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ABSTRACT

Transcription-associated cyclin-dependent kinases
(CDKs) regulate the transcription cycle through
sequential phosphorylation of RNA polymerase Il
(RNAPII). Herein, we report that dual inhibition of
the highly homologous CDK12 and CDK13 impairs
splicing of a subset of promoter-proximal introns
characterized by weak 3’ splice sites located at
larger distance from the branchpoint. Nascent tran-
script analysis indicated that these introns are se-
lectively retained upon pharmacological inhibition
of CDK12/13 with respect to downstream introns
of the same pre-mRNAs. Retention of these introns
was also triggered by pladienolide B (PdB), an in-
hibitor of the U2 small nucelar ribonucleoprotein
(snRNP) factor SF3B1 that recognizes the branch-
point. CDK12/13 activity promotes the interaction
of SF3B1 with RNAPII phosphorylated on Ser2, and
disruption of this interaction by treatment with the
CDK12/13 inhibitor THZ531 impairs the association
of SF3B1 with chromatin and its recruitment to the
3’ splice site of these introns. Furthermore, by us-
ing suboptimal doses of THZ531 and PdB, we de-
scribe a synergic effect of these inhibitors on intron
retention, cell cycle progression and cancer cell sur-
vival. These findings uncover a mechanism by which
CDK12/13 couple RNA transcription and processing,
and suggest that combined inhibition of these ki-
nases and the spliceosome represents an exploitable
anticancer approach.
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INTRODUCTION

Transcription of protein-coding RNAs and most non-
coding RNAs is regulated by RNA polymerase II
(RNAPII). The transcription cycle consists of initiation,
promoter-proximal pausing, elongation and termination
(1). All these steps need to be tightly controlled to ensure
proper production of transcripts from each gene unit.
A key node for the control of this transcription cycle is
represented by the C-terminal domain (CTD) of RNAPII
(2,3). In humans, the CTD is composed of 52 repeats
of the YSPTSPS heptapeptide, which acts as a platform
for the recruitment of factors that contribute to the reg-
ulation of RNAPII function and to co-transcriptional
processing of the nascent transcripts, such as splicing of
introns and cleavage and polyadenylation of the 3’ end
(3,4). The flexible and modular function of the CTD is
mainly achieved through phosphorylation of different
residues of the heptapeptide by transcription-associated
cyclin-dependent kinases (CDKs). These CDKs operate
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in a sequential manner during the transcription cycle to
determine the transition from one phase to the next (1,4).
Initial phosphorylation of Ser5 of the CTD by CDK7
allows RNAPII to escape from the gene promoter and to
pause in the promoter-proximal region (5), thus favouring
quality control and capping of the 5" end of the transcript
(1). Phosphorylation of Ser2 by CDKO9 is then required to
release RNAPII from the pausing zone and to start the
elongation phase (1). Interestingly, Ser2 phosphorylation
of the CTD steadily increases along the transcription unit
and reaches a peak near the cleavage and polyadenylation
(pA) site (2-4). Ser2 phosphorylation within the gene
body is largely mediated by the homologous CDKI12
and CDK13, which maintain a fast elongation rate of
RNAPII and ensure transcription through the end the gene
(6-9).

Recent evidence indicates that, in addition to regulating
the transcription cycle, transcription-associated CDKs also
modulate RNA processing (4,10). For instance, CDK12
and CDK13 contain an N-terminal arginine-serine (RS)-
rich domain found in many splicing factors, which me-
diates their protein—protein interactions and promotes re-
cruitment of the spliceosome to the splice sites (11). More-
over, CDK12/13 are localized in nuclear speckles where
many splicing factors are also stored (12). These obser-
vations suggested that CDK12/13 could couple transcrip-
tion with RNA processing events. In line with this hypoth-
esis, genetic or pharmacological inhibition of CDK12 or
CDK13 caused widespread defects in splicing of introns
and led to selection of alternative last exons (ALEs) (7,8,13).
Although the mechanism(s) involved in splicing regulation
was not elucidated, these studies suggested that the reduced
RNAPII elongation rate within long introns exposes the
transcript to premature termination at cryptic intronic pA
(IPA) sites (6-8). A role in splicing regulation was also re-
cently proposed for CDK?7, which phosphorylates several
splicing factors, including the spliceosome-associated fac-
tors SF3B1 and U2AF65 (14). Accordingly, CDK7 inhibi-
tion caused defects in splicing (14). However, since CDK7
also phosphorylates CDK9, CDK 12 and CDK13, it is un-
clear whether the effect was direct or mediated by other
transcription-associated CDKs.

In this study, by using bioinformatics analyses and func-
tional experiments, we show that pharmacologic inhibi-
tion of CDK12/13 selectively impairs splicing of a class of
promoter-proximal introns characterized by weak 3’ splice
sites that are distant from the branchpoint. Mechanisti-
cally, we demonstrate that CDK12/13 activity promotes
the interaction of the U2 small nuclear ribonucleoprotein
(snRNP) factor SF3B1 with RNAPII phosphorylated on
Ser2 of the CTD. Inhibition of CDK12/13 disrupts this in-
teraction, and impairs association of SF3B1 with chromatin
and its recruitment to the 3’ splice site of target introns. Fur-
thermore, we describe a synergic effect of the CDK12/13
inhibitor THZ531 and the SF3B1 inhibitor pladienolide
B (PdB), which leads to enhanced intron retention (IR),
cell cycle arrest and apoptosis. Thus, our studies uncover
a CDK12/13-dependent mechanism of coupling between
transcription and splicing and suggest a new approach to
increase the efficacy of splicing inhibitors that are currently
being tested in clinical trials as chemotherapeutic agents.
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MATERIALS AND METHODS
Cell culture and treatments

MiaPaCa-2 and HEK293T cells were cultured in D5796
Dulbecco’s modified Eagle’s medium (DMEM; Sigma
Aldrich), and MDA-MB-231 and OVCAR-3 cells in RPMI
1640 medium (Euroclone), all supplemented with 10% fe-
tal bovine serum (FBS; Gibco), 100x non-essential amino
acids (Thermo Fischer), 1% penicillin and 200x strepto-
mycin and gentamicin (Thermo Fischer). Cells were grown
in a 37°C humidified atmosphere of 5% CO,. Cells were
treated with THZ1 (HY-80013), THZ531 (HY-103618), SY-
1365 (HY-128587) and PdB (sc-391691) at the indicated
doses, or dimethylsulphoxide (DMSO) as a control.

Production and transduction of lentiviral particles

The pLKO.1 plasmids containing short hairpin RNA
(shRNA) sequences targeting CDK12 (5 TTCAGAGT-
TATAGAGCCGAGC 3'), CDK13 (5 TAAATCAGCAA-
GAAGACATCG 3), CDK7 (5 GCTGTAGAAGT-
GAGTTTGTAA 3’) and non-target control sequence were
transfected with pCMV-dR8.2-dvpr and pCMV-VSV-G
helper plasmids into HEK293T cells using Lipofectamine
2000 (ThermoFisher Scientific, Invitrogen). After 48 h, the
supernatant containing lentiviral particles was collected
and centrifuged at 3000 rpm for 5 min. MiaPaCa-2 cells
were transduced with the supernatant in the presence
of polybrene (8 wg/ml) for 24 h before replacement of
medium supplemented with puromycin (1 pg/ml). Cells
were collected 96 h post-transduction and RNA was
isolated as described below.

Bioinformatics analysis

The GSE121273 and GSE222493 datasets were analysed
for gene expression and splicing. Repartition of quality
reads, inner distance size estimation, gene body coverage
and strand specificity of the library were performed using
FastQC v0.11.2, Picard-Tools v1.119, Samtools v1.0 and
RSeQC v2.3.9. Reads were mapped using STAR v2.4.0f1
(15) on the human hgl9 genome assembly, and read count
was performed using feature Count from SubRead v1.5.0
and normalized with DESeq2 (16) using ERCC spike-in
as the control gene. Gene expression estimation was per-
formed as described previously (17) using Human FAST
DB v2018_1 annotations. Genes were considered as ex-
pressed if their fragments per kilobase of transcript per
million mapped reads (FPKM) value was greater than the
FPKM of 98% of the intergenic regions (background), and
only genes expressed in at least one of the two condi-
tions were evaluated. For differential expression, we used
as thresholds fold change (FC) >1.5 and P-value <0.05.
Splicing analyses were performed taking into account
only exon reads and flanking exon—exon junction reads
(‘EXON’ analysis) to potentially detect new alternative
events that are differentially regulated (i.e. without limiting
them to known alternative events). The analysis was also
performed by taking into account known patterns (‘PAT-
TERN’ analysis) using the FAST DB splicing patterns an-
notation. ‘EXON’ and ‘PATTERN’ analyses are based on
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the splicing-index calculation as described (19,20). Results
were considered statistically significant for P-values <0.05
and FCs >1.5 for ‘PATTERN’ analysis, and P-values <0.01
and FCs >2.0 for ‘(EXON’ analysis. Significant results from
‘EXON’ and ‘PATTERN’ analyses were merged to obtain a
single list. Splice site scores were defined using MaxEntScan
(20). Polypyrimidine tract length, score and distance of the
branch point from the acceptor site were evaluated using
SVM-BPfinder (21). The number and score of poly(A) sites
were defined using APARENT (22).

Correlation of CDK7/12/13 expression with target genes
in pancreatic adenocarcinoma [The Tumor Genome Atlas
(TCGA), Firehose Legacy] was performed using the cBio-
Portal database (https://www.cbioportal.org/).

Reverse transcription—polymerase chain reaction (RT-PCR)
and quantitative PCR analysis

Total RNA was extracted using Trizol reagent (Life
Technologies-Thermo Fisher Scientific) or with the ‘Total
RNA Mini Kit’ (Geneaid). After digestion with R Nase-free
DNase (Life Technologies-Thermo Fisher Scientific), RNA
was resuspended in RNase-free water (Sigma Aldrich) and
reverse transcribed (1 pg) using M-MLV reverse tran-
scriptase (Promega) and oligo(dT) primers (Roche). 20
ng of cDNA was used as template for both conventional
PCR analysis (GoTaq, Promega) and quantitative real-time
PCR (qPCR) analysis (SYBR Green method, Roche). PCR
primers are listed in Supplementary Table S1.

Protein extraction and western blot

Cell pellets were resuspended in RIPA buffer [SO mM Tris—
HCI, 1% NP-40, 150 mM NacCl, 0.5% Na-deoxycholate,
2 mM EDTA and 0.1% sodium dodecylsulphate (SDS)]
supplemented with 2 mM Na-orthovanadate, 0.5 mM
sodium fluoride and Protease Inhibitor Cocktail (Sigma
Aldrich), 1 mM dithiothreitol (DTT) or 1 mM TCEP
[Tris(2-carboxyethyl)phosphine] for immunoprecipitation.
After 10 min incubation on ice, extracts were sonicated at
maximum intensity for 5 s, centrifuged for 10 min at 13
000 rpm (4°C) and supernatant fractions were resuspended
in SDS—polyacrylamide gel electrophoresis (PAGE) sample
buffer and boiled for 10 min.

For co-immunoprecipitation assays, nuclear extracts
were obtained by lysing MiaPaCa-2 cells in RSB10 buffer
(10 mM Tris—HCI pH 7.4, 10 mM NacCl, 2.5 mM MgCl,,
15 mM B-glycerophosphate, | mM TCEP, phosphatase and
protease inhibitors) followed by 15 min incubation on ice.
Cell lysates were then centrifuged for 8§ min at 700 g at 4°C.
The supernatant (cytoplasm) fraction was discarded, and
the nuclear pellet was lysed in RSB100 buffer [10 mM Tris—
HCI pH 7.4, 100 mM NacCl, 2.5 mM MgCl,, 0.5% (v/v)
Triton X-100, 15 mM B-glycerophosphate, 1 mM TCEP,
phosphatase and protease inhibitors], sonicated, layered on
a 30% sucrose pad in RSB100 and centrifuged for 15 min
at 7000 g at 4°C. The supernatant (nuclear) fraction was
collected, quantified and incubated at 4°C with the indi-
cated antibodies or control mouse/rabbit IgG and Protein
G magnetic beads (Life Technologies-Thermo Fisher Scien-
tific). Beads were washed three times with RBS100 buffer,
eluted in SDS-sample buffer and analysed by SDS-PAGE.

Cell fractionation to isolate chromatin-associated, nu-
cleoplasmic and cytoplasmic proteins was performed as
previously described (23). The isolated fractions were
separated by SDS-PAGE, transferred to polyvinylidene
fluoride (PVDF) membranes and incubated with pri-
mary antibodies (overnight at 4°C) for the following
proteins: RNAPII (Santa Cruz, 8WG16; Cell Signaling,
14958), SF3b155/SAP155 (Bethyl, A300-996A), phospho-
ser2 RNAPII (Millipore, 04-1571), phospho-ser5 RNAPII
(Millipore, 04—-1572), TUBULIN (Cell Signaling, 2146), H3
(Abcam, ab1791), U1-70k (Santa Cruz, sc-390899), CDK 12
(Cell Signaling, 11973S), CDKI13 (Merck, sab2700810),
CDK7 (Cell Signaling, 2916), PRP6 (Santa Cruz, sc-
13253), PRP§ (Santa Cruz, sc-30207), UlA (Santa Cruz,
sc-376027), PARPI1 (Cell Signaling, 9542), yH2AX (Cell
Signaling, BK9718S) and HSP90 (Santa Cruz, sc-13119).
Secondary anti-mouse or anti-rabbit IgGs conjugated to
horseradish peroxidase (Amersham, UK) were incubated
for 1 h at room temperature (1:5000). Immunostained bands
were detected by the chemiluminescence method (24).

Isolation of nascent transcripts

Transcription of cells was blocked by treatment with 100
wM 5,6-dichlorobenzimidazole riboside (DRB) for 6 h. In
the last hour, 200 nM THZ531 was added and maintained
for 30 min after DRB removal. In these last 30 min, nascent
RNAs were labelled with 1000 wM 4-thiouridine (4sU). For
isolation of 4sU-labelled RNA, 50 pg of total RNA ex-
tracted with Trizol (Life Technologies-Thermo Fisher Sci-
entific) was biotinylated with EZ-Link Biotin-HPDP (Life
Technologies-Thermo Fisher Scientific) and isolated us-
ing the pMacs Streptavidin Kit (Miltenyi) according to
the manufacturer’s instructions. RNA was resuspended in
RNase-free water (Sigma Aldrich) and reverse transcribed
using M-MLV reverse transcriptase (Promega) and random
primers (Roche).

Cell viability and cytotoxicity assays

Cells were seeded in a 96-well plate and imaged at x10
magnification in an IncuCyte SX5 Live-content imaging
system (Essen Bioscience) at 37 °C with 5% CO,. For cell
viability assay, the images were acquired every 6 h for 4
days (four images/well) and analysed using IncuCyte Cell-
by-Cell analysis software to detect and quantify live cells.
For cytotoxicity assays, cells were labelled with the Cytotox
Green Dye (Sartorius) to detect the dying cells, and with
Nuclight Rapid NIR (Sartorius) to detect the nuclei of all
cells in the dish. Four images/well were acquired after 96 h
and analysed using the IncuCyte Cell-by-Cell software.

Cell cycle analysis

Cells were fixed in 70% ethanol-phosphate-buffered saline
(EtOH-PBS) and stored at —20°C overnight. The cell cycle
was evaluated by flow cytometry using 7-aminoactinomycin
D (7-AAD; 2.5 pg/ml, Biotium) in the presence of RNase
A (1 pg/ml). A total of 20 000 events were counted with
a CytoFlex flow cytometer (Beckman) and analysed using
FlowlJo v.10 software (Becton Dickinson).
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RNA immunoprecipitation (RIP) and UV-cross-linking and
RNA immunoprecipitation (CLIP) experiments

RNA immunoprecipitation (RIP) assays were performed as
previously described (25) with some modifications. Briefly,
MiaPaCa-2 nuclear extracts were pre-cleared for 1 h with
Dynabeads Protein G (Life Technologies-Thermo Fisher
Scientific) under rotation at 4°C. A total of 1 mg of nu-
clear extract was incubated with 3 mg of specific primary
antibody (anti-SF3b155/SAP155, Bethyl) or IgGs (nega-
tive control, Sigma Aldrich) overnight at 4°C under rota-
tion. Next, Dynabeads Protein G were added to the ex-
tracts and incubated for 2 h at 4°C under rotation. Im-
munoprecipitates were washed three times with RIPA buffer
supplemented with Protease Inhibitor Cocktail (Sigma
Aldrich) and RNase inhibitor 40 U/ml (Promega), re-
suspended in 100 wl of TE buffer (10 mM Tris, 1 mM
EDTA pH 8.0) supplemented with 1% SDS, 10 mM DTT
and 40 U/ml RNase inhibitor, and incubated for 1 h at
70°C to reverse cross-linking. After treatment with pro-
teinase K (Roche) for 1 h at 55°C, RNA was isolated
(miRNeasy micro kit, Qiagen), DNase treated (Qiagen), re-
verse transcribed (M-MLYV reverse transcriptase, Promega)
and used for qPCR analysis (SYBR Green method,
Roche). Each sample was normalized with respect to its
input.

CLIP experiments were performed as described (26). Af-
ter irradiation with UV (400 mJ/cm?) on ice in PBS and
preparation of the extracts (26), 1 mg/ml of extract from
MiaPaCa-2 cells treated with 200 nM THZ531 or DMSO
for 3 h was pre-cleared for 1 h and then immunoprecipi-
tated using 3 wg of SF3b155/SAPI155 (Bethyl, A300-996A),
or IgGs as negative control, in the presence of Protein G
Dynabeads (Thermo Fisher Scientific, Invitrogen) and 10
wl of RNase I (Ambion) diluted 1:1000. Then 20% of cell
extract (0.2 mg) was collected and used as input. After 2
h of incubation, samples were washed and treated for 1 h
with proteinase K (50 pg) at 55°C. RNA was isolated using
the miR Neasy Micro Kit (Qiagen), reverse transcribed with
random primers and used for qPCR analysis. Primers used
are listed in Supplementary Table S1.

RESULTS

Inhibition of transcriptional CDKs causes widespread intron
retention

CDK7, CDKI12 and CDK13 have been recently shown to
play a role in regulation of RNA processing (6-8). To fur-
ther investigate this issue, we analysed a dataset of pan-
creatic ductal adenocarcinoma (PDAC) cells (MiaPaCa-2)
treated with the CDK7/12/13 inhibitor THZ1 (6 h, 100
nM; GSE121273), as this cell line was shown to be highly
sensitive to this drug (27). Bioinformatics analysis high-
lighted thousands of genes regulated by THZ1 at the alter-
native splicing (AS) level in MiaPaCa-2 cells. Most of these
splicing-regulated genes (68,9%) were also regulated at the
overall gene expression (GE) level (Figure 1A; Supplemen-
tary Table S2). In addition to the expected changes in the
alternative first exon (19% of total events), which are related
to transcriptional regulation, the most represented THZ1-
regulated splicing patterns were ALEs (10%), IR (9%) and
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exon cassettes (8%) (Figure 1B; Supplementary Table S3).
It is noteworthy that while THZ1-regulated alternative first
exons were under-represented with respect to their expected
frequency in the reference FAST-DB database (18), ALE,
IR and exon cassette patterns were over-represented (Fig-
ure 1C). We also noted that more than half (53%) of the
THZI1-modulated AS events were not annotated as alter-
native events (referred to as unannotated) in the FAST-
DB database (Figure 1B). Manual inspection revealed that
90% of the unannotated events are intronic (Figure 1D;
Supplementary Table S3). Thus, collectively, IR regula-
tion accounted for >55% of total THZ1-modulated events
(Figure 1E), indicating that CDK7/12/13 inhibition preva-
lently affects the splicing of alternative and constitutive
introns.

Most IR events (70%) were down-regulated in cells
treated with THZ1 (Figure 1F), suggesting that the
widespread transcriptional block exerted by THZI1 (27)
allows post-transcriptional splicing of these weaker in-
trons. However, a substantial number of IR events (30%)
were up-regulated (Figure 1F), indicating that inhibition of
CDK7/12/13 impaired their splicing. Functional annota-
tion of genes characterized by increased IR highlighted key
tumorigenic pathways, such as ‘hippo signalling’, ‘cell cy-
cle’ and ‘apoptosis’ (Figure 1G), whereas genes whose in-
trons were down-regulated by THZI1 treatment were en-
riched in terms related to RNA transport and translation
and to metabolic pathways (Figure 1H). qPCR analysis
of eight arbitrarily selected genes (CDKI2, TEADI, SER-
PINBY, E2F3, CCNBI, LMF2, COMTDI and DEF6) in in-
dependent MiaPaCa-2 cell samples indicated the reliability
and reproducibility of the RNA-seq data and of our bioin-
formatics analysis (Supplementary Figure S1).

THZ1 treatment leads to widespread retention of introns 5’
of the regulated genes

Metagene analysis showed that up-regulated IR events
were mainly distributed in the promoter-proximal region of
genes, particularly in the first and second introns (45.6% of
all up-regulated introns; Supplementary Table S4), whereas
down-regulated introns tended to accumulate toward the
distal region of genes (Figure 2A). The genes displaying
up-regulation of the first or second intron were signifi-
cantly more regulated at the GE level (higher fold differ-
ence) with respect to genes regulated in all other introns
(Figure 2B). Moreover, they also showed a higher percent-
age of overlap with GE-regulated genes (Figure 2C, left
panel). The larger extent of overlap with GE regulation
was not due to their closer proximity to the transcription
start site, because it was not observed in proximal introns
that were down-regulated by THZI treatment (Figure 2C,
right panel). These results suggest that increased retention
of proximal introns upon treatment with THZ1 may im-
pair expression of the full-length transcript. Indeed, visual
inspection of select genes in this group highlighted the de-
crease in read coverage beyond the retained intron. As ex-
emplified by the POLH and SOGAI genes, read coverage
in the first exon was almost unchanged in THZ1-treated
cells, indicating that transcription started correctly, whereas
it was significantly reduced beyond intron 1 in POLH and
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Figure 1. Inhibition of transcriptional CDKs causes widespread intron retention. (A) Venn diagram showing the overlap between genes regulated at the
gene expression (GE) and alternative splicing (AS) level by THZI1 (6 h, 100 nM). Statistical analyses were performed by Fisher’s exact test. (B) Pie chart
showing percentages of the indicated splicing patterns affected by THZI1. (C) Bar graph showing percentages of events annotated in FAST-DB (white
columns) and of those regulated by THZ1 treatment (grey columns) within each AS pattern. Statistical analyses of comparisons between THZ1-regulated
events and their expected representation in the reference database were performed by modified Fisher’s test. (D) Pie charts showing percentages of intronic
or exonic events in unannotated events. (E) Pie charts showing percentages of intronic or exonic events in total events. (F) Pie charts showing percentages
of up- and down-regulated introns in THZ1-treated cells. (G and H) Gene Ontology of up- and down-regulated IR events performed by the g-profiler tool.

intron 2 in SOGAI (Figure 2D). Analysis by qPCR con-
firmed that short-term treatment (6 h) with THZ1 leads
to concomitant increase in the proximal intron and re-
duction in downstream portions of the transcript in both
POLH and SOGAI (Figure 2E-H), as well as in other
genes (PCFIlI, NUFIP2, CDKI2, CDKI3, AEBP2 and
DDX21) that shared these features (Supplementary Figure
S2). These observations suggest that retention of proximal
introns leads either to stalling of the RNAPII within the
transcription unit or to premature termination of the tran-
script, thus causing the overall down-regulation of gene ex-
pression.

CDK12/13 kinase activity is required for optimal splicing of
THZ1-regulated proximal introns

THZ1 was initially shown to be highly selective for CDK7
(28). However, subsequent studies revealed that this drug
also potently inhibits the highly related CDKI12 and
CDK13 kinases (29,30).To investigate which CDK(s) is re-
sponsible for the up-regulated IR events, we employed the
specific CDK7 inhibitor SY-1365 (31) and the CDK12/13
inhibitor THZ531 (30) (Figure 3A). First, parallel dose—
response curves identified the minimal concentration ex-
erting the maximal effect on cell proliferation for SY-1365
(33 nM) and THZ531 (100 nM) (Figure 3B). Next, qPCR
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Figure 2. THZI treatment leads to widespread retention of proximal introns. (A) Metagene representation of IR location within the gene body. (B) Bar
graph showing GE fold change between the first and second introns and all other introns. Statistical analysis was performed by Student’s test. (C) Bar
graph showing percentages of IR genes that were regulated at the GE level or not between the first and second up-regulated introns and all other introns
(left panel) and between the first and second up-regulated and down-regulated introns (right panel). Statistical analyses were performed by Fisher’s exact
test. (D) Graphic representation of POLH and SOGAI genes showing the IR event in the first intron and the reduction in read coverage in downstream
portions of the transcript after THZ1 treatment. (E-H) Visualization of the RNA-seq reads profile of the intron-retaining region and PCR primer strategy
used in POLH (E) and SOGAI (G) genes. Bar graphs showing the results of qPCR analyses for the expression of the retained first intron (ex1-intl) and
the reduction in downstream portions of the transcript (ex5-ex6) in POLH (F) and SOGAI (H) genes relative to FKBP9Y. Data represent the mean of
at least three independent experiments with relative standard devation (SD). Statistical analyses were performed by Student’s test *P <0.05; **P <0.01;

kP <0.001.
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Figure 3. CDK12/13 kinase activity is required for optimal splicing of THZ1-regulated proximal introns. (A) Schematic representation of the substrates
inhibited by THZ1 (CDK?7, CDK12 and CDK13), SY-1365 (CDK?7) and THZ531 (CDK12/13). (B) Proliferation assays of MiaPaCa-2 cells after 72 h
of THZI1, THZ531 and SY-1365 treatment at the indicated doses. Data represent the mean of at least three independent experiments with relative SD. (C
and D) Bar graphs showing the results of qPCR analyses for the expression of the retained first intron (ex1-intl) in POLH and SOGAI genes relative to
FKBPY in cells treated for 6 h with THZ531 (100 nM) or SY-1365 (33 nM) (C) or knocked down for CDK12/13 (shCDK12/13) or CDK7 (shCDK7) or
transfected with empty vector (shCTRL) (D). Data represent the mean of at least three independent experiments with relative SD. Statistical analyses were
performed by one-way analysis of variance (ANOVA), *P <0.05; **P <0.01, ns = not significant. (E and F) Correlation of the expression of CDKI2 (E) or
CDKI13 (F) with that of POLH and SOGAI in patients from the pancreatic adenocarcinoma project (TCGA, Firehose Legacy). Statistical analyses were

performed by Pearson’s correlation coefficient (E and F).

analyses on representative genes showed that inhibition of
CDK12/13 by THZ531 was sufficient to induce proximal
IR, whereas SY-1365 exerted mild (POLH, NUFIP2 and
CCNBI) or no effect (SOGAI, DDX21, TEADI, E2F3 and
AEBP2) (Figure 3C; Supplementary Figure S3A). THZ531
elicited an effect stronger than THZ1 on these target in-
trons (Supplementary Figure S3B). Moreover, retention of
these THZ1-regulated introns was recapitulated by silenc-
ing of CDK12/13, but not of CDK7 (Figure 3D; Supple-
mentary Figure S3C-E). It is noteworthy that in most cases
the depletion of both kinases was more efficient than in-
dividual knockdown (Supplementary Figure S3F, G), indi-
cating a partially redundant role for CDK12 and CDK13
in the regulation of these introns. Lastly, we observed a
significant positive correlation between the expression of
CDK12 and CDK13 (Figure 3E, F; Supplementary Figure
S4A, B) and that of THZ1 target genes in PDAC patients
from TCGA database (https://www.cbioportal.org/; PDAC
Firehose Legacy). In contrast, CDK?7 expression showed
no or negative correlation with these genes (Supplemen-
tary Figure S4C). These results suggest that the widespread
retention of proximal introns induced by THZ1 is mainly
due to pharmacological inhibition of CDK12/13 kinase
activity.

CDK12/13 inhibition impairs splicing of proximal introns in
target genes

Recent evidence suggests that inhibition of CDK12, and
possibly CDK 13, causes premature termination of tran-
scripts by leading to activation of cryptic IPA sites and tran-
script cleavage (6-8). Thus, we asked whether proximal in-
trons retained upon THZI treatment are characterized by
features that favour their IPA. To address this question, we
compared all introns located in the proximal region of genes
(introns 1 and 2) for all groups (Supplementary Table S5).
Our analysis indicated that the density of pAs (number of
pAs/kb of intron) was not significantly different between in-
trons that are up- or down-regulated by THZ1, and for both
groups was lower than that found in constitutive introns (in-
trons always spliced in the reference database) or in introns
of genes regulated by THZ1 only at the GE level (Supple-
mentary Figure SSA). Likewise, pAs located in up-regulated
introns were not characterized by increased strength with
respect to constitutive and down-regulated introns, or to
introns of GE-only-regulated genes (Supplementary Figure
S5B). These observations suggest that proximal retained in-
trons are not intrinsically prone to IPA.

To experimentally test whether the increase in intronic
reads was primarily due to an IPA event in the intron or,


https://www.cbioportal.org/;

rather, to defective splicing imposed by CDK12/13 inhi-
bition, we analysed processing of nascent transcripts. To
this end, transcription was blocked by treatment of cells
for 6 h with DRB, a CDKD9 inhibitor that stalls RNAPII
at the beginning of the gene (32). THZ531 was added in
the last hour of treatment and maintained after DRB re-
moval, when transcription restarts and progressively pro-
ceeds within the transcription unit (Supplementary Figure
S5C). Nascent RNAs were then labelled with 4sU in the first
30 min after cells were released from the DRB block (Fig-
ure 4A), and immunopurified (33). Analysis by qPCR of
nascent transcripts from the POLH, SOGAIl and AEBP2
genes showed that transcription does not stop following re-
tention of the intron, as downstream regions of the gene unit
(exon 5-exon 6) were equally detected in control (DMSO)
and THZ531-treated cells (Supplementary Figure S5D, E).
However, THZ531 caused a splicing defect in the proximal
introns, as highlighted by the significant accumulation of
pre-mRNA containing both the 5" and 3’ splice sites of the
intron with respect to the spliced mRNA (Figure 4B, C;
Supplementary Figure SSF). In contrast, the splicing effi-
ciency of the downstream intron 5 was not significantly af-
fected by the treatment (Figure 4B, C; Supplementary Fig-
ure SS5F). Thus, our data suggest that CDK12/13 inhibition
impairs splicing of these proximal introns, an effect that may
then favour the premature cleavage of the transcript at cryp-
tic IPA sites, as previously reported in other cell types (6,7).

Proximal introns regulated by CDK12/13 activity are char-
acterized by weak 3’ splice sites

Next, we asked whether the proximal introns whose splic-
ing is susceptible to CDK12/13 inhibition display spe-
cific structural features that distinguish them from down-
regulated introns or other non-regulated alternative in-
trons (reference IR). Bioinformatics analyses of proximal
introns (Supplementary Table S5) from genes expressed
in MiaPaCa-2 cells indicated that up-regulated introns
are longer than down-regulated and reference introns, but
shorter than constitutively spliced introns (reference con-
stitutive) and introns from genes regulated by THZ1 only at
the GE level (reference GE-regulated; Supplementary Fig-
ure S6A). This result suggested that intron length is not suf-
ficient to cause susceptibility to CDK inhibition. Likewise,
while up-regulated introns were characterized by higher
GC content than constitutive introns and those of refer-
ence GE-regulated genes, they were less GC-rich than ref-
erence IR introns (Supplementary Figure S6B). However,
up-regulated introns were characterized by a significantly
weaker 3’ splice site with respect to all other intron cate-
gories (Figure SA). In contrast, the strength of the 5’ splice
site was comparable with that of constitutive introns and
stronger than that of reference IR (Figure 5A).

Activation of the 3’ splice site requires recognition of the
branchpoint by the U2 snRNP, which is aided by binding
of the U2 auxiliary factors U2AF65 and U2AF35, respec-
tively, to the polypyrimidine tract and the invariant AG
dinucleotide at the 3’ end of the intron (34). The strength
of the branchpoint and of the polypyrimidine tract of up-
regulated introns was similar to that of down-regulated
and reference IR introns (Supplementary Figure S6C, D).
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However, the distance between the branchpoint and the
polypyrimidine tract was significantly larger in up-regulated
introns (Supplementary Figure S6E), thus causing a wider
distance and a lower percentage of pyrimidines between the
branchpoint and the 3’ splice site (Figure 5B, C). The same
features (i.e. weaker 3’ splice site, greater distance from the
branchpoint and 3’ splice site, and a lower percentage of
pyrimidines between the branchpoint and the 3’ splice site)
were also observed in proximal introns retained by THZ531
treatment of ovarian cancer cells (GSE222493; Supplemen-
tary Figure S6F-H; Supplementary Table S6). Together,
these results suggest that inhibition of CDK12/13 impairs
productive splicing of introns characterized by weak 3’
splice sites that are more distant from the branchpoint.

CDK12/13 inhibition impairs the physical interaction of
SF3B1 with RNAPII

A key step for the recognition of the 3’ splice site by the U2
snRNP is represented by binding of SF3B1 to the branch-
point sequence at the early stage of spliceosome assembly
(35). We found that SF3B1 tightly interacts with RNAPII
in an RNA-independent manner in MiaPaCa-2 cells (Fig-
ure 6A). Since interaction of RNAPII with RNA process-
ing factors is strongly regulated by post-translational mod-
ifications of its CTD, we then asked whether SF3B1 asso-
ciates with RNAPII phosphorylated on Ser2 or Ser5, the
two main modifications of the CTD associated with tran-
scription elongation and splicing in the gene body (2,3).
To this end, we immunoprecipitated SF3B1 and quanti-
fied the enrichment of total, phospho-Ser2 and phospho-
Ser5 RNAPII co-immunoprecipitated with this factor. Our
analysis indicated that phospho-Ser2 RNAPII was co-
immunoprecipitated much more efficiently by SF3B1 than
total or phospho-Ser5 RNAPII, as measured by enrich-
ment with respect to the input of the immunoprecipitated
nuclear extract (Figure 6B). Since co-transcriptional splic-
ing is favoured by the interaction between phosphory-
lated RNAPII and spliceosome components (36), we asked
whether inhibition of CDK12/13 affected this interaction.
As expected, treatment with THZ531 (200 nM, 3 h) pref-
erentially inhibited Ser2 phosphorylation of RNAPII (Fig-
ure 6C). Strikingly, this effect was accompanied by a strong
repression of the interaction between SF3B1 and RNAPII
(Figure 6D), indicating that it relies on Ser2 phosphory-
lation of the CTD. The interaction between RNAPII and
SF3B1 was also compromised at an earlier time point of
CDK12/13 inhibition (1.5 h; Supplementary Figure S7A,
B), when transcription of new pre-mRNAs is not sup-
pressed (Supplementary Figure S5D, E). Moreover, the in-
teraction between RNAPII and the Ul snRNP protein
UI1A was not affected by treatment with THZ531 for 90—
180 min (Figure 6D; Supplementary Figure S7B), ruling
out a general impairment of spliceosome recruitment by the
RNAPII upon CDK12/13 inhibition. Uncoupling of the
SF3B1-RNAPII interaction by inhibition of CDK12/13
for 90-180 min resulted in release of SF3B1 from the chro-
matin, where splicing of most introns occurs (37), and its
accumulation in the nucleoplasm (Figure 6E; Supplemen-
tary Figure S7D). Interestingly, the chromatin-bound frac-
tion of other core proteins such as PRP6, PRP8 and U170K
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Figure 6. CDKI12/13 inhibition impairs the physical interaction of SF3B1 with RNAPII. (A) Representative western blot analysis of the co-
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was not significantly affected by the treatment (Figure 6E;
Supplementary Figure S7C), ruling out indirect effects due
to transcription inhibition and overt spliceosome disassem-
bly from the chromatin. In support of this hypothesis, inhi-
bition of CDK?7 (1.5 h) by treatment with SY-1365, which
predominantly affected Ser5S phosphorylation, did not trig-
ger release of SF3B1 from the chromatin (Supplementary
Figure S7E). More importantly, RIP and CLIP assays in-
dicated that treatment with THZ531 significantly reduced
binding of SF3B1 to the 3’ splice site region of POLH and
SOGAI intron 1 (Figure 6F, G). Collectively, these results
suggest that CDK12/13-mediated Ser2 phosphorylation of
RNAPII promotes its association with SF3B1 and the re-
cruitment of this splicing factor to proximal introns char-
acterized by weak 3’ splice sites.

THZ531 synergizes with spliceosome inhibition in IR regula-
tion and suppression of cell proliferation

Since CDK12/13 inhibition affected the recruitment of
SF3BI to the target introns, we asked whether pharmaco-
logical inhibition of SF3B1 would also affect splicing of
these proximal introns. In line with our hypothesis, treat-
ment with PdB (10 nM, 6 h), an SF3BI1 inhibitor that im-
pairs recognition of the branchpoint site by the U2 snRNA
(38,39), increased retention of THZ531 target introns (Sup-
plementary Figure S8§A). These results indicated that op-
timal SF3BI1 function is required for efficient splicing of
CDK12/13 target introns.

THZ531 (interaction with RNAPII) and PdB (recogni-
tion of branchpoint) target different SF3B1 features. Thus,
we asked whether they could synergize in promoting re-
tention of proximal introns in these model genes. To this
end, MiaPaCa-2 cells were treated with suboptimal doses
of THZ531 (50 nM; Figure 3B) and PdB (3.3 nM; Sup-
plementary Figure S8B), either alone or in combination.
At these doses, THZ531 and PdB caused mild or no effect
on POLH, SOGAI, AEBP2 and DDX21 proximal introns,
whereas combined administration restored their strong re-
tention (Figure 7A; Supplementary Figure S8C). Similar
results were also observed in MDA-MB-231 cells, a triple-
negative breast cancer (TNBC) cell line previously shown
to be sensitive to CDK12/13 inhibition (40) (Supplemen-
tary Figure S9A). These results suggest that cooperation
between CDK12/13 and SF3BI1 is required for the efficient
splicing of THZ531-sensitive introns.

The suboptimal doses of THZ531 and PdB that were in-
effective in inducing IR also elicited mild effects on cell pro-
liferation (Figure 7B). However, consistent with their syn-
ergic effects on IR, combined treatment with suboptimal
doses of the two inhibitors significantly reduced cell pro-
liferation with respect to either drug alone (Figure 7B). Re-
duced growth by combined THZ531/PdB treatment was ac-
companied by enhanced cell death (Figure 7C) and by in-
creased levels of cleaved PARP1 and phosphorylated H2Ax
(yH2AX) (Figure 7D), two markers of apoptosis. Similar
results were also observed in MDA-MB-231 cells (Supple-
mentary Figure S9B, C).

Retained proximal introns were enriched in genes in-
volved in the cell cycle and cell proliferation (Figure 1G;
Supplementary Figure S1), such as E2F3, which encodes

a transcription factor that promotes proliferation, and
CCNBI, which encodes the mitotic cyclin Bl. Thus, we
tested whether the synergic effect of THZ531 and PdB on
IR regulation resulted in a similar effect on cell cycle pro-
gression. As previously reported for other cell lines (7,41),
treatment of MiaPaCa-2 cells with optimal concentrations
of either drug caused a significant increase in the G,/M
phase and a concomitant reduction of cells in the G| phase
(Figure 7E, F). In contrast, suboptimal doses of either
THZ531 or PdB had minimal effects on cell cycle distribu-
tion (Figure 7G, H). However, their combined administra-
tion recapitulated the dysregulation of cell cycle progression
observed with either drug at optimal concentration (Fig-
ure 7G, H), further confirming their synergic effect on cell
proliferation and survival. These results support the notion
that CDK12/13 inhibition impairs splicing of proximal in-
trons by interfering with SF3B1 function at the 3’ splice
site, with strong consequences on cell proliferation and
survival.

DISCUSSION

In this study, we report that inhibition of CDK7/12/13 ac-
tivity by the covalent inhibitor THZ1 leads to widespread
splicing dysregulation, primarily by affecting the regulation
of intron splicing. We particularly focused on a subset of
promoter-proximal introns (introns 1 and 2) that are signif-
icantly retained upon THZI treatment, because they were
enriched in genes with strong relevance for cancer. By using
specific inhibitors and knockdown approaches that distin-
guish between these CDKs, we show that efficient splicing
of these proximal introns relies on the activity of CDK12
and CDK 13, whereas selective inhibition of CDK7 exerted
mild or no effect. Interestingly, retention of these proxi-
mal introns leads to significant reduction of gene expres-
sion, probably due to premature termination of the tran-
script. Indeed, we observed a clear reduction in read cov-
erage downstream of the retained introns and a significant
overlap between genes characterized by promoter-proximal
IR and GE changes. These results suggest that CDK12/13
are required for the efficient splicing of a specific class of
introns, which are enriched in the 5 region of the transcrip-
tion unit.

Previous data suggested that CDK12/13 promote the
elongation rate of RNAPII within the gene body by phos-
phorylating Ser2 in its CTD (4). The fast elongation
rate is also required to prevent usage of cryptic pA sites
present in introns, which would cause premature termina-
tion of the transcript if actioned. Accordingly, inhibition
of CDK12/13 was shown to induce widespread IPA, par-
ticularly in genes characterized by long introns (6,7). Al-
though the mechanism was not fully elucidated, these ob-
servations suggested that the slow pace of RNAPII within
long introns extends the window of opportunity for recog-
nition and usage of cryptic pA sites by the cleavage and
polyadenylation machinery before the 3 splice site is tran-
scribed at the other end of the intron. However, our analysis
of pulse-labelled nascent transcripts showed that transcrip-
tion proceeds beyond the retained intron in cells treated
with THZ531, suggesting that CDK12/13 inhibition im-
poses a specific splicing defect in a select class of introns.
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Figure 7. THZ531 synergizes with spliceosome inhibition in IR regulation and suppression of cell proliferation. (A) Results of qPCR analyses for the
expression of the retained first intron in POLH and SOGAI genes relative to FKBP9 in MiaPaCa-2 cells treated with suboptimal doses of THZ531 (50
nM) and PdB (3.3 nM) either alone or in combination for 6 h (mean of at least three independent experiments with relative SD). Statistical analyses were
performed by one-way ANOVA, ***P <0.001. (B) Cell proliferation analysis of MiaPaCa-2 cells treated with suboptimal doses of THZ531 (25 nM) and
PdB (1 nM) either alone or in combination (mean of at least three independent experiments with relative SD). Statistical analyses are reported in light blue
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were performed by two-way ANOVA *P <0.05; **P <0.01; ***P <0.001. (C) Representative images and bar graph of MiaPaCa-2 cells labelled with
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analyses were performed by one-way ANOVA, ***P <0.001. Scale bar 150 pm. (D) Representative western blot analysis of PARP1, yH2AX, H3 and
HSP90 in MiaPaCa-2 cells treated for 48 h as indicated. (E-H) Fluorescence-activated cell sorting (FACS) analyses showing DNA content (7-AAD) to
evaluate the cell cycle state of MiaPaCa2 cells after 24 h at optimal (E) or suboptimal doses (G) of the indicated drugs. Bar graphs (F and H) show the

percentage of cells in Gy, S and G, phase. Data represent the mean of four independent experiments with relative SD. Statistical analyses were performed
by one-way ANOVA, *P <0.05; **P <0.01; ***P <0.001.
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Thus, IPA of CDK12/13 target transcripts may represent
the consequence of prolonged IR due to inefficient splicing.

To understand why some introns are particularly suscep-
tible to CDK12/13 inhibition, we analysed their sequence
features. Since the retained introns were mainly in the prox-
imal region of the target genes, and intron 1 is generally
longer than downstream introns, we performed compara-
tive analyses with other proximal introns (introns 1 and 2)
that are not affected by the treatment. In line with previ-
ous data (7), we observed that up-regulated introns are sig-
nificantly larger than non-regulated and down-regulated IR
events. However, increased size does not appear to be suf-
ficient, as constitutive proximal introns not affected by the
treatment are significantly larger than THZ1-up-regulated
introns. Moreover, up-regulated introns were also signifi-
cantly shorter than proximal introns of other genes that are
regulated by THZ1 only at the GE level. Thus, although
large size may contribute to IR, it does not appear to rep-
resent the primary cause. On the other hand, we found
that up-regulated proximal introns display a weak 3’ splice
site with respect to all other intron categories tested. Up-
regulated introns were also characterized by a greater dis-
tance of the 3’ splice site from the branchpoint, a feature
that also diminishes the strength of the splice site (42). Im-
portantly, the same structural features were also found in
proximal introns up-regulated by treatment of ovarian can-
cer cells with THZ531, supporting the hypothesis that their
impaired splicing is caused by CDK12/13 inhibition and
that the activity of these kinases is required for the efficient
recognition of weak 3’ splice sites by the U2 snRNP. Ac-
cordingly, these introns were also sensitive to PdB, an in-
hibitor of the U2 snRNP component SF3B1 that recognizes
the branchpoint sequence and favors U2 snRNP recruit-
ment to the 3’ splice site (35). Mechanistically, we found
that SF3B1 preferentially associates with RNAPII phos-
phorylated on Ser2, and that THZ531 suppresses this inter-
action by inhibiting Ser2 phosphorylation. This regulation
reduces the association of SF3B1 with the chromatin and
its recruitment to the 3’ splice site of CDK12/13 target in-
trons. Our data also indicate that efficient coupling between
SF3B1 and RNAPII specifically requires Ser2 phosphory-
lation of the CTD, and not optimal transcription efficiency.
Indeed, reduction of Ser5 phosphorylation by CDK?7 inhi-
bition, which also impacts on transcription (14,31), did not
impair the association of SF3B1 with the chromatin and
did not induce retention of these proximal introns. Thus,
we suggest that inhibition of CDK12/13 specifically impairs
splicing of introns with a weak 3’ splice site by uncoupling
SF3B1 from RNAPII and by reducing the efficiency of its
recruitment to the pre-mRNA. In this scenario, the prema-
ture cleavage of the transcript at cryptic IPAs observed in
other cell types (6,7) may be the consequence of the accu-
mulation of intron-containing transcripts and impairment
of spliceosome assembly at the 3’ end of the intron.

Direct (PdB) or indirect (THZ531) inhibition of SF3B1
strongly suppressed cell cycle progression and proliferation.
Since the two inhibitors acted on SF3B1 by different mech-
anisms, we reasoned that they may cooperate. Indeed, sub-
optimal doses of these inhibitors exerted a synergic effect on
IR of target genes, as well as on proliferation and cell death.
Cell cycle progression was specifically blocked at the G,/M

transition by the two drugs, and this effect may directly cor-
relate with increased IR and down-regulation of genes in-
volved in this phase, such as E2F3 and CCNBI. The syner-
gic effect observed with combined inhibition of CDK12/13
and SF3B1 may have clinical relevance. Indeed, mounting
evidence points to splicing dysregulation as a therapeutic
vulnerability in human cancers, particularly for tumours
driven by MYC amplification. It is noteworthy that both
MiaPaCa-2 and MDA-MB231 cells used in our study ex-
press high levels of MYC (27,43), and MYC up-regulation
is known to cause a transcriptional overload that imposes
a stress on the splicing machinery, rendering the cell par-
ticularly vulnerable to splicing inhibitors. However, past
clinical trials using the PdB derivative E7107 failed due to
the adverse effects caused by the treatment (39,44). Novel
and potentially less toxic PdB derivatives are currently be-
ing tested in clinical trials (45). Thus, the possibility to re-
duce the dose of splicing inhibitors by combined treatment
with CDK12/13 inhibitors may enhance their clinical per-
formance by limiting adverse toxic effects. This combined
approach may be particularly relevant for tumours charac-
terized by poor prognosis and lack of targeted approaches,
such as PDAC and TNBCs. Notably, these cancers fre-
quently display up-regulation of MYC (43,46) and were
shown to be selectively sensitive to inhibition of transcrip-
tional CDKs (27,40). Thus, our study suggests that com-
bined inhibition of CDK12/13 and the spliceosome may
represent a suitable therapeutic approach for cancers that
display M YC amplification or that are driven by oncogenic
dysregulation of transcription factors, such as Ewing sar-
coma (47) or prostate cancer (48).
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