. Significance was tested using a
two-tailed unpaired t-test (**=<0.01). Measurements were taken from three inde-
pendent replicates. Error bars represent standard deviation. Error bars represent
standard deviation.
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Fig. 2 | The phosphatase SSUP-72 is required for efficient pausing of Pol Il at the
3’ end. A Left panel: Metagene analysis of GRO-seq signal at non-operonic protein-
coding genes (n =16411). The GRO-seq signal was averaged for all genes and aligned
at their annotated transcription start site (TSS) and transcription end site (TES) for
the indicated strains and conditions. +I denotes growth in the presence of 2 uM
3MB-PP1. The plot was generated using data from three replicates. The red box
highlights the 3’ end region where pausing defects are observed. Right panel: Ratio
of GRO-seq signal from ssup-72[E22K] over wild type, aligned at the TES, high-
lighting the lower Pol Il density at the 3’ end in the ssup-72[E22K] single mutant

compared to the wild type. B Empirical cumulative distribution plots of the pro-
cessivity score on individual genes in the indicated strains and conditions, as in (A).
The plot was generated from three replicates of GRO-seq data. C Boxplot showing
processivity scores for all isolated protein-coding genes, in the indicated strains
and conditions. Worms were grown in the presence of 2 uM 3MB-PPL. Significance
was tested using a two-tailed Mann-Whitney-Wilcoxon test (ns not significant,
*=<0.05, **=<0.001). The plot was generated from three replicates of GRO-seq
data. Boxplots display median (line), first, and third quartiles (box), and 90th/10th
percentile values (whiskers).
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SSUP-72 loss restores SL2 trans-splicing after CDK-12 inhibition
In C. elegans, the loss of CDK-12 results in decreased levels of
mRNAs from genes located in position two and over (2+ genes)
within operons (Fig. 3A, B), which results from their inefficient
trans-splicing and increased torpedo transcription termination. To
test if the suppression by the ssup-72[E22K] allele was associated
with restored levels of mRNAs transcribed from 2+ genes, we

-2 -1 0 1 2
Log, FC [ssup-72[E22K] / wild type]

0 25 50 75

SL2 Ratio wild type

100

conducted RNA-seq experiments. We found this to be partially
the case, with 50% of 2+ genes downregulated upon CDK-
12as inhibition being significantly upregulated in the cdk-
2as;ssup-72[F22K] strain compared to the cdk-12as strain
(Fig. 3C, D). However, the mRNA levels of 2+ genes in the cdk-
L2as;ssup-72[E22K] strain were still lower than in the wild type
(Supplementary Fig. 3).
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Fig. 3 | The downregulation of SSUP-72 restores efficient expression of SL2
trans-spliced mRNAs that are downregulated upon CDK-12 inhibition.

A Volcano plot showing cdk-12as-dependent changes in transcript levels as deter-
mined by RNA-seq (CDK-12as inhibited compared to the wild-type). +I denotes
growth in the presence of 2 uM 3MB-PP1. Purple dots highlight 2+ encoded mRNAs
within operons (n =2155). The dotted lines indicate a Fold Change of +1.5 (vertical)
and a p-value < 0.05 (horizontal) (Wald test). The plot was generated from 3 inde-
pendent replicates. B Bar graphs showing the relative percentage of cdk-12as-
dependent changes (RNA-seq) by the operonic position (non-operonic: isolated
genes, n=16411; +1 Genes: First position genes within operons, n =1430; 2+ Genes:
Genes at position 2 and over within operons, n =2155). Chi-square statistical test
(** = p-value < 0.001). The plot was generated from 3 independent replicates.

C Schematic of the suppression of the 2+ gene downregulation in cdk-12as;ssup-
72[E22K] compared to cdk-12as. The proportion of 2+ genes that is downregulated
in cdk-12as worms compared to wild type is shown in green. The proportion of 2+
genes affected by the inhibition of CDK-12as that is upregulated in cdk-12as;ssup-
72[E22K] compared to cdk-12as is shown in orange. D Comparison between mRNA
cdk-12as-dependent changes in mRNA levels (x-axis: cdk-12as/wild-type) and the

cdk-12as;ssup-72[E22K] suppressive changes (y-axis: cdk-12as;ssup-7[E22K]/cdk-12as)
(RNA-seq). +I denotes growth in the presence of 2 uM 3MB-PPL. 2+ genes (n = 2155)
are highlighted with purple dots. The dotted lines indicate a Fold Change of +1.5.
The plot was generated from three independent replicates. E Comparison between
cdk-12as-dependent changes in mRNA levels (x-axis: cdk-12as/wild-type) and the
cdk-12as;ssup-72[F22K]-dependent changes (y-axis: cdk-12as;ssup-7[F22K]/wild-type)
(RNA-seq). +l denotes growth in the presence of 2 uM 3MB-PPL1. +1 genes (n =1430)
are highlighted with orange dots. The dotted lines indicate a Fold Change of +1.5.
The plot was generated from three independent replicates. F, G Volcano plots
showing ssup-72-dependent changes (F: ssup-72/C13S], G: ssup-72[E22K]) in tran-
script levels as determined by RNA-seq. +1 genes (n =1430) are highlighted with
orange dots. The dotted lines indicate a Fold Change of +1.5 (vertical) and a p-
value < 0.05 (horizontal) (Wald test). The plot was generated from three indepen-
dent replicates. H Correlation between the SL2 score (SL2/SL2 +SL1) in ssup-
72[F22K] mutant and the wild type. The red dotted line is the linear regression. Only
genes with at least 10 matching splice-leader reads were kept for the analy-

sis (n=1739).

To clarify if the suppression of the L1 arrest observed in the cdk-
12as;ssup-72[F22K] results from a global increase in operonic tran-
scription, we analyzed the RNA-seq levels of the genes in first position
(+1 genes) within operons. If operons are more heavily transcribed, +1
genes would be upregulated in ssup-72 mutants compared to the wild
type. Unlike 2+ genes, +1 genes are barely affected in cdk-12as, and
behave similarly in cdk-12as;ssup-72[E22K], without any obvious trend
(Fig. 3E). Similarly, we found that +1 gene expression is not increased in
the ssup-72[CI3S] nor ssup-72[E22K] mutants (Fig. 3F, G). A possible
explanation for the stabilization of 2+ genes, which are SL2 trans-
spliced, would be a swap from SL2 to SL1 trans-splicing. We used SL-
quant® to compute the SL2 ratio, which is defined as the ratio of SL2 to
SL1 containing reads for each gene. The ssup-72[E22K] strain displays a
very strong correlation (pearson >0.99) in SL usage with the wild type
(Fig. 3H). This indicates that the suppression by the ssup-72[F22K]
mutation is not mediated by replacing the SL2 trans-splicing of 2+
genes with SL1 trans-splicing.

SSUP-72 controls early termination within operons

To better understand the effect of CDK-12 and SSUP-72 on operonic
Pol Il dynamics, we leveraged the GRO-seq data and generated
rescaled metagene plots of Pol Il occupancies for both +1 genes and 2+
genes (Fig. 4A). +1 genes have a similar profile to non-operonic protein-
coding genes (Fig. 2A), with increased Pol Il occupancy over the gene
body in both the cdk-12as and the cdk-12as;ssup-72[F22K] strains
compared to the wild type. In contrast, 2+ genes show a higher Pol II
occupancy in the cdk-12as;ssup-72[E22K] strain compared to the cdk-
12as strain (Fig. 4A). This increased Pol Il occupancy in the suppressor
strain, which is comparable to the wild type, likely explains both the
restored 2+ mRNA levels and the rescue of the L1 developmental arrest.

We previously reported that the inactivation of CDK-12 causes SL2
trans-splicing failure and increased torpedo termination at 2+ genes'®.,
Accordingly, GRO-seq revealed a gradual decrease of Pol Il occupancy
from the first to the second to the third gene of the operons when CDK-
12as is inhibited (Fig. 4B, top panel). The presence or the ssup-72[E22K]
mutation in the cdk-12as;ssup-72[E22K] strain reversed this tendency,
resulting in increased occupancy on 2+ genes and increased Pol Il
retention immediately next to the TES compared to the cdk-12as strain
(Fig. 4B, bottom panel). In line with this result, GRO-seq signal on 2+
genes in the cdk-12as;ssup-72[E22K] strain is near wild-type (Supple-
mentary Fig. 4).

These data indicate that the loss of SSUP-72 phosphatase activity
counteracts the early transcription termination by Pol Il at 2+ genes
that occurs when CDK-12as is inhibited, thereby providing a molecular
mechanism for the suppression. We next asked whether this effect also
occurs in non-operonic genes. We did not see an accumulation of GRO-

seq signal downstream of the TES (Fig. 4C and Supplementary Fig. 5),
which indicates that Pol Il is not retained beyond non-operonic TES.
We therefore concluded that the increased Pol Il retention is specific to
2+ genes.

SSUP-72 coordinates operonic developmental gene expression
SSUP-72 was previously implicated in stimulating termination at an
early polyadenylation signal (PAS) in the ankyrin gene unc-44*. This
gene expresses a short isoform (unc-44c) and a long isoform (unc-44f).
Expression of unc-44f requires the inactivation of SSUP-72 by phos-
phorylation of S39, which allows for bypass termination at the early
PAS and to express the long isoform. To investigate whether the var-
ious mutants we generated within the SSUP-72/PINN-1 module dampen
transcription termination at the early PAS of unc-44, we compared the
normalized RNA-seq reads from these mutants to the wild type across
the unc-44 locus. While strains containing the pinn-1(0), ssup-72(0), and
ssup-72[C13S] alleles show increased levels of the long unc-44f mRNA,
only a moderate increase is observed in the strain with the screen-
recovered ssup-72[F22K] allele (Supplementary Fig. 6). In addition, the
strain with the phosphomimetic ssup-72[S39E] allele (inactive form)
expresses the unc-44f isoform, while the strain with the non-
phosphorylatable ssup-72[S39A] variant (active form) expresses it less
than the wild type. However, none of these ssup-72 mutants displays a
changed RNA-seq signature on operons (Supplementary Fig. 7).

These data show that while the genome-wide decreased Pol Il
pausing at the TES resulting from SSUP-72 inactivation does not result
in a global termination defect (Fig. 2A), in the specific case of unc-44, it
has a strong effect on bypassing termination at the early PAS (Sup-
plementary Fig. 6). This effect likely requires the complete inactivation
of SSUP-72 by S39 phosphorylation, because the E22K mutant that
retains some activity (Fig. 1G) only modestly affects the expression of
the long unc-44f mRNA.

To extend the analysis of how SSUP-72 impacts 3’ pausing and
termination at various classes of genes, we used the GRO-seq data to
map the occupancy of active Pol Il around all TES of protein-coding
genes in the presence or absence of SSUP-72 activity. Regardless of
where the TES is located (non-operonic genes, +1 genes, or 2+ genes)
we observed a drop in the GRO-seq signal at the TES (Fig. 4C), con-
firming that the reduced 3’ end pausing of Pol Il is resulting from the
downregulation of SSUP-72 (Fig. 2A).

A plausible consequence of the decreased Pol Il 3’ end pausing
observed when SSUP-72 is inactivated is an altered pre-mRNA cleavage
efficiency and/or dynamic. If this is the case, the intergenic region
between operonic genes (referred to as SL2 outrons) (Fig. 4B) should
be detected at higher levels. We indeed observe such anincrease in SL2
outrons in the RNA-seq data for the phosphomimetic ssup-72/S39£]
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mutant (Fig. 4D). In contrast, the non-phosphorylatable ssup-72/S39A]

allele, which does not suppress the L1 arrest, did not alter the levels SL2

outrons (Fig. 4E).

These data reveal a role for SSUP-72 in regulating Pol Il pausing
between operonic genes for the coordinated expression of develop-

mental genes arranged in operons.
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Discussion

Lesions in CDK-12 in C. elegans induce a fully penetrant yet reversible
early larval (L1) arrest, mimicking a developmental diapause. This L1
arrest is due to the loss of operonic SL2 trans-spliced mRNAs encoding
proteins required for growth and development’®, To better understand
how the developmental arrest is regulated, we conducted a suppressor

Nature Communications | (2025)16:2624


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57847-x

Fig. 4 | The downregulation of SSUP-72 inhibits premature Pol Il transcription
termination at position 2 and over within operons. A Left panel: Metagene
analysis of GRO-seq signal for the first genes (+1 genes) within operons (n = 1430) in
the indicated strains and conditions. +I denotes growth in the presence of 2 uM
3MB-PPL. Right panel: Metagene analysis of GRO-seq signal for the 2+ genes within
operons (n =2155). The red box highlights the gene bodies showing the restoration
of a wild-type level of Pol Il occupancy during elongation in the cdk-12as;ssup
-72[E22K] strain. The plots were generated using data from three replicates. The
GRO-seq signal was averaged and aligned at the annotated transcript start sites
(TSS) and transcript end sites (TES). B. Top panel: schematic of a three genes
operon structure showing the genes and outrons. Middle panel: Metagene fold
change analysis of cdk-12as over wild-type GRO-seq signal. Bottom panel: Metagene
fold change analysis of cdk-12as;ssup-72[F22K] over cdk-12as GRO-seq signal. Only

operons harboring three genes (n=296) were considered. The metagene plots
were generated using data from three replicates. The GRO-seq signal was averaged
and aligned at the annotated transcript start sites (TSS) and transcript end sites
(TES). C Metagene Analysis of ssup-72[E22K] over wild-type (N2) GRO-seq signal
aligned around annotated transcript end sites (TES). Non-operonic genes
(n=16411), first genes within operons (n =1430), 2+ genes within operons
(n=2155). The plots were generated from three independent replicates.

D, E Volcano plots showing the differential expression of SL2 outrons (n=1621) in
ssup-72 mutants (D: ssup-72[S39E], E: ssup-72[S39A]) compared to the wild type.
Orange dots highlight significantly increased outron detection, and blue dots
highlight significantly decreased outron detection. The dotted lines indicate a fold
change of 1.5 (vertical) and a p-value < 0.05 (horizontal) (Wald test). The plots
were generated from three independent replicates.

screen for mutants capable of bypassing the L1 arrest when CDK-12 is
inhibited (Fig. 1A). We retrieved a mutation in the non-essential CTD-
S5P phosphatase SSUP-72 that requires the PINN-1 isomerase to
dephosphorylate the Pol Il CTD (Fig. 1B-F). We analyzed the genome-
wide effect of the loss of CDK-12 or SSUP-72 on transcription and found
that SSUP-72 is implicated in the coordinated expression of genes
organized in operons (Fig. 3).

We used the GRO-seq method to determine the effect of CDK-12
inactivation genome-wide and found that the affects the overall
occupancy of Pol Il on lone genes, which represent 75% of all genes
(Fig. 2A). It has previously been reported that the Pol Il elongation rate
increases during mammalian transcription®®. In C. elegans, Pol Il
undergoes very moderate 5’ pausing and extensive 3’ pausing®, both
being reduced upon CDK-12 loss (Fig. 2A). Our data suggest that CDK-
12 enhances Pol II processivity as it transitions from initiation to
elongation and slows it down at the transition from elongation to
termination. Remarkably, slower Pol Il in CDK-12 mutants itself does
not negatively impact growth nor development, as the suppressor
strain grows comparably to wild type, despite showing a Pol II profile
that resembles that of CDK-12 mutants. In agreement with the notion
that slow Pol II has little effect on transcription, steady-state mRNA
levels of lone genes are largely unaffected upon CDK-12as inhibition
(Fig. 2B). Therefore, altered Pol Il processivity in CDK-12 mutants does
not drastically alter transcriptome composition.

In C. elegans, the SL2 snRNP is recruited to transcribed operons by
the CtsF complex®. We have previously reported that CDK-12-
dependent CTD S2P is required for efficient CstF occupancy and SL2
trans-splicing. The unprotected 5’ ends resulting from inefficient SL2
trans-splicing in CDK-12 mutants result in mRNA degradation by exo-
nucleases and intra-operons torpedo termination'®. We report here
that the loss of SSUP-72 CTD S5P phosphatase activity or any down-
regulation of the SSUP-72/PINN-1 module compensates for CDK-12
inactivation (Fig. 1). We propose a model where SSUP-72 loss-of-
function mutants alter Pol Il residence time at 3’ ends. This affects pre-
mRNA cleavage dynamics, which disfavors premature torpedo termi-
nation within operons (Fig. 4B). Consequently, the expression of
growth and developmental genes reaches a level sufficient to prevent
the L1 arrest in the cdk-12as;ssup-72(If) double mutants. It is possible
that the decreased expression of a single gene or a subset of genes
belonging to the same pathway results in the early developmental
arrest observed in CDK-12 loss-of-function mutants. Our preliminary
observation that treatment with the JNK inhibitor SP600125 is capable
of suppressing the effects of CDK-12as inhibition may support this
possibility and will be the topic of further investigations.

Yeast Ssu72 was initially discovered as a part of the 3’ end pro-
cessing machinery where it affects in the termination of non-polyA and
some polyA RNAs*. In C. elegans, the inactivation of SSUP-72 leads to a
specific read-through transcription of an early PAS within the unc-44
gene and to antitermination, resulting in the expression of the long
form of ankyrin®**°*, Even though the mechanistic details may be
different, we see this unique case as a proxy of operon transcription,

where the genetic ablation of CTD S5P dephosphorylation counteracts
early termination. Our data suggest that SSUP-72 controls Pol Il speed
on TES (Fig. 4C), which kinetically impacts 3’ processing events. For
operons, slow 3-end processing extends Pol Il occupancy, safe-
guarding the RNA from exonuclease degradation, which gives time for
trans-splicing to occur and averts premature torpedo termination.
While this is crucial for operonic gene expression when CDK-12 is
inhibited, it has minimal impact on non-operonic genes. We presume
that the effects of eliminating the SSUP-72/PINN-1 module on termi-
nation are genetically buffered by cellular factors that collaborate with
the CTD to promote robust and efficient termination. Eliminating the
SSUP-72/PINN-1 module only results in anti-termination when an
alternative pathway to termination is available, such as in the case of
SL2 trans-splicing within operons.

In Drosophila and mammals, dephosphorylation of CTD S5P
facilitates the recruitment of PCF11, which binds to CTD S2P and nas-
cent RNA, ultimately disrupting the elongation complex****, Here, we
show that the loss of the SSUP-72/PINN-1 module suppresses the
inhibition of CDK-12as. A possible explanation for the suppression is
that increased CTD S5P interferes with PCF-11 recruitment to tran-
scribing Pol I, thereby stabilizing the elongation complex and pre-
venting early termination. In accordance with this, PCF11 depletion in
yeast, flies, and mammalian cells results in increased transcriptional
readthrough***¢,

This work provides new key insights on the role of CDK-12 and
SSUP-72/PINN-1 during transcription and places them in the physio-
logical context of post-embryonic development in C. elegans.

Methods

Resource availability

All materials including strains are maintained at the University of
Namur and should be requested from the Lead contact, Damien Her-
mand (Damien.Hermand@crick.ac.uk).

Strains and maintenance

Worms were maintained at 20°C on Nematode Growth Media
(NGM)-agar plates [51.3 mM NaCl, 1mM CaCl,, 1 mM MgSQO,, 25 mM
KH,PO,, cholesterol (5 pg/ml), and 1.25 g of peptone with 8.5 g of agar
for 500 ml] seeded with Escherichia coli OP50. In liquid medium, they
were cultured on a shaker at 20°C in S-Basal [0.1M NaCl, 50 mM
KH,PO4;, 3mM MgSO,, 4 mM CaCl,, 1mM potassium citrate, and
cholesterol (5 pg/ml)] with E. coli HB101 as described in ref. 47. N,
(Bristol strain) was used as a wild type. Some strains were provided by
the CGC, which is funded by NIH Office of Research Infrastructure
Programs (P40 OD010440). Others were obtained from the National
BioResource Project (Mitani Lab) or the Jorgensen laboratory. A list of
strains used in this study is included in the Supplementary Table 1. All
genome edits in this study were performed as described in ref. 48.
Briefly, crRNA (IDT), tracrRNA (IDT, 1072532), and Cas9 (IDT, 1081060)
were assembled in vitro and delivered as an RNP. Repair templates
were delivered as single-strand oligonucleotides (IDT, ultramer).
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crRNAs, repair templates, and primers used to detect and sequence the
edits are provided in Supplementary Table 2.

EMS mutagenesis suppressor screen

The screen for suppressors of the L1 arrest induced by the inhibition of
CDK-12as was performed as described in refs. 49,50. Briefly, CDK-12as
L4 worms were washed in M9 and incubated in 50 mM EMS for 4 h at
20 °C. Mutagenized worms were washed in M9 and left to recover at
20 °C on NGM plates seeded with OP50. Once the F1 offspring reached
the L4 stage, worms were transferred to plates containing 2 uM of 3MB-
PP1 and allowed to lay eggs. The F1 animals were discarded, and F2
eggs were allowed to grow for 96 h at 20°C. Worms that grew beyond
the L1 arrest were selected and re-rested on a fresh plate containing
2 uM of 3MB-PP1. Worms whose progeny did not L1 arrest were kept.
DNA was extracted and sequenced as described in ref. 50. Candidate
suppressive mutations were identified as SNPs with >95% read ratio
(alternative/reference) compared to the CDK-12as strain. The SnpEff
tool’* was used to predict the putative function, and only SNPs anno-
tated as low putative impact were retained.

Analog inhibition assay

Inhibition was performed on NGM plates, supplemented with 3MB-PP1,
which was added to the desired concentration before pouring. For the
phenotypical suppression assay, L4 worms were picked onto plates
containing the inhibitor, and their progeny was evaluated after 96 h.
To measure the length, hypochlorite-synchronized L1s were dropped
on plates containing the inhibitor and incubated for 72h before
measurements. The measurements were conducted as described
in ref. 52.

Protein extraction and Western blots

Hypochlorite-synchronized L1 worms (-50,000) were grown in liquid
culture for 4 h, collected, washed 3x in M9, and flash-frozen in liquid
nitrogen in 50 ul in a 1.5 mL centrifuge tube. Frozen pellets were sup-
plemented with 50 uL of lysis buffer composed of 20 mM HEPES (pH
7.5), 125 mM sodium citrate, 0.1% (v/v) Tween 20, 0.5% (v/v) Triton X-
100, 2 mM MgCI2, 1 mM DTT, proteases inhibitors (Roche) and phos-
phatases Inhibitors (Roche). Zirconia beads (100 pL; 11079105Z Cole-
Parmer) were added to the worm suspension and homogenized at 4 °C
in a FastPrep-24 benchtop homogenizer (MP Biochemicals) for six
cycles of 20 s at 6 m/s with a 2-min rest between each cycle. A hole was
poked in the microcentrifuge tube, then was inserted into another
1.5 mL microcentrifuge tube and spun at 1000 x g for 2 min at 4 °C.
Beads were washed with 50 uL of lysis buffer and spun again. The lysate
collected in the bottom tube was centrifugated at 14,000 x g for
30 min at 4 °C, and the supernatant was transferred to clean tubes. For
each blot, 16 uL of supernatant were stained with Cy5 total protein
staining (RPN4000, Cytiva) according to manufacturer instructions.
Extracts were loaded on Bio-Rad mini-PROTEAN TGX gel 4-15% and
then transferred to a nitrocellulose membrane using the Bio-Rad
Trans-Blot Turbo transfer system, set up for high-molecular weight
proteins (1.3 A, up to 25V). The membrane was then blocked in skim
milk powder (5%, Sigma-Aldrich) for at least 1h. Primary antibodies
were incubated for 1h (Anti-CTD S5P 4H8 1/1000 (abcam, ab5408),
Anti-CTD S2P 3E10 1/1000 (Millipore, 04-1571)). The membranes were
washed 3x in PBS-Tween (0.05%) and incubated 1h with secondary
antibodies (anti-mouse immunoglobulin G (IgG) Perox (1/2000; GE,
NA931) and anti-rat IgG Perox (1/2000; Dako, P0450)) then washed 2x
in PBS-T and 1x in PBS. PerkinElmer Western Lightning Plus-ECL
(enhanced chemiluminescence) was used for ECL, and detection was
performed on an Amersham™ ImageQuant 800 machine. Quantifica-
tion was performed using proprietary Cytiva quantification software
and normalized to total protein levels. Uncropped scans are provided
in Supplementary Information.

RNA-sequencing

Hypochlorite-synchronized L1 worms (-100,000) were grown in liquid
for 4 h in the presence or absence of 3MB-PP1 (2 uM; 529582-5MG Sigma-
Alderich), collected, washed 3x in M9, resuspended in 1mL TRIzol™
reagent (Invitrogen #15596026) in 2 mL microcentrifuge tube and flash
frozen in liquid nitrogen. Zirconia (200 pL; 11079105Z Cole-Parmer) were
added to thawed TRIzol and homogenized at 4°C in a FastPrep-24
benchtop homogenizer (MP Biochemicals) for six cycles of 20 s at 6 m/s
with a 2-min rest between each cycle. To the lysate was added 100 pL of 1-
Bromo-3-chloropopane (BCP; Sigma #B9674), mixed by vortexing,
incubated at RT for 15 min, and centrifuged at 12,000 x g for 15 min. The
upper aqueous phase (450 uL) was transferred to an RNAse-free low-
binding microcentrifuge tube, supplemented with 2 uL GlycoBlue and
500 pL isopropanol, mixed well and incubated at RT for 15 min to pre-
cipitate RNA. The RNA was then pelleted by centrifugation at 12,000 x g
for 15 min at 4 °C. The pellet was then washed 1x in 75% ice-cold ethanol,
air-dried, and resuspended in nuclease-free water. Concentration was
assessed by QuBit and RNA integrity with BioAnalyzer (Agilent). Only
RNAs with RIN > 8 were kept for RNA-seq. DNAse treatment was per-
formed using TurboDNAse (Ambion #AM2238) following manu-
facturer’s instructions. Ribosomal and mitochondrial were removed
using a custom depletion strategy (Sequalis). RNA-seq library prepara-
tion was made using the Illumina TruSeq stranded total RNA library
preparation kit following the manufacturer’s instructions.

Global run on sequencing

Hypochlorite-synchronized L1 worms (-400,000) were grown for 4 h
in the presence of food and 3MB-PP1 (2uM; 529582-5MG Sigma-
Alderich), collected, washed 3x in M9, and flash frozen in liquid
nitrogen in a 1.5 mL microcentrifuge tube. GRO-seq was performed as
previously described®® with modifications to the nuclei isolation pro-
tocol. Nuclei were isolated from L1s (-400,000) with a 7 mL metallic
dounce, using 120 strokes. To remove debris, the lysate was slowly
spun at 200 x g for 6 min at 4 °C, and the supernatant was carefully
transferred to a new low-binding microcentrifuge tube. The super-
natant was then pelleted at 1000 x g for 8 min at 4 °C, washed once in
NEB buffer, and resuspended in 100 pL freezing buffer.

Bioinformatics analysis

For all high-throughput sequencing experiments, reads were mapped
on the C. elegans genome version WBcel235 (cell). RNA-seq reads were
aligned using HISAT2 (2.1.0)** while GRO-seq and were aligned using
Bowtie2 (2.5.4)%. BAM files were processed using the Samtools suite.
Feature quantification was computed using FeatureCounts (2.0.3)*. All
analyses and figure drawings were performed within the R (4.4.2)
programming language in the RStudio environment. Differential
expression analysis was performed with DESeq2 (1.46.0)*". Criteria for
differential expression are a false discovery rate <0.01 and absolute
fold change >1.5. Metagenes were computed using DeepTools (3.5.6)%%.

Statistics and reproducibility

Figures and illustrations were prepared using Inkscape (ver 1.4). Mea-
surements were sampled from individual biological replicates. Micro-
graphs for 3MB-PP1 assays were performed at least five times, and
representative micrographs were displayed. RNA-seq experiments,
GRO-seq, and Western blots were performed three times. Worm length
measurements were performed twice, and data points were pulled
together for visualization. The statistical tests used are specified in the
corresponding figure legends. No statistical methods were used to
predetermine the sample size.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

GRO-seq and RNA-seq raw and processed data are available on GEO
under the following accession numbers. GRO-seq GSE263769, RNA-seq
of SSUP-72 mutants GSE263771, and RNA-seq of CDK-12as and SSUP-72
GSE263774. A source file containing Western blot quantifications and
worm length measurements has been provided. Source data are pro-
vided with this paper.
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