Nucleic Acids Research, 2023, 51, 10970-10991
https://doi.org/10.1093/nar/gkad792
Advance access publication date: 9 October 2023

Gene regulation, Chromatin and Epigenetics

OXFORD

Inhibition of CDK12 elevates cancer cell dependence on
P-TEFb by stimulation of RNA polymerase Il pause release

Zhijia Wang ©1, Samu V. Himanen ©2, Heidi M. Haikala ©3-4, Caroline C. Friedel ©5,
Anniina Vihervaara ©2 and Matjaz Barbori¢ ©1-*

Department of Biochemistry and Developmental Biology, University of Helsinki, Helsinki FIN-00014, Finland

2Department of Gene Technology, KTH Royal Institute of Technology, Science for Life Laboratory, Stockholm, Sweden
%Translational Immunology Research Program (TRIMM), Research Programs Unit, Faculty of Medicine, University of Helsinki,
Helsinki FIN-00014, Finland

4iCAN Digital Precision Cancer Medicine Flagship, University of Helsinki, Helsinki FIN-00014, Finland

SInstitute of Informatics, Ludwig-Maximilians-Universitat Miinchen, 80333 Munich, Germany

"To whom correspondence should be addressed. Tel: +358 504482163; Email: matjaz.barboric@helsinki.fi

Abstract

P-TEFb and CDK12 facilitate transcriptional elongation by RNA polymerase Il. Given the prominence of both kinases in cancer, gaining a better
understanding of their interplay could inform the design of novel anti-cancer strategies. While down-regulation of DNA repair genes in CDK12-
targeted cancer cells is being explored therapeutically, little is known about mechanisms and significance of transcriptional induction upon
inhibition of CDK12. We show that selective targeting of CDK12 in colon cancerderived cells activates P-TEFb via its release from the inhibitory
7SK snRNP In turn, P-TEFb stimulates Pol |l pause release at thousands of genes, most of which become newly dependent on P-TEFb. Amongst
the induced genes are those stimulated by hallmark pathways in cancer, including p53 and NF-kB. Consequently, CDK12-inhibited cancer cells
exhibit hypersensitivity to inhibitors of P-TEFb. While blocking P-TEFb triggers their apoptosis in a p53-dependent manner, it impedes cell prolif-
eration irrespective of p53 by preventing induction of genes downstream of the DNA damage-induced NF-kB signaling. In summary, stimulation
of Pol Il pause release at the signal-responsive genes underlies the functional dependence of CDK12-inhibited cancer cells on P-TEFb. Our study
establishes the mechanistic underpinning for combinatorial targeting of CDK12 with either P-TEFb or the induced oncogenic pathways in cancer.
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Introduction maturation and chromatin modification (1-3). Transcription

Transcriptional cyclin-dependent kinases (tCDKs) phosphory-
late Tyr!Ser?Pro3Thr*Ser’Pro®Ser” heptad repeats within the
C-terminal domain (CTD) of the RPB1 subunit of RNA poly-
merase II (Pol IT) and Pol II accessory factors. This promotes
transitions between discrete phases of the transcription cycle
and links transcription with precursor mRNA (pre-mRNA)

initiation and promoter clearance is stimulated by CDK7. As
a part of the ten-subunit transcription factor TFIIH, CDK7
binds Cyclin H and Mat1 and is recruited to the Pol II pre-
initiation complex at gene promoters where it phosphorylates
Ser5 and Ser7 residues of the Pol II CTD. At the same time,
CDK?7 promotes 5’-end capping of pre-mRNA and facilitates
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promoter-proximal pausing of Pol II by stimulating the bind-
ing of DRB-sensitivity inducing factor (DSIF) and negative
elongation factor (NELF) with Pol II, which leads to its ar-
rest in an inactive conformation (1,4). Outside of TFITH, the
trimeric CDK7-cyclin H-Mat1 complex functions as a CDK-
activating kinase (CAK) for the Pol II elongation kinases pos-
itive transcription elongation factor b (P-TEFb), CDK12 and
CDK13 (5). The release of Pol II from pausing is triggered by
the recruitment of P-TEFb, composed of the catalytic CDK9
and a regulatory cyclin T1 or T2 subunit, which phosphory-
lates Ser2 residues across the CTD and its linker as well as
multiple positions within both pause-inducing factors (6,7).
These events convert DSIF into a positive elongation factor,
lead to dissociation of NELF from Pol II, and stimulate the
docking of the polymerase associated factor complex (PAFc)
and SPT6 onto Pol II and the CTD linker, respectively, en-
abling Pol II elongation to resume (8). Subsequently, highly
homologous CDK12 and CDK13 interact with cyclin K to
phosphorylate the CTD at multiple positions and to stimulate
processivity and elongation rate of Pol Il along gene bodies by
promoting the interaction of PAFc and SPT6 with elongating
Pol II, which facilitates production of full-length transcripts
(9-13). In keeping with their role during transcription, both
P-TEFb and CDK12 regulate alternative splicing of pre-
mRNA and proper transcription termination (14-19).
CDK12 has emerged as an important player in cancer. An
analysis of the genetic dependency data across 1070 cancer
cell lines from the Cancer Dependency Map (DepMap) project
has revealed that CDK12 is essential in close to 30% of cancer
cell lines, of which average knockout effects on cell viability
were similar to those of the cell-cycle oncogenes CDK4 and
CDKG6 (20). Genomic alterations of CDK12, which include
mutations, deletions, amplifications and rearrangements, were
documented in about thirty tumor types with an incidence
of up to 15% of cases (21). The best understood role of
CDK12 is its ability to enable genomic stability, where CDK12
promotes expression of unique sets of genes. First, CDK12
facilitates proper expression of long genes that function in
the homologous recombination (HR) DNA repair pathway,
DNA replication and cell-cycle. Therein, its activity counter-
acts a prevalence of intronic polyadenylation sites to suppress
premature pre-mRNA cleavage and polyadenylation (PCPA)
(9,10,22,23). Second, CDK12 stimulates translation of
mRNAs encoding key factors that dictate chromosome align-
ment and mitotic fidelity (24). Whereas disruption of these
CDK12 regulatory networks likely contributes to the ori-
gin of tandem DNA duplications that are a hallmark of ge-
nomic instability in cancers with biallelic CDK12 inactivation
(23,25,26), the requirement for HR gene expression has in-
vigorated efforts for therapeutic targeting of CDK12, partic-
ularly in combination with PARP inhibitors that are effective
in HR-deficient cancer cells (27-29). As outcomes of CDK12
alterations are context dependent, CDK12 has been reported
to function as a tumor suppressor and as an oncogene. For
example, CDK12 is a tumor suppressor in high-grade serous
ovarian carcinoma, wherein its recurrent loss-of-function mu-
tations prompt downregulation of HR genes, impairment of
DNA double-strand break (DSB) repair via HR and cellular
sensitivity to PARP inhibitors (30-32). Conversely, CDK12 is
co-amplified with the receptor tyrosine kinase (RTK) onco-
gene HER2 (also known as ERBB2) in many cases of breast
cancer, where it promotes migration and invasion of tumor
cells by downregulation of the nuclear isoform of DNAJB6
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via alternative last exon splicing (15). In addition, CDK12 can
act as a facilitator or an effector of oncogenic signaling path-
ways. While CDK12 facilitates activation of ERBB-PI3K-
AKT and WNT signaling pathways in HER2-positive breast
cancer through promoting transcription of an RTK adaptor
IRS-1 and WNT ligands genes, respectively (33), it is consti-
tutively activated by the hyperactive RAS-BRAF-MEK1 /2~
ERK1/2 signaling pathway in BRAF-mutated melanoma (34).

In contrast to CDK12, current evidence indicates that the
role of P-TEFb in cancer is chiefly, if not exclusively, onco-
genic. An analysis of the DepMap dataset shows that CDK9,
just like CDK?7, is essential for all cancer cell lines, of which
knockout displays even stronger average effects than the
knockout of KRAS or the cell-cycle CDK4 and CDK6 (20). Be-
cause cancer alterations of CDK9 do not affect its expression
or kinase activity in a majority of cases (35,36), many distinct
mechanisms likely account for the reliance on P-TEFb. For ex-
ample, genetic and epigenetic alterations in cancer cells, most
notably rearrangements of MLL1 and amplification of MYC,
respectively, lead to redirection of P-TEFb to the oncogenes’
loci, stimulating oncogenic transcription programs (37). Fur-
thermore, P-TEFb promotes enhancer-driven transcription of
MYC and MCL1 oncogenes and protein stability of MYC to
underwrite cancer cell dependency on these short-lived onco-
genic proteins (38—40). P-TEFb also stimulates transcription
of key transcription factors (TFs) of epithelial-mesenchymal
transition (EMT) to promote breast cancer EMT, invasion
and metastasis (41). Recently, P-TEFb has been shown to sup-
press mitochondria-mediated intrinsic apoptosis pathway via
facilitating transcription of key genes of the oncogenic PI3K-
AKT signaling cascade (42). Beyond its role in Pol II pause re-
lease, P-TEFb also promotes tumorigenesis by silencing tumor
suppressor and endogenous retrovirus genes through phos-
phorylation of an ATP-dependent helicase BRG1 of the BAF
chromatin remodeling complex, which is thought to keep this
chromatin remodeler off chromatin (43).

Transcriptional activity of P-TEFb is controlled by the 7SK
small nuclear ribonucleoprotein (snRNP), in which coordi-
nated actions of the scaffolding 7SK small nuclear RNA (7SK)
and three RNA-binding proteins (RBPs) inhibit the kinase.
While the 7SK y-methylphosphate capping enzyme MePCE
and La-related protein 7 (LARP7) stabilize 7SK to form the
tripartite core of 7SK snRNP, HEXIM1 interacts with 7SK of
the core to bind and inhibit P-TEFb (44,45). As 7SK snRNP
contains a major fraction of cellular P-TEFb, it acts as a molec-
ular reservoir from which active P-TEFb can be deployed in a
prompt and regulated manner to accommodate cellular tran-
scriptional needs in unison with stimuli-specific transcription
factors that recruit the released P-TEFb to promote target gene
activation. Indeed, a host of perturbations and stimuli, includ-
ing transcriptional blockade, genotoxic stress, viral infection
and cell growth, trigger activation of P-TEFb, whereby nu-
merous 7SK-binding factors have been proposed to release
P-TEFb enzymatically and/or allosterically via a large-scale
conformational switching of 7SK (45,46).

While CDK12-dependent transcription has been explored
extensively and harnessed in therapeutic settings, little at-
tention has been given to genes that are induced upon the
inhibition of CDK12. In principle, the induced genes could
elicit novel vulnerabilities and/or resistance mechanisms of
CDK12-targeted cancer cells. Intriguingly, transcriptional re-
sponses to CDK12 inhibition and ultraviolet (UV) irradi-
ation resemble each other in that they both show a gene
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length-dependent Pol II elongation effect, wherein tran-
scription of short genes is induced or remains unaltered,
whereas increasingly long genes become progressively re-
pressed (10,47,48). Importantly, while prolonged perturba-
tion of CDK12 increases DNA damage (9,27,28,31,32), the
release of P-TEFb from 7SK snRNP is a hallmark of cellu-
lar DNA damage response (DDR), whereby activated P-TEFb
shapes a transcriptional response enabling survival of stressed
cells (49,50). In this study, we investigated whether inhibi-
tion of CDK12 induces genes via activation of P-TEFb. Fur-
thermore, we explored the nature and functional significance
of the induced transcriptome. Our results show that inhibi-
tion of CDK12 stimulates P-TEFb and induces genes down-
stream of important cancer signaling pathways, which renders
cancer cells highly sensitive to P-TEFb inhibitors. Hence, our
study provides a rationale for elimination of cancer cells by
co-targeting the principal kinases that stimulate transcription
elongation by Pol II.

Materials and methods

Reagents

A list of reagents used in the study is provided in Supplemen-
tary Table S1.

Cell lines

HCT116 cell line and its derivatives were cultured in Mc-
Coy’s SA Medium (Merck) supplemented with 10% FBS
and 100 U/ml penicillin/streptomycin. CCD 841 CoN cell
line was cultured in Eagle’s Minimum Essential Medium
(Lonza) supplemented with 10% FBS and 100 U/ml
penicillin/streptomycin. All cell lines were maintained at 37°C
with 5% CO;. Cell lines were confirmed regularly to be
mycoplasma-free using a qPCR-based Mycoplasmacheck de-
tection kit (Eurofins). Cell lines were not authenticated by us,
but retrieved from trusted sources as listed in Supplementary
Table S1D.

Chemicals

NVP-2, THZ531 and MLN120B were from MedChemEx-
press. THZ532 and YLK-5-124 were a gift from Nathanael
S. Gray’s Laboratory (Stanford University, USA). iCDK9 was
a gift from Qiang Zhou’s Laboratory (University of Califor-
nia, Berkley, USA). 3-MB-PP1 was from Cayman Chemical.
KU-60019 was from Selleck Chemicals. TNF-« was from Pro-
teintech. For more information on the chemicals, see Supple-
mentary Table S1B.

Co-immunoprecipitation assay

HCT116 and HCT116 CDK12%/% cells grown on 60 mm
plates were treated as indicated at 90% confluency, after
which whole-cell extracts were prepared using 800 ul of ly-
sis buffer C (20 mM Tris—-HCI, 0.5% NP-40, 150 mM NaCl,
1.5 mM MgCl,, 10 mM KCIl, 10% Glycerol, 0.5 mM EDTA,
pH 7.9) on ice for 1 h in the presence of EDTA-free Protease
Inhibitor Cocktail (Merck) and cleared by centrifugation at
20 000 g for 15 min. Buffer C-equilibrated Dynabeads Pro-
tein G (Thermo Fisher Scientific) were incubated with 1 ug of
the anti-HEXIM1 antibody (Everest Biotech) for 2 h at 4°C
and washed three times with the lysis buffer prior to incu-
bation with 800 ul of the whole-cell extracts overnight at
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4°C. The beads were washed three times with the lysis buffer
and boiled in SDS loading buffer supplied with 10% of p-
Mercaptoethanol for 5 min. Proteins were separated using
SDS-PAGE, transferred to nitrocellulose membrane and an-
alyzed by Western blotting. Thirty pl of the whole-cell extract
was used as a loading control.

Western blotting assay and antibodies

Whole-cell extracts were prepared using lysis buffer C (20 mM
Tris-HCI, 0.5% NP-40, 150 mM NaCl, 1.5 mM MgCl,, 10
mM KCI, 10% Glycerol, 0.5 mM EDTA, pH 7.9) on ice for
1 h in the presence of EDTA-free Protease Inhibitor Cocktail
(Merck). Lysates were cleared by centrifugation at 20 000 g
for 15 min, boiled in SDS loading buffer supplied with 10%
of B-mercaptoethanol for 5 min, separated using SDS-PAGE,
transferred to nitrocellulose membrane and analyzed by west-
ern blotting. The following antibodies were used accord-
ing to manufacturers’ instructions: anti-CDK9 (Santa Cruz
Biotechnology, 1:4000); anti-p53 (Santa Cruz Biotechnology,
1:3000); anti-p21 (Santa Cruz Biotechnology, 1:4000); anti-
GAPDH (Santa Cruz Biotechnology, 1:10000); anti-HEXIM 1
(Everest Biotech, 1:000); anti-CDK12 (Cell Signaling Technol-
ogy, 1:1000); anti-CDK7 (Cell Signaling Technology, 1:1000).
Manufacturers provide validation for all antibodies. For more
information on the antibodies, see Supplementary Table STA.

Target engagement assay

HCT116 cells were treated with the indicated concentra-
tions of THZ531 or DMSO for the indicated time. Whole-
cell extracts were prepared using NP-40 lysis buffer (Thermo
Fisher Scientific) supplemented with complete protease in-
hibitor cocktail (Merck), PhosSTOP phosphatase inhibitor
cocktail (Merck) and 1 mM of Phenylmethanesulfonyl flu-
oride (Merck). The extracts containing 1 mg of total pro-
tein were first incubated with 1 uM of biotin-THZ1 at 4°C
overnight, after which the complexes were affinity purified
using 30 pl of streptavidin agarose beads for 2 h at 4°C. The
beads were washed three times with the lysis buffer and boiled
for 10 min in SDS loading buffer. The proteins were separated
using SDS-PAGE and analyzed by Western blotting. Fifty mi-
crograms of total protein was used as a loading control.

RNA extraction and RT-gPCR assay

HCT116 cells were seeded on 6-well plates for 16 h and
treated at 80% confluency with the indicated compound com-
binations and corresponding volume of DMSO. RNA samples
were extracted using TRI Reagent (Merck), DNase-treated
with the Turbo DNA-Free kit (Thermo Fisher Scientific),
and reverse transcribed with M-MLV reverse transcriptase
(Thermo Fisher Scientific) and random hexamers (Thermo
Fisher Scientific) according to the manufacturers’ instructions.
qPCR reactions were performed with diluted cDNAs, primer
pairs that spanned exon-intron junctions, and FastStart Uni-
versal SYBR Green QPCR Master (Rox) (Sigma) using Roche
LightCycler 480. Primers were from Integrated DNA Tech-
nologies and designed using PrimerQuest Tool. Results from
three independent experiments were normalized to the values
of GAPDH mRNA and DMSO-treated cells, and plotted as
the mean + s.e.m. Sequences of the primers are listed in Sup-
plementary Table S1F.
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Cytotoxicity, viability and apoptosis assays
Cytotoxicity, viability, and apoptosis assays were conducted
using CellTox Green Cytotoxicity Assay (Promega), CellTiter-
Glo 2.0 Cell Viability Assay (Promega) and RealTime-Glo
Annexin V Apoptosis and Necrosis Assay (Promega), respec-
tively, according to manufacturer’s instructions. For cytotoxi-
city and apoptosis assays, HCT116 cells were seeded at den-
sity of 20000 cells/well on 96-well plates for 16 h prior to the
treatments. For the seven-day viability assays, HCT116 cells
were seeded at density of 5000 cells/well on 12-well plates for
16 h prior to the treatments. Cell culture medium and drugs
were replenished on day 4 of the assay. Fluorescence and lu-
minescence measurements were taken at the indicated time
points using PerkinElmer Victor X3 reader. Results from at
least three independent experiments are presented as values
relative to the values of DMSO-treated cells and plotted as
the mean + s.e.m.

Cell confluency assay

The assay was performed using CELLCYTE X™ live cell
imager and analyzer (Cytena). The parental and TP537/~
HCT116 cells were seeded at density of 1000 cells/well and
1250 cells/well, respectively, on 96-well plates for 16 h prior
to the treatments. Cells were imaged every four hours for
seven days. Cell culture medium and drugs were replenished
on day 4 of the assay. GraphPad Prism v. 9.5.1 was used for
plotting and statistical analysis of the results from three inde-
pendent experiments.

Spheroid apoptosis assay

HCT116 cells were seeded at density of 400 cells/well on
Nunclon Sphera 96-well U-bottom ultra low attachment 3D
cell culture plate (Thermo Fisher Scientific) and spun down
at 200 g for 10 minutes. After culturing the cells for 48 h
to allow for spheroid formation, the spheroids were treated
with the indicated compounds over the subsequent 48 h pe-
riod. Apoptosis assay was conducted using RealTime-Glo An-
nexin V Apoptosis and Necrosis Assay (Promega) according
to manufacturer’s instructions. Luminescence measurements
were taken at the indicated time points using PerkinElmer Vic-
tor X3 reader. Results from at least three independent experi-
ments are presented as values relative to the values of DMSO-
treated cells and plotted as the mean =+ s.e.m.

Cell-cycle analysis

HCT116 cells were seeded on 60 mm dishes and cultured to
approximately 70% confluence. The cells were synchronized
by serum deprivation for 24 h prior to their culture in the
serum-containing medium for 24 h in the presence of DMSO
(-), THZ531 (50 nM) and NVP-2 (50 nM). After trypsiniza-
tion, cell pellets were collected, washed with PBS and fixed
by ice-cold 70% ethanol. For FACS analysis, the cells were
washed in PBS and incubated overnight at 4 °C in freshly pre-
pared staining solution in PBS containing 50 g/ml propidium
iodide, 0.1% Triton X-100 and 0.2 mg/ml DNase-free RNase
A. FACS was performed by BD Accuri C6 and data was anal-
ysed by Flow]o.

Analysis of RNA sequencing datasets

Log?2 fold-changes in gene expression and multiple testing ad-
justed P-values for the RNA sequencing datasets listed below
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were taken from the corresponding studies. No re-analysis of
the raw RNA-seq data was performed, except for the data
from the study of Houles et al. (34) (see the details below).
Gene expression changes in nuclear RNA obtained from
HCT116 CDK12%/2 cells treated with 3-MB-PP1 for 4.5 h
were taken from the study of Manavalan et al. (Dataset EV2
from this publication) (23). The RNA-seq data are available at
the Gene Expression Omnibus (GEO) repository (NCBI) un-
der the accession code GSE120071. Gene expression changes
obtained from A-375 and Colo829 cells treated with THZ531
(500 nM) for 6 h were taken from the study of Houles
et al. (34). As Houles et al. did not specify how log2 fold-
changes were calculated and whether P-values were adjusted
for multiple testing, we re-calculated log2 fold-changes and
adjusted P-values using DESeq2 (51). For this purpose, we
downloaded raw read count matrices for all genes from the
GEO repository using the accession code GSE184734, and
used this as the input for DESeq2. Gene expression changes
obtained from MDA-MB-231 cells treated with SR-4835 (90
nM) for 6 h were taken from the study of Quereda et al.
(28) (Supplementary Table S4 from this publication). The
RNA-seq are available at the BioProject database (NCBI)
under the accession code PRJNA530774. TT-seq expression
changes obtained from IMR-32 cells treated with THZ531
(400 nM) for 2 h were taken from the study of Krajewska
et al. (Supplementary Data 2 from this publication) (10). The
TT-seq data are available at the GEO repository under the
accession code GSE113313. In all of these studies, log2 fold-
changes were determined either with DESeq2 or edgeR (52)
and P-values were adjusted for multiple testing with the Ben-
jamini and Hochberg method (53).

Genes were considered significantly regulated if the multi-
ple testing adjusted P-value was <0.001, up-regulated with
a log, fold-change >1 and down-regulated with a log2 fold-
change <1. Gene lengths were obtained from Ensembl. Dis-
tribution of gene lengths for up- and down-regulated genes
is shown as a boxplot, which was created in R (https://www.
R-project.org/). Boxes represent the range between the first
and third quartiles for each condition. Gray horizontal lines
in boxes show the median. The ends of the whiskers (verti-
cal lines) extend the box by 1.5 times the inter-quartile range.
Data points outside this range (outliers) are shown as small
circles. Gene set enrichment analysis on log2 fold-changes for
protein-coding genes was performed using the command line
tool from http://www.gsea-msigdb.org/ (version 4.0.2) (54)
and hallmark gene sets from Molecular Signatures Database
(55).

Precision run-on sequencing

PRO-seq and its data analyses were conducted as previously
described (56,57), with minor modifications. HCT116 cells
were seeded on 15 c¢cm dishes and cultured for 14 h to ap-
proximately 90% confluence, reaching approximately 17 mil-
lion cells per a dish. Subsequently, the cells were treated with
DMSO, 3-MB-PP1 (5 uM) and NVP-2 (10 nM) for either 1
h or 4.5 h. Chromatin was isolated with NUN buffer (0.3
M NaCl, 7.5 mM MgCl,, 1 M urea, 1% NP-40, 20 mM
HEPES pH 7.5,0.2 mM EDTA, 1 mM DTT, 20 U SUPERaseln
RNase Inhibitor [Life Technologies], 1x EDTA-free Protease
Inhibitor Cocktail [Roche]). The samples were centrifuged
(12 500 g, 30 min, 4 °C), after which the chromatin pellets
were washed with 50 mM Tris-HCI (pH 7.5) and stored at
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-80 °C in chromatin storage buffer (50mM Tris-HCI pH 8.0,
5 mM MgAc;, 25% glycerol, 0.1 mM EDTA, 5 mM DTT,
20 units SUPERaseIln RNase Inhibitor). The isolated chro-
matin was fragmented by sonication at 4 °C for 10 min using
Bioruptor (Diagenode). Run-on reactions were performed at
37 °C for 5 min using biotinylated nucleotides (5 mM Tris—
HCI pH 8.0, 150 mM KCl, 2.5 mM MgCl,, 0.5 mM DTT,
0.5% Sarkosyl, 0.4 U/ul RNase inhibitor, 0.025 mM biotin-
ATP/CTP/GTP/UTP [Perkin Elmer]). Total RNA was ex-
tracted using Trizol and ethanol precipitation. Isolated RNA
was fragmented by base hydrolysis with NaOH. Nascent
RNAs labeled with biotin were isolated from total RNA us-
ing streptavidin-coated beads (Dynabeads MyOne Strepta-
vidin C1, Thermo Fisher Scientific). TruSeq small RNA adap-
tor was ligated to 3’ ends of nascent RNAs and transcripts
purified with a second round of streptavidin bead purifica-
tion. 5'-cap was removed using RNA 5’ pyrophosphohydro-
lase (Rpph, NEB) followed by addition of a phosphate group
to the 5" end using T4 polynucleotide kinase (T4 PNK, NEB).
Next, Truseq small RNA adaptor was ligated to the repaired
5" end of nascent RNAs, followed by a third round of purifica-
tion with the streptavidin beads, and reverse transcription was
used to convert adaptor-ligated RNAs to cDNA. Finally, PRO-
seq libraries were amplified with PCR and sequenced with
Illumina using paired-end, 50nt + 50nt settings. Sequences
of the adaptors and primers are listed in Supplementary
Table 1G.

PRO-seq data analyses

Adapters sequences in read 1 (TGGAATTCTCGGGTGC-
CAAGGAACTCCAGTCAC) and read 2 (GATCGTCG-
GACTGTAGAACTCTGAACGTGTAGATCTCGGTG-
GTCGCCGTATCATT) were removed, and PCR duplicates
collapsed (based on 6-nt UMI in the 5-adapter), using
fastp tool (58). The reads were aligned to human genome
version hg38 using Bowtie2 (59) in paired-end mode with
—-end-to-end parameter. Regulatory element identification
from global run-on sequencing data (dREG) (60) was used
to identify actively transcribed genes displaying initiation
of transcription at the transcription start site (TSS). Tran-
scription at actively transcribed genes was quantified at
promoter-proximal (=250 to + 250 nucleotide from the TSS)
and gene body regions (+250 nucleotide from the TSS to
-500 nucleotide from the cleavage and polyadenylation site
[CPS]). Differentially transcribed genes (DTGs) in response
to treatments were determined from engagements of Pol II at
gene bodies using DESeq2 (51). Adjusted P-value <0.05, and
fold-change >1.25 for induced and <0.8 for down-regulated
genes were used. MA plots show average log2 of read counts
at gene bodies on x-axis and log2 fold-changes on the
y-axis.

Visualizing engaged Pol Il at genes

Density profiles of nascent transcription were generated as
previously described (57), from the 3'-nts of normalized PRO-
seq reads using bedtools genome coverage (61) and bedgraph-
tobigwig (62). In the genome browser, the scale of the y-axis is
linear and equal to all samples. The signal on the plus strand is
shown on a positive scale, and the signal on the minus strand
is shown on a negative scale. The metagene profiles were gen-
erated from the normalized bigWig files using bigwig pack-
age (https://github.com/andrelmartins/bigWig/) using a query
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window of 10 nucleotides (around the TSS or CPS), or a
1/50th fraction of the gene body. Pausing index (PI) was quan-
tified as Pol II density at promoter-proximal region / Pol II
density across the gene body. The treatment-induced change in
the PI was quantified at every transcribed gene as PI upon the
indicated tCDK inhibitor treatment—PI of the time-matched
DMSO control.

Quantification and statistical analysis

P-values of gene expression changes were corrected by mul-
tiple testing using the method by Benjamini and Hochberg
(53) for adjusting the false discovery rate (FDR) and an ad-
justed P-value cutoff of 0.001 was applied. Data shown for
all RT-qPCR experiments and functional assays were collected
from three biological replicates as indicated in individual fig-
ure legends and are presented as means =+ s.e.m. Statistical
significance and P-values were determined by Student’s ¢ test
or two-way ANOVA between the indicated paired groups of
biological replicates. Where the results were not statistically
significant, P-values are not indicated.

Results

Inhibition of CDK12 stimulates the release of
P-TEFb from 7SK snRNP

Considering that perturbation of CDK12 increases DNA
damage (9,27,28,31,32) and that genotoxic stress triggers
activation of P-TEFb via its release from 7SK snRNP to
enable a pro-survival transcriptional response (49,50), we
hypothesized that selective inhibition of CDK12 activates
P-TEFb (Figure 1A). To test this prediction, we performed co-
immunoprecipitation (co-IP) assays to monitor the interaction
of endogenous CDK9 with its inhibitory protein HEXIM1 in
whole cell extracts of cells that were treated or not with in-
hibitors of CDK12. We conducted these experiments using
HCT116 cells, a well-established model of colorectal cancer
encoding the oncogenic KRAS ¢13P and PIK3CA H1047R pro-
teins. We first inhibited CDK12 with THZ531, a potent and
selective molecular probe which covalently modifies the cys-
teine residue 1039 positioned outside of the conserved kinase
domain (63). Treatment of HCT116 cells with 300 or 400
nM of THZ531 resulted in a time-dependent dissociation of
CDK?9 from HEXIM1, indicative of P-TEFb activation (Fig-
ure 1B). In contrast, 400 nM of THZ532, the enantiomer of
THZ531 with a diminished ability to inhibit CDK12 (63),
failed to do so.

Two lines of evidence indicate the on-target effect of
THZ531 in our system. First, both concentrations of THZ531
but not 400 nM of THZ532 led to a time- and dose-dependent
decrease in mRNA levels of BRCAI and FANCD?2, the es-
tablished CDK12-dependent genes of the HR pathway (9,31)
(Supplementary Figure STA). Second, we conducted target en-
gagement assay to assess whether the THZ531 concentrations
targeted CDK12 specifically over CDK7. Namely, THZ531
displays a residual, more than 50-fold lower activity towards
CDK7 and CDKO in fixed-endpoint iz vitro kinase assays (63).
We used a biotin-modified version of THZ1, a covalent in-
hibitor of CDK?7 that interacts with both CDK7 and CDK12
(63,64), to affinity purify both kinases from HCT116 cell ex-
tracts and assess whether THZ531 prevents CDK12 but not
CDK?7 from binding the biotinylated THZ1. Indeed, treat-
ment of HCT116 cells with 300 nM or 400 nM of THZ531
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Figure 1. Inhibition of CDK12 triggers the release of P-TEFb from the inhibitory 7SK snRNP complex. (A) Schematic representation of controlling the
kinase activity of P-TEFb with 7SK snRNP. Upon the release of inactive P-TEFb (CDK9 in red) from 7SK snRNR the interaction of P-TEFb with HEXIM1
does not take place, resulting in the activation of P-TEFb (CDK9 in green). For simplicity, a large-scale conformational switching of 7SK upon the release
of P-TEFb from the core of 7SK snRNP is not depicted. (B) ColP of HEXIM1 with CDK9 from whole cell extracts of HCT116 cells. Cells were treated with
DMSO (lane 1), THZ532 (400 nM) and two different doses of THZ531 for the indicated duration prior to preparation of whole cell extracts and detection
of HEXIM1 and CDK9 in HEXIM1 immunoprecipitations (xkHEXIM1 IP) and whole cell extracts (Input) by Western blotting. (C) Specificity of the targeting
of CDK12 with THZ531 in target engagement assay. HCT116 cells were treated with DMSO and two different doses of THZ531 for the indicated
duration (in hours) prior to preparation of whole cell extracts and detection of CDK12 and CDK7 in Biotin-THZ1 (1 M) affinity purifications (Biotin AP)
and whole cell extracts (Input) by Western blotting. (D) ColP of HEXIM1 with CDK9 from whole cell extracts of the indicated HCT116 cell lines. Cells
were treated with DMSO (lanes 1 and 5) and 3-MB-PP1 for the indicated duration (in hours) prior to preparation of whole cell extracts and detection of
HEXIM1 and CDK9 in HEXIM1 immunoprecipitations («kHEXIM1 IP) and whole cell extracts (Input) by Western blotting. (E) HCT116 cells were treated
with DMSO (lanes 1 and 6), THZ531 (400 nM) and triptolide (1 M) as indicated for the indicated duration (in hours) prior to preparation of whole cell
extracts and detection of the indicated proteins by Western blotting. (F) ColP of HEXIM1 with CDK9 from whole cell extracts of HCT116 cells. Cells were
treated with DMSO (-), THZ531 (400 nM) and KU-60019 (56 M) alone and in combination as indicated for the indicated duration prior to preparation of
whole cell extracts and detection of HEXIM1 and CDK9 in HEXIM1 immunoprecipitations («¢HEXIM1 IP) and the indicated proteins in whole cell extracts
(Input) by Western blotting.

countered the affinity purification of CDKI12 in time-
dependent manner, while CDK7 remained bound to biotiny-
lated THZ1 across all conditions tested (Figure 1C).
However, in addition to CDK12, THZ531 shows a compa-
rable potency towards the homologous CDK13 (63), which is
not involved in facilitating DNA repair (9,65). To demonstrate
that inhibition of CDK12 alone provokes the release of CDK9
from HEXIM1, we took a chemical genetic approach. We con-
ducted co-IP assays in HCT116 CDK12%/2 cell line in which
both alleles of CDK12 were replaced with CDK 128136 gen-
erating analog-sensitive version of CDK12 (asCDK12) that is

specifically inhibited by treatment of these cells with bulky
adenine analogs such as 3-MB-PP1 (23). Recapitulating the
results with THZ531, treatment of HCT116 CDK12%/2 cell
line with 3-MB-PP1 perturbed the interaction of CDK9 with
HEXIM1 (Figure 1D, left). In contrast, we did not observe
this effect in the parental HCT116 cell line which is refractory
to the inhibition of CDK12 by 3-MB-PP1 (Figure 1D, right).
Confirming that 3-MB-PP1 specifically inhibited asCDK12,
3-MB-PP1 treatment decreased mRNA levels of BRCAT and
FANCD?2 in HCT116 CDK12%/% cells but not in the parental
counterpart (Supplementary Figure S1B).



10976

Given that perturbation of CDK12 induces DSBs
(9,27,28,31,32), we asked whether elevated levels of DSBs
stimulate the release of P-TEFb from 7SK snRNP in CDK12-
inhibited cells. Here, we followed the levels of DSBs-induced
Ser139 phosphorylation of a histone variant y-H2AX
(y-H2AX-P) in cell extracts of HCT116 cells treated with
400 nM of THZ531 using immunoblotting analysis. We de-
tected a robust increase in the levels of y-H2AX-P at twelve
hours into the treatment but not during the first six hours
when CDK9 dissociates from HEXIM1 (Figure 1E, left).
Within this initial period, however, we detected accumulation
of p53, suggesting that transcriptional blockade by THZ531
elicited a non-genotoxic stress response that may drive the
activation of P-TEFb. Giving credence to this premise, treat-
ment of HCT116 cells with triptolide, which inhibits Pol II
transcription by blocking the ATPase activity of the TFIIH
subunit XPB (66), also led to the accumulation of p53 that oc-
curred before increase in the levels of y-H2AX-P (Figure 1E,
right).

Because the immunoblotting approach might obscure
more subtle increase in the levels of DNA damage in
THZ531-treated cells, we asked whether inhibition of ataxia-
telangiectasia mutated (ATM) protein kinase precludes the
dissociation of CDK9 from HEXIM1. Namely, ATM is a
chief orchestrator of the cellular DDR that gets activated
by DSBs to regulate DNA repair, cell-cycle checkpoints and
apoptosis by phosphorylation of multiple targets (67). Con-
sistent with the y-H2AX-P immunoblotting results, the dis-
sociation of CDK9 remained unaffected upon co-treatment
of HCT116 cells with THZ531 and a highly selective ATM
inhibitor KU-60019 (68) for three hours. Later into the co-
treatment, however, the inhibition of ATM enhanced, albeit
slightly, the release of CDK9 from HEXIM1 by THZS531,
which correlated with augmented levels of y-H2AX-P (Fig-
ure 1F). Together, we conclude that inhibition of CDK12
activates P-TEFb by triggering its release from 7SK snRNP.
While genotoxic stress does not appear to play a role early
in this process, our results suggest that accumulating DNA
damage in the course of prolonged inhibition of CDK12
contributes to a sustained and augmented activation of
P-TEFb.

P-TEFb promotes transcriptional engagement of Pol
II'in CDK12-inhibited cells

Previous reports have established that inhibition of CDK12
leads to down-regulation as well as up-regulation of genes
(12,16,23). However, in contrast to the down-regulated genes
(9,10,22,23), the knowledge about the mechanisms that gov-
ern gene induction as well as the nature of the induced genes
remains obscure. Considering our findings above, we hypoth-
esized that activation of P-TEFb enables gene induction in
CDK12-inhibited cells by stimulating the release of Pol II from
promoter-proximal pause sites. To address this model, we uti-
lized precision run-on sequencing (PRO-seq), which quanti-
fies transcriptionally engaged Pol II complexes at nucleotide-
resolution across the genome, including at promoter-proximal
regions (69). We conducted these experiments using HCT116
CDK12%/% cell line, which allows for the selective inhibition
of asCDK12 by 3-MB-PP1. To inhibit P-TEFb, we employed a
sub-lethal, 10 nM dose of NVP-2, a highly selective inhibitor
of P-TEFDb that shows potent anti-cancer activity at non-toxic
doses (70,71).
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We treated HCT116 CDK12%/3 cells with DMSO and
3-MB-PP1 or NVP-2 alone and in combination for 1 h and
4.5 h and generated reproducible nucleotide-resolution maps
of transcription with PRO-seq (Supplementary Figure S2A, B).
We first quantified engagement of Pol II at gene bodies, the
sites of productive transcription elongation, which allowed
us to determine differentially transcribed genes (DTGs) us-
ing DESeq2 (P-adj < 0.035; fold-change > 1.25 for induced
and < 0.8 for down-regulated genes). We found that in com-
parison to DMSO treatment, increased engagement of Pol II
dominated the altered transcriptional landscape at both du-
rations of CDK12 inhibition. At 1 h, transcription at 25.3%
of genes (n = 16 560) was changed, amongst which 3704
showed an increase of Pol II engagement, while 478 showed a
decrease (Figure 2A, left). At 4.5 h of CDK12 inhibition, this
trend progressed in the favor of genes with gained Pol I1; 2138
out of 2164 DTGs exhibited an increase in Pol Il engagement
(Figure 2A, left). Transcriptional activity triggered by the in-
hibition of CDK12 is exemplified at the long DNMT1 gene,
which demonstrates a wave of elongating Pol II that requires
over an hour to reach the end of the gene (Supplementary Fig-
ure S2C). In contrast, the limited inhibition of P-TEFb alone
resulted in the expected outcome. Specifically, we found no
DTGs at 1 h of P-TEFb inhibition, which we attribute to the
low dose of NVP-2 used. However, upon 4.5 h of the treat-
ment, 3388 genes exhibited reduced Pol Il activity at gene bod-
ies, while 218 genes showed the opposite (Figure 2A, middle).
Importantly, inhibition of P-TEFb prevented the induction of
Pol IT engagement in CDK12-inhibited cells (Figure 2A, right).
Namely, 99.27% of genes that gained Pol II upon CDK12 in-
hibition showed the block of productive elongation already at
1 h of P-TEFb inhibition. This effect was even more striking at
4.5 h, when the CDK12 inhibition-induced engagement of Pol
I at all of the 2138 genes was diminished. Intriguingly, we de-
tected no genes with reduced Pol II activity in the co-inhibited
cells either, which is in sharp contrast to the effect observed
in cells treated with the P-TEFb inhibitor alone. Highlight-
ing that inhibition of CDK12 drastically changes the cellular
transcriptional response to the limited P-TEFb inhibition (Fig-
ure 2A, middle and right), there is only a partial overlap be-
tween the P-TEFb-dependent genes of CDK12-inhibited cells
(n = 2138) and control cells (7 = 3388) at 4.5 h of the treat-
ments (Supplementary Figure S2D). To this end, we conclude
that inhibition of CDK12 results in increased engagement of
Pol II at bodies of thousands of genes, which requires the cat-
alytic activity of P-TEFb. Moreover, our results show that in-
hibition of CDK12 renders transcription of a new set of genes
dependent on P-TEFb.

Inhibition of CDK12 induces transcriptional
dependency on P-TEFb by stimulating Pol Il pause
release

To uncover mechanisms that drive the induced engagement of
Pol II at gene bodies in CDK12-inhibited cells, we plotted the
change in Pol II density at promoter-proximal and gene body
regions of these genes upon both durations of CDK12 and
P-TEFb inhibition alone or in combination. This analysis re-
vealed that increased Pol Il engagement across the gene bodies
in CDK12-inhibited cells was accompanied by decreased Pol
IT engagement at promoter-proximal regions at most genes
(Figure 2B, left). These findings show that inhibition of
CDK12 stimulates the escape of Pol II from the promoter-
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proximal pause, which stimulates transcription along gene
bodies. Concomitantly, transcription initiation might also get
increased at these genes as released Pol II from the pause
has been shown to drive transcription re-initiation (72). As
expected, inhibition of P-TEFb increased the engagement of
Pol II at pause sites, which blocked Pol II from entering pro-
ductive elongation along the gene bodies (Figure 2B, mid-
dle). Due to the low dose of NVP-2 employed in these ex-
periments, the magnitude of Pol Il accumulation at the pause
region was relatively small but detectable at 1 h of P-TEFb
inhibition, providing an explanation for the lack of signifi-
cantly repressed genes determined by DESeq2 at this shorter
duration of P-TEFb inhibition (Figure 2A, middle). Critically,
inhibition of P-TEFb countered the effects of CDK12 inhibi-
tion by retaining Pol II at the promoter-proximal region (Fig-
ure 2B, right), demonstrating that blocking catalytic activity
of CDK12 stimulated Pol II pause release via P-TEFb. The
increased Pol II engagement at the promoter-proximal pause
upon the double-inhibition was concomitant with the Pol II
gain at gene bodies, suggesting an inefficient transition of Pol
II into productive elongation. To quantify effects of both in-
hibitors on the efficiency of Pol II release from pausing into
elongation, we next derived changes in pausing indices at both
time points by dividing engagement of Pol II at promoter-
proximal region with that across gene body. This approach
revealed that inhibition of CDK12 decreased Pol II pausing
index, while inhibition of P-TEFb opposed this effect (Figure
2C and Supplementary Figure S2E), highlighting again that
P-TEFb drives stimulation of Pol II pause release at genes that
exhibit increased engagement of Pol II upon the inhibition of
CDK12.

Finally, we generated meta-gene profiles for both treatment
durations to track Pol II progression through the genes that
showed the CDK12 inhibition-induced gain of Pol II. Com-
pared to the DMSO control, inhibition of P-TEFb increased
the engagement of Pol II at promoter-proximal pause, and re-
duced transcription along the gene body below the DMSO
control (Figure 2D and Supplementary Figure S2F), thus re-
capitulating the known phenotype of deficient Pol II pause
release in P-TEFb-inhibited metazoan cells (73). In contrast,
inhibition of CDK12 stimulated efficient progression of Pol
II from the promoter-proximal pause into gene body (Figure
2D and Supplementary Figure S2F, middle inset), demonstrat-
ing the opposing effects of CDK12 and P-TEFb inhibitors on
transcription at these genes. Critically, the induced engage-
ment of Pol I beyond the early gene body region in CDK12-
inhibited cells was attenuated by the concurrent inhibition
of P-TEFb (Figure 2D and Supplementary Figure S2F, mid-
dle inset). Of note, co-inhibition of both kinases elevated the
engagement of Pol II at promoter-proximal region, suggest-
ing that more Pol II complexes entered the pause, but were
precluded from transitioning efficiently into gene bodies due
to the block imposed by the inhibited P-TEFb. Indeed, af-
ter the early gene body region, the average density of en-
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gaged Pol II in co-inhibited cells fell below the one observed in
CDK12-inhibited cells, equaling the level detected in DMSO-
treated cells (Figure 2D, middle and right insets). Together,
we conclude that by activating P-TEFb, inhibition of CDK12
stimulates gene transcription at the level of Pol II pause re-
lease, which in turn induces transcriptional dependency on
P-TEFb.

Inhibition of CDK12 induces gene expression of
hallmark cancer signaling pathways

As CDK12 plays multiple roles in gene expression, which
include promotion of elongation and processivity of Pol II
(10-13,22,23), pre-mRNA splicing (15,16,19) and regulation
of mRNA stability (16), the stimulation of Pol II pause re-
lease upon inhibition of CDK12 provides only an opportu-
nity for genes to be induced. In fact, the CDK12 inhibition-
induced engagement of Pol II at gene bodies which we ob-
served by PRO-seq could in principle stem from genuine in-
duction of transcription or decreased rate of Pol II elonga-
tion. In the latter case, the Pol II elongation complex re-
mains longer on chromatin, giving rise to an increase in the
PRO-seq signal. To address this issue, we determined differ-
entially expressed protein-coding genes (DEGs) upon selective
inhibition of CDK12. To this end, we utilized gene expres-
sion fold-changes of nuclear RNA sequencing (RNA-seq) data
from serum-synchronized HCT116 CDK12%/3 cells treated
for 4.5 h with DMSO or 3-MB-PP1 (23). Applying our criteria
(P-adj < 0.001; log2 fold-change > 1), we identified 12.32%
DEGs (n = 12495). Of these, 304 genes were induced while
1235 were down-regulated (Figure 3A). Consistent with pre-
vious studies on transcriptional response to CDK12 inhibition
and genotoxic stress (10,48,49,74), the induced genes were
considerably shorter than the repressed genes (Supplementary
Figure S3A).

To gain an insight into the nature of the induced genes, we
conducted gene set enrichment analysis (GSEA) of gene ex-
pression log2 fold-changes in the treated HCT116 CDK 123/
cells using the hallmark gene set collection of the Molecu-
lar Signatures Database (54,55). This analysis revealed that
the top five gene sets enriched amongst the induced genes
represented key oncogenic pathways, including NF-«B, hy-
poxia and MYC (Figure 3B and Supplementary Table S2A).
In addition, the genes of the tumor suppressive p53 path-
way and those induced in response to UV irradiation fea-
tured prominently, consistent with our immunoblotting re-
sults (Figure 1E) and previous work that reported stimula-
tion of p53 in cells with genetic or pharmacological pertur-
bation of CDK12 (22,28,75). These findings were not specific
to the CDK12-inhibited HCT116 CDK12%/3 cells. Namely,
we conducted GSEA of gene expression changes from multiple
CDK12-inhibited cancer cell lines, including THZ531-treated
melanoma A-375, Colo829 and neuroblastoma IMR-32 cell
lines, and triple-negative breast cancer MDA-MB-231 cell line

with 3-MB-PP1 (5 uM) and NVP-2 (10 nM) as indicated for 1 h or 4.5 h compared to DMSO. Induced (UP), repressed (DOWN) and non-significantly
regulated genes are depicted. FC, fold-change. (B) Change in the density of Pol Il at promoterproximal and body regions of genes with CDK12
inhibition-induced gain of Pol Il at 1 h and 4.5 h from PRO-seq experiments (n = 2) of (A). (C) Change in pausing index of genes with CDK12
inhibition-induced gain of Pol Il at 1 h and 4.5 h from PRO-seq experiments (n = 2) of (A). Median pausing index for each group is indicated. (D) Average
density of engaged Pol Il at genes with CDK12 inhibition-induced gain of Pol Il at 4.5 h from PRO-seq experiments (n = 2) of (A). The promoterproximal
region is measured as a linear scale from —=1000 to +1000 nucleotide from the TSS, gene body scaled into 50 bins per gene, and end of the gene as a
linear scale from —1000 to +2000 nucleotide from the CPS. The insets show magnified promoter-proximal, early gene body and CPS gene regions. TSS,

transcription start site. CPS, cleavage and polyadenylation site. nt, nucleotide.
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Figure 3. Inhibition of CDK12 induces gene expression downstream of key cancer pathways through P-TEFb. (A) MA plot representation of differentially
expressed genes (n = 12 495; P-adj < 0.001; Log, FC > 1) from nuclear RNA-seq experiments (n = 3) of HCT116 CDK12%%/33 cells that were
synchronized by serum deprivation for 72 h prior to their culture in the serum-containing medium for 4.5 h in the presence of DMSO or 3-MB-PP1 (5
1M). Induced (UP), repressed (DOWN) and non-significantly regulated genes are depicted. BBC3, FOS and CDKN1A model genes are highlighted. FC,
fold-change. (B) GSEA of gene expression changes for protein-coding genes of (A) and in A-375 cells treated with DMSO and THZ531 (500 nM) for 6 h.
Top gene sets from the hallmark gene set collection that are associated with induced genes are shown (FDR g-val < 0.001). (C) Enrichment plots of the
top NF-kB and p53 pathway gene sets of (B) from the GSEA of transcription changes of protein-coding genes obtained from PRO-seq experiments
(n=2) of HCT116 CDK12%%/3 cells treated with DMSO, 3-MB-PP1 (5 M) and NVP-2 (10 nM) as indicated for 1 h. NES, normalized enrichment score;
positive values indicate enrichment among induced genes, negative values enrichment among down-regulated genes. FDR, false discovery rate. (D-F)
HCT116 cell lines were treated with DMSO (-), THZ531 (400 nM), 3-MB-PP1 (5 uM), NVP-2 (20 nM) and KU-60019 (5 ptM) alone and in combination as
indicated for 3 h (D, F) or 12 h (E) prior to quantifying pre-mRNA levels of FOS, CDKN1A and BBC3 with RT-gPCR. Results normalized to the levels of
GAPDH mRNA and DMSO-treated cells are presented as the mean + s.e.m. (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001, n.s., non-significant,
determined by Student's t test. (G) HCT116 cell lines were treated with DMSO (=), THZ531 (400 nM) and NVP-2 (20 nM) alone and in combination as
indicated for 16 h prior to preparation of whole cell extracts and detection of the indicated proteins by Western blotting.

treated with CDK12 inhibitor SR-4835 (10,28,34), which re-
vealed enrichment of the same gene sets (Figure 3B and Sup-
plementary Table S2B-E). Likewise, GSEA of our HCT116
CDK123/3 PRO-seq data uncovered that the top NF-kB and
P33 gene sets are enriched amongst the genes that gained Pol II
upon the inhibition of CDK12 (Figure 3C and Supplementary
Figure S3B, left). Importantly, blocking the activity of P-TEFb
with NVP-2 either abrogated or significantly lowered the en-

richment of the NF-kB gene set at 1 h or 4.5 h of CDK12
inhibition, respectively (Figure 3C and Supplementary Figure
S3B, right). In contrast, while the addition of NVP-2 decreased
the enrichment of the p53-dependent genes at 1 h, it failed to
do so at 4.5 h into the treatment (Figure 3C and Supplemen-
tary Figure S3B, right). This result is in line with the reported
ability of p53, of which levels accumulate during CDK12
inhibition (Figure 1E), to enable expression of a subset of
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its pro-apoptotic target genes under the limited inhibition of
P-TEFb (42).

To validate these analyses, we used RT-qPCR to quantify
pre-mRNA levels of the pro-survival FOS and CDKNI1A as
well as pro-apoptotic BBC3 model genes. While both pro-
survival genes, which encode the c-Fos subunit of the onco-
genic transcription factor AP-1 and the CDK inhibitor p21,
belong to the hallmark NF-«B, p53 and hypoxia pathway gene
sets, BBC3 is a classical p53 target gene, which encodes p53-
upregulated modulator of apoptosis (PUMA) that belongs
to BCL-2 protein family. We performed these experiments in
the parental HCT116 cell line and in its isogenic TPS37/~
derivative, in which TP53 was inactivated by disrupting exon
2 of both alleles (76). In correspondence to our transcriptome
analyses and the kinetics of CDK9 release from HEXIM1,
treatment of HCT116 cells with 300 or 400 nM of THZ531
led to a time-dependent induction of FOS and CDKNI1A,
whereas 400 nM of THZ532 failed to do so (Supplementary
Figure S3C). While the pro-survival genes showed consid-
erable transcriptional induction early into the treatment,
all three genes were induced at twelve hours of THZ531
exposure in a p53-dependent manner (Figure 3D, E). Im-
portantly, the induction of FOS and CDKN1A was blunted
by the addition of a sub-lethal dose of NVP-2 at three
and twelve hours of the treatment (Figure 3D, E). We con-
firmed these results by selective inhibition of CDK12 with
3-MB-PP1 in HCT116 CDK123/3 cells,
wherein both genes were induced in a
P-TEFb-dependent manner (Figure 3F). In contrast, the
induced pre-mRNA levels of BBC3 were augmented by
NVP-2 (Figure 3E), which is consistent with our earlier work
that demonstrated differential response of p53-dependent
genes, including CDKN1A and BBC3, to sub-lethal inhibi-
tion of P-TEFb (42). Finally, we conducted immunoblotting
analysis using the parental and TP537/~ HCT116 cell lines to
assess whether inhibition of CDK12 increases the expression
of CDKNI1A in a manner that requires P-TEFb and pS53.
In line with the transcript analyses, THZ531 treatment led
to increased levels of p21 in a P-TEFb- and p53-dependent
manner (Figure 3G). Together, we conclude that inhibition
of CDK12 induces expression of genes downstream of im-
portant pathways in cancer, wherein P-TEFb plays a key
role.

Inhibition of CDK12 elevates the dependence of
cancer cells on P-TEFb

Given our findings gathered thus far, we hypothesized that se-
lective targeting of CDK12 renders cancer cells highly depen-
dent on P-TEFb. As the hallmark p53 pathway gets activated
in CDK12-inhibited cells, we further postulated that the sta-
tus of p53 could play a key role in this process. We there-
fore utilized the parental and TP53~/~ HCT116 cell lines and
measured their response to selective inhibitors of CDK12 and
P-TEFb.

We first employed fluorescence-based cytotoxicity assay,
in which compromised membrane integrity of dead cells is
proportional to fluorescence signal generated by the binding
of an otherwise cell impermeable cyanine dye to DNA. We
performed combinatorial titrations of THZ531 with NVP-2,
where the highest dose of each inhibitor alone elicited maxi-
mal toxicity in HCT116 cells as established previously (42).
We found that sub-lethal inhibition of CDK12 by THZS531
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sensitized the parental cells to sub-lethal inhibition of P-TEFb
by NVP-2 (Figure 4A, C). We recapitulated this effect, when
we replaced NVP-2 with iCDK9, which is another highly se-
lective and ATP-competitive inhibitor of P-TEFb activity (77)
(Supplementary Figure S4A). In contrast, the cytotoxic re-
sponse to the co-targeting was largely diminished in the ab-
sence of p53 (Figure 4B, C and Supplementary Figure S4A),
highlighting that activation of the p53-driven transcriptional
program sensitizes CDK12-inhibited HCT116 cells to P-TEFb
inhibitors. Next, we calculated Bliss synergy scores for all
combinations using Synergyfinder (78). This approach iden-
tified the combination treatment of 200 nM of THZ531 with
10 nM of NVP-2 as the most synergistic in the parental
HCT116 cells, reaching the Bliss score of 18 (Figure 3A,
bottom). By comparison, the Bliss score of this co-treatment
dropped by 6.9-fold in TP537/~ HCT116 cells (Figure 3B,
bottom). In accordance with our p53-dependent cytotoxic-
ity results and a key role of the kinase activity of ATM in
the activation of p53 (79), inhibition of ATM by KU-60019
abrogated the dependence of CDK12-inhibited HCT116 cells
on P-TEFb (Figure 4D). Importantly, in contrast to HCT116
cells, co-inhibition of CDK12 and P-TEFb was significantly
less toxic for a non-transformed colorectal epithelial cell
line CCD 841 CoN that encodes wild-type p53 (Supplemen-
tary Figure S4B), suggesting that cancer cells exhibit height-
ened dependence on CDK12 and P-TEFb. Confirming our
results with THZ531, selective inhibition of CDK12 with
3-MB-PP1in HCT116 CDK122%/3 cells augmented cytotoxic-
ity elicited by NVP-2 or iCDK9, whereas this effect was absent
in the parental HCT116 cells (Figure 4E and Supplementary
Figure S4C).

To probe the veracity of our cytotoxicity findings, we con-
ducted the same experiments using melanoma A-375 and
high-grade serous ovarian carcinoma Kuramochi cell lines,
which differ in their status of p53. Whereas the former ex-
presses functional p53 (80), the latter encodes a dominant neg-
ative p53, which contains the inactivating D281Y mutation
located in its DNA-binding domain (81,82). Validating our
HCT116 cell line results, co-inhibition of CDK12 and P-TEFb
was highly toxic to p53-proficient A-375 cells but significantly
less so to p53-deficient Kuramochi cells (Supplementary Fig-
ure $4D).

To provide complementary evidence for the synergistic
lethality of CDK12 and P-TEFb co-targeting, we exposed the
parental and TPS3~/~ HCT116 cell lines to sub-lethal doses
of THZ531 and NVP-2 alone or in combination, and moni-
tored cell growth during the seven day period using live cell
imaging. While treatment of HCT116 cells with THZ531 and
NVP-2 alone affected them similarly to the DMSO control,
concurrent inhibition of CDK12 and P-TEFb resulted in a
synergistic drop in cell growth (Figure 4FE left). Surprisingly,
this effect was independent of p53 (Figure 4F, right), suggest-
ing that an additional pathway elicited by CDK12 inhibition
can also augment cellular dependency on P-TEFb. In parallel,
we monitored metabolic activity of both HCT116 cell lines
treated for up to seven days using a luminescence-based as-
say, in which the level of ATP quantified via luciferase re-
action is proportional to the number of metabolically active
cells and used as a measure of cell viability. Corroborating the
cell growth results, inhibition of CDK12 by THZ531 and P-
TEFb by NVP-2 or iCDKO9 alone affected both cell lines mini-
mally, while co-inhibition of the kinases decreased cell viabil-
ity in a synergistic and p53-independent fashion (Supplemen-
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tary Figure S4E, F). We confirmed these results using the as-
CDK12 system, in which co-administration of 3-MB-PP1 and
NVP-2 or iCDK9 decreased viability of HCT116 CDK123%/3
but not the parental cells (Supplementary Figure S4G, H).
Consistent with our HCT116 cell line findings, co-inhibition
of the kinases decreased viability of p53-deficient Kuramochi
cells (Supplementary Figure S4I). Together, we conclude
that selective inhibition of CDK12 renders HCT116 cells
highly dependent on P-TEFb. Moreover, our results indi-
cate that the status of p53 is a key factor influencing
the fate of CDK12 and P-TEFb co-inhibited cancer cells.
Whereas the combination treatment stimulates death of p53-
proficient cells, it hampers proliferation of pS53-deficient
cells.

Co-targeting of CDK12 and P-TEFb stimulates
cancer cell death by pb53-dependent apoptosis

We investigated further the significance of the hallmark
pS53 pathway for the elevated reliance of HCT116 cells on
P-TEFb following selective inhibition of CDK12. Upon ac-
tivation, the DNA-binding p53 orchestrates diverse tumor-
suppressive transcriptional programs, amongst which cell-
cycle arrest and apoptosis are best-defined (83). Hence, we
conducted cell-cycle and apoptosis assays in the absence
or presence of selective inhibitors of CDK12 and P-TEFb.
Given the ability of p53 to drive cytotoxicity of CDK12 and
P-TEFb co-targeted cells (Figure 4 and Supplementary Fig-
ure S4), we postulated that stimulation of p53-dependent
apoptosis is the culprit. To quantify apoptosis, we utilized
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a luminescence-based assay that measures apoptosis-induced
exposure of phosphatidylserine on the outer surface of cell
membrane through time. The assay uses two Annexin V fu-
sion proteins each containing a fragment of NanoBit Lu-
ciferase, of which complementation is achieved upon bind-
ing of Annexin V with phosphatidylserine (84). In concor-
dance with the above cytotoxicity and viability data, THZ531
or NVP-2 treatment of HCT116 cells alone elicited a defect
in the G1/S phase transition of the cell-cycle and low lev-
els of apoptosis (Figure SA, B). On the contrary, we detected
synergistic apoptotic response of cells exposed to the com-
bination treatment, which depended on p53 and was initi-
ated at about twelve hours into the treatment (Figure 5B).
Likewise, we observed the same phenotype when we targeted
P-TEFb with iCDKD9 in place of NVP-2 (Supplementary Figure
S5A).

To validate the apoptosis findings in a more physiologi-
cal setting, we next assessed whether co-inhibition of CDK12
and P-TEFb stimulates apoptotic death of HCT116 spheroids.
Namely, spheroid cultures have emerged as a viable pre-
clinical platform for evaluating anti-cancer treatments (835).
Unlike monolayer cultures, spheroids possess several in vivo
hallmarks of tumor microenvironments such as spatial archi-
tecture of cells with different proliferation status, complex
cell-cell contacts, oxygen and nutrient gradients, and rewired
metabolism. As reported in our previous study (42), we es-
tablished scaffold-free spheroids of about 400 um in size be-
fore treating them for two days with DMSO, THZ531, NVP-2
or iCDK9 alone and in combination, during which we moni-
tored kinetics of apoptosis utilizing the quantitative Annexin
V assay. We observed that THZ531, NVP-2 and iCDK9 treat-
ments in isolation elicited HCT116 spheroid apoptosis at
vanishingly low levels that were indistinguishable from the
DMSO control. In contrast, the co-targeting of CDK12 and
P-TEFb elicited robust apoptosis in a highly synergistic man-
ner (Figure 5C and Supplementary Figure S5B, left). As antic-
ipated, the combination treatments failed to result in apop-
tosis of TP537/~ spheroids (Figure SC and Supplementary
Figure S5B, right). Likewise, 3-MB-PP1 treatment sensitized
HCT116 CDK12%/? but not the parental HCT116 spheroids
to P-TEFb inhibitors NVP-2 and iCDK?9 (Figure 5D and Sup-
plementary Figure S5C). Together, we conclude that inhibition
of CDK12 primes cancer cells for p53-dependent apoptosis,
which is triggered by co-inhibition of P-TEFb.

Inhibition of CDK12 renders cancer cells dependent
on the oncogenic NF-«xB pathway

Because co-inhibition of CDK12 and P-TEFb decreased the
growth of HCT116 cells independently of p53 (Figure 4), we
reasoned that the targeting of CDK12 exposed novel vulnera-
bilities of cancer cells that could be exploited. To address this
possibility, we turned our attention to the oncogenic pathways
enriched within the genes induced by the inhibition of CDK12
(Figure 3B and Supplementary Table S2). We focused on the
top-ranked NF-«B signaling pathway stimulated by TNF-«,
of which enrichment diminishes upon inhibition of P-TEFb
(Figure 3C and Supplementary Figure S3B). This canonical
NF-«kB pathway has emerged as a potential target in cancer. It
promotes genesis and progression of cancer by facilitating
proliferation, survival, inflammation, angiogenesis and inva-
sion of tumor cells, and plays a role in the development of re-
sistance to chemotherapy (86). Furthermore, the NF-«B path-
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way was the second most enriched pathway in tumors with
hypertranscription, a recently revealed hallmark of aggres-
sive human cancers (87). Importantly, NF-kB pathway can
be stimulated from the nucleus by the DNA damage-induced
activation of ATM (88). In both modes of the pathway ac-
tivation (Figure 6A), key event is the signal-induced phos-
phorylation of the inhibitor of kB (IxB) by the IkB kinase (3
(IKKB), which leads to IxB degradation. In turn, the cytoplas-
mic retention of NF-«B is alleviated, prompting stimulation of
NEF-«kB-driven proliferative and anti-apoptotic gene transcrip-
tion program.

To determine contribution of this pathway to the lethal-
ity of CDK12 and P-TEFb co-targeting, we first asked
whether its direct activation by TNF-« elevates the depen-
dence of HCT116 cells on P-TEFb. Mirroring our findings
in CDK12-inhibited cells, cytotoxicity assays revealed that
TNF-« treatment sensitized HCT116 cells to P-TEFb in-
hibitors NVP-2 and iCDK9 in a pS53-dependent man-
ner (Figure 6B and Supplementary Figure S6A). Corre-
spondingly, kinetic apoptosis measurements of the parental
and TP53~/~ HCT116 cell spheroids exposed to TNF-«
and NVP-2 showed that unlike the individual treatments,
the combination elicited apoptosis in a highly synergis-
tic and pS53-dependent fashion (Figure 6C). Furthermore,
while the seven day treatment of both HCT116 cell lines
with TNF-« and NVP-2 alone led to a modest decrease
in cell viability as determined by ATP measurements, the
combination treatment led to a synergistic drop that did
not depend on p53 (Figure 6D). Thus, activation of the
NF-kB pathway alone renders HCT116 cells sensitive to
P-TEFb inhibition in a p53-independent manner.

We next addressed the significance of the NF-kB pathway
for gene induction and cell fate in the context of CDK12-
targeted HCT116 cells. To inhibit activation of the NF-«B
pathway, we targeted it pharmacologically using IKKf and
ATM inhibitors MLN120B (89) and KU-60019, respectively.
Indeed, addition of either of these compounds lowered the in-
duction of FOS and CDKN1A upon treatment of HCT116
cells for three hours with THZ531 (Figure 6E, F). Likewise,
the inhibition of IKK abrogated the induction of these genes
in 3-MB-PP1-treated HCT116 CDK12%/% cells (Supplemen-
tary Figure S6B). Paralleling our findings with inhibition of
P-TEFb at twelve hours into the treatments, the THZ531-
induced levels of FOS and CDKN1A decreased in the presence
of MLN120B or KU-60019, while those of BBC3 increased
further (Supplementary Figure S6C, D). Correspondingly, the
THZ531-induced levels of p21 were either blunted or signifi-
cantly lowered by the inhibition of IKKB or ATM, respectively
(Figure 6G, H).

To decipher whether the fate of CDK12-inhibited HCT116
cells depends on activity of the oncogenic NF-kB pathway,
we employed our battery of functional approaches. First, we
treated the parental and TP537/~ HCT116 cell lines with sub-
lethal doses of CDK12 and either IKKB or ATM inhibitors
alone or in combination, and monitored cell growth during
the seven day period using live cell imaging. While treatment
of HCT116 cells with THZ531 and MLN120B or KU-60019
alone affected them similarly to the DMSO control, the com-
bination treatments ablated cell growth in a synergistic and
p53-independent fashion (Figure 61, J). Correspondingly, the
inhibition of CDK12, IKKfB or ATM alone affected viability
of the parental and TP537/~ HCT116 cells as determined
by ATP measurements only slightly, but the CDK12-IKKf
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and THZ531 + NVP-2 data sets. (C, D) Apoptosis of HCT116 cell line spheroid

cultures treated with DMSO, THZ531 (100 nM), 3-MB-PP1 (6 puM) and

NVP-2 (10 nM) alone and in combination as indicated. Spheroids were formed for 48 h prior to the treatments. Results obtained at the time points
indicated below the graphs using RealTime-Glo Annexin V Apoptosis and Necrosis Assay are presented as luminescence values relative to the values of
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and THZ531 + NVP-2 (C), and 3-MB-PP1 and 3-MB-PP1 + NVP-2 (D) data sets.

and CDK12-ATM co-targeted cell lines exhibited profound
loss of viability independently of p53 (Supplementary Figure
S6E, F). Likewise, inhibition of CDK12 by 3-MB-PP1 ren-
dered HCT116 CDK123%/3 cells sensitive to the inhibition of
NEF-«B pathway by MLN120B (Supplementary Figure S6G).
Finally, in contrast to the co-inhibition of CDK12 and P-TEFb,
the CDK12-IKKf and CDK12-ATM combination treatments
were not toxic for HCT116 cells (Supplementary Figure S6H),
demonstrating that attenuation of the NF-kB-dependent cell
proliferation drives their potency. Together, we conclude that
selective inhibition of CDK12 renders HCT116 cells highly
dependent on the oncogenic NF-«B pathway, which occurs ir-
respectively of the status of p53.

Inhibition of CDK12 or P-TEFb switches the fate of
CDK7-inhibited cancer cells from cell-cycle arrest to
apoptosis

That co-targeting of CDK12 and P-TEFb decreased viabil-
ity of HCT116 cells prompted us to assess whether targeting
of these critical transcriptional kinases in combination with
CDK?7 also yields the same phenotype. Apart from control-
ling gene transcription, cytoplasmic CDK7 is a master facili-
tator of cell-cycle progression by acting as a CAK for key cell-
cycle CDKs, including CDK1, 2 and 4 (90). Hence, CDK?7 rep-
resents an appealing target in cancer. Not surprisingly, selec-
tive inhibition of CDK7 in various cell lines or in the analog-
sensitive HCT116 CDK7%/3 setting results in cell-cycle arrest
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at the G1/S transition, in part by attenuation of the gene ex-
pression program driven by E2F (91,92).

As elimination of cancer cell by irreversible cell death is a
desirable outcome of any effective cancer treatment (93,94),
we examined whether the targeting of CDK12 or P-TEFb
switches the fate of CDK7-inhibited cells from cell-cycle ar-
rest to apoptosis. To inhibit CDK7, we employed YKL-5-124,
a covalent inhibitor that targets cysteine 312 on CDK7 and
shows over 100-fold greater selectivity for CDK7 over P-TEFb
and CDK2 (92). In agreement with earlier reports (91,92),
treatment of the parental and TP537/~ HCT116 cells with
YKL-5-124 was not cytotoxic. However, co-administration
of THZ531 or NVP-2 sensitized HCT116 cells to CDK7
inhibition in a p53-dependent manner (Figure 7A, B). That
p53 enables the death of CDK7 and CDK12 co-targeted cells
is consistent with a previous report demonstrating that ac-
tivation of the p53 transcriptional program sensitized can-
cer cells to CDK7 inhibitors (95). Importantly, the combi-
nation treatments failed to affect the non-transformed CCD
841 CoN cells (Supplementary Figure S7A, B). Corroborating
these results, selective inhibition of CDK12 by 3-MB-PP1 in
HCT116 CDK12%/3 cells or P-TEFb by iCDK9 in HCT116
cells elicited toxicity in combination with CDK7 inhibition by
YKL-5-124 (Supplementary Figure S7C, D).

To extend these findings, we conducted seven day vi-
ability assays using the parental and TPS53~/— HCT116
cells. Whereas treatment of HCT116 cells with the three
tCDK inhibitors alone had a minimal effect on cell viabil-
ity as determined by ATP measurements, co-administration of
YKL-5-124 with THZ531 or NVP-2 led to a substantial and
synergistic decrease of viability that did not require p53 (Fig-
ure 7C, D). Therefore, these cytotoxicity and viability results
mirror our findings on the detrimental effect of CDK12 and
P-TEFb co-targeting on cell fate.

Finally, we monitored apoptosis of the parental and
TP53~/= HCT116 cell spheroids treated with the tCDK
inhibitors in isolation or combination for 48 hours. While
treatment of the spheroids with YKL-5-124, THZ531 and
NVP-2 alone stimulated apoptosis similarly to the DMSO
control, co-administration of YKL-5-124 with THZ531
or NVP-2 elicited apoptosis in a highly synergistic and
p53-dependent fashion (Figure 7E, F). Correspondingly,
3-MB-PP1 treatment sensitized HCT116 CDK12%/3 but not
the parental HCT116 spheroids to inhibition of CDK7 by
YKL-5-124 (Supplementary Figure 7E). Likewise, co-
targeting of CDK7 and P-TEFb by YKL-5-124 and iCDK9,
respectively, led to a synergistic and p53-dependent stimula-
tion of apoptosis (Supplementary Figure S7F). Collectively,
these results confirm findings of the CDK-cyclin genetic
co-dependencies of the DepMap project, where amongst
cyclin genes, CCNH encoding the cyclin H of CDK?7 is the
top co-dependency of CDK12, whereas CCNT1 encoding the
cyclin T1 partner of CDKD9 is the runner up co-dependency of
CDK7 (20). Furthermore, they are in agreement with impres-
sive anti-cancer activity of THZ1 in multiple iz vivo models
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(64,96,97), wherein this analog of THZ531 co-inhibits
CDK?7 alongside CDK12/13 (63). Together, we conclude that
selective inhibition of CDK12 or P-TEFb switches the fate
of CDK7-inhibited HCT116 cells from cell-cycle arrest to
apoptosis. However, further experimentation is needed to
uncover the underlying mechanisms that drive the efficacy of
the combinatorial treatments.

Discussion

An increasingly appreciated significance of tCDKs and dereg-
ulated transcription for cancer biology has put the prospects
of therapeutic targeting of tCDKs into the spotlight. In this
study, we selectively inhibited CDK12 by pharmacological
and chemical genetic means in a well-established cell line
model of colorectal cancer to uncover mechanistic and func-
tional aspects of the induced transcriptome. We found that
inhibition of CDK12 activated P-TEFb, which stimulated
Pol II pause release and induced genes of prominent tu-
mor suppressive and oncogenic signaling pathways exempli-
fied by p53 and NF-«B, respectively. In turn, the CDK12-
targeted cancer cells became hypersensitive to sub-lethal doses
of selective inhibitors of P-TEFb. The limited inhibition of
P-TEFb interfered with the gene induction in CDK12-targeted
cells, and led to a synergistic elimination of these cells by
stimulation of p53-dependent apoptosis and attenuation of
NF-«B-dependent cell proliferation. Finally, the pairwise in-
hibition of CDK7 and either CDK12 or P-TEFb stimulated
apoptosis of p53-proficient cancer cell spheroids. Therefore,
we provide a rationale for combinatorial targeting of CDK12
with either P-TEFb or oncogenic signaling pathways in
cancer.

Our study reveals a mechanism that governs the in-
duced gene expression programs in CDK12-targeted cells.
We demonstrate that inhibition of CDK12 provokes activa-
tion of P-TEFb through its release from the inhibitory 7SK
snRNP reservoir, whereby most of the kinase leaves the com-
plex within an hour of CDK12 inhibition. The kinetics of
P-TEFb activation explains the progressive increase of the
bulk of CTD Ser2 phosphorylation levels that was observed
during six hours of inhibiting asCDK12 with 3-MB-PP1 (23).
As demonstrated by our transcriptome-wide PRO-seq and
model gene validation experiments, activated P-TEFb then
stimulates the release of Pol II from promoter-proximal paus-
ing, which culminates in transcriptional induction of short
genes. As paused Pol II interferes with transcription initia-
tion in cis (72), the P-TEFb-driven transition of Pol II into
early elongation may enable subsequent bursts of Pol II ini-
tiation at induced genes, augmenting further their transcrip-
tional output. Our findings are consistent with the prior work
on THZ531-treated neuroblastoma cells, which showed a
rapid and bidirectional accumulation of metabolically-labeled
transcripts that originated from the start of transcription
and extended well beyond the promoter-proximal pause (10).

combination as indicated for 3 h prior to quantifying pre-mRNA levels of FOS and CDKN1A with RT-gPCR. Results normalized to the levels of GAPDH
mMRNA and DMSO-treated cells are presented as the mean + s.e.m. (n = 3). **P < 0.01; ***P < 0.001, determined by Student's t test. (G, H) HCT116
cells were treated with DMSO (=), THZ531 (400 nM), NVP-2 (20 nM), MLN120B (20 uM) and KU-60019 (5 uM) alone and in combination as indicated for
16 h prior to preparation of whole cell extracts and detection of the indicated proteins by Western blotting. (I,J) Growth of HCT116 cell lines treated with
DMSO, THZ531 (50 nM), MLN120B (2.5 M) and KU-60019 (50 nM) alone and in combination as indicated for seven days measured using live cell
imaging. Results are presented as % confluency and plotted as the mean + s.e.m. (n = 3). Arrows indicate the replenishment of medium and drugs at
day 4. ****P < 0.0001, determined by two-way ANOVA using THZ531 and THZ531 + MLN120B (I) and THZ531 and THZ531 + KU-60019 (J) data sets.
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Figure 7. Inhibition of CDK12 or P-TEFb switches the fate of CDK7-inhibited HCT116 cells from cell-cycle arrest to apoptosis. (A, B) Cytotoxicity of the
indicated HCT116 cell lines treated with DMSO, YKL:-5-124 (100 nM), THZ531 (200 nM) and NVP-2 (10 nM) alone and in combination as indicated for 48 h
measured using CellTox Green Cytotoxicity Assay. Results are presented as fluorescence values relative to the values of DMSO-treated cells and plotted
as the mean + s.e.m. (n=3). *P < 0.05; **P < 0.01; ***P < 0.001; n.s., non-significant, determined by Student’s t test. (C, D) Viability of the indicated
HCT116 cell lines treated with DMSO, YKI:5-124 (5 nM), THZ531 (50 nM) and NVP-2 (2.5 nM) alone and in combination as indicated for seven days
measured using CellTiterGlo 2.0 Cell Viability Assay. Results are presented as luminescence values relative to the values of DMSO-treated cells and
plotted as the mean & s.e.m. (n = 3). **P < 0.01, determined by Student's t test. (E, F) Apoptosis of the indicated HCT116 cell line spheroid cultures
treated with DMSO, YKL-56-124 (100 nM), THZ531 (150 nM) and NVP-2 (10 nM) alone and in combination as indicated. Spheroids were formed for 48 h
prior to the treatments. Results obtained at the time points indicated below the graphs using RealTime-Glo Annexin V Apoptosis and Necrosis Assay are
presented as luminescence values relative to the values of DMSO-treated cells at 2 h and plotted as the mean + s.e.m. (n=3). *P < 0.05; **P < 0.01;
***p < 0.001, determined by Student’s t test using YKL:5-124 and YKL-5-124 + THZ531 (C), and YKL-5-124 and YKL-5-124 + NVP-2 (D) data sets.
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Likewise, they are reminiscent of the observed release of
P-TEFb from 7SK snRNP following an acute degradation of
the MED14 subunit of the Mediator complex, which aug-
mented the rate of Pol II pause release genome-wide (98).
It remains to be determined how exactly does the inhibition
of CDK12 prompts the release of P-TEFb from 7SK snRNP.
Based on our results, we propose that soon after the onset of
CDK12 inhibition, global perturbation of transcription by Pol
IT elicits a non-genotoxic stress response that could drive the
initial P-TEFb activation. Subsequently, prolonged inhibition
of CDK12 results in increased load of DNA damage, which
triggers cellular DDR, leading to sustained and augmented lev-
els of P-TEFb activity.

Our findings clarify the nature and significance of the in-
duced transcriptome in the wake of CDK12 inhibition. We
show that the induced genes are enriched with genes stimu-
lated by prominent cancer-related pathways, including pS53,
NF-kB, hypoxia and MYC. Supporting these findings, GSEA
of hallmark pathways against the DepMap dataset of ranked
genetic co-dependencies of CDK12 across the genome re-
vealed that the effect of CDK12 knockout on cancer cell
growth correlates positively with the oncogenic NF-kB and
hypoxia pathways and negatively with the tumor suppres-
sive p53 pathway (20). Furthermore, CDK12 is required
for survival and transformation of MYC-overexpressing cells
(24,99). By focusing on the p53 and NF-kB pathways, the
chief elements of the cellular DDR, we reveal that gene induc-
tion in CDK12-inhibited cells is functionally important and
a prerequisite for the increased sensitivity of cancer cells to
P-TEFb inhibitors. In principle, decreased expression of
CDK12-dependent genes could also contribute directly to the
elevated dependence of CDK12-inhibited cells on P-TEFb.
However, our recent work and findings in this study demon-
strate that in the case of p53 and NF-«B pathways, gene in-
duction is the culprit. Namely, we disentangled induced from
repressed genes in CDK12-inhibited cells by selectively acti-
vating p53- and NF-«kB-driven transcriptional programs using
the non-genotoxic MDM2 inhibitor Nutlin-3a and TNF-«, re-
spectively, which by itself renders the treated cells highly sensi-
tive to P-TEFb inhibitors (42). Nevertheless, in the context of
CDK12-targeted cells, the attenuated gene transcription could
enable gene induction indirectly through the stress responses
proposed above, which may prompt stimulation of P-TEFb
and signal-responsive genes. Finally, a large body of work has
established that Pol Il promoter-proximal pausing is prevalent
on signal-responsive genes, whereby transcriptional activators
recruit P-TEFb to facilitate synchronous release of paused
Pol II into productive elongation (100). Intriguingly, all TFs
that operate at the endpoint of the top enriched pathways in
CDK12-targeted cells, namely NF-«xB, HIF1A, MYC and p53,
have been reported to stimulate Pol II pause release through
P-TEFDb (101-104). Taken together, our findings are consistent
with a model in which inhibition of CDK12 elicits cell stress-
mediated activation of signaling pathways and P-TEFb, which
leads to the capturing of this key Pol II pause release kinase by
pathway-specific TFs on chromatin for coordinate gene acti-
vation. Accordingly, we envision that this sequence of events
underpins the elevated dependence of CDK12-inhibited cells
on P-TEFb.

Our work offers fresh avenues for combinatorial tar-
geting of CDK12 in cancer. Thus far, down-regulation of
CDK12-dependent HR genes is being explored as an ap-
proach to eliminate cancer cells, most notably in combina-
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tion with PARP1 inhibitors or DNA-damaging chemothera-
peutics (28,29). However, our results call for therapeutic ex-
ploitation of novel vulnerabilities and resistance mechanisms
that arise in response to gene induction in CDK12-inhibited
cancer cells. First, the targeting of CDK12 reactivates p53
and thus primes the cells for undergoing cell death by apop-
tosis, which we show can be triggered upon co-inhibition
of P-TEFb or CDK?7. These results resonate with reported
studies demonstrating that activation of the p53 transcrip-
tional program sensitizes cancer cells to selective inhibitors of
P-TEFb or CDK7 (42,95). Second, our findings indicate that a
host of oncogenic signaling pathways get induced in CDK12-
inhibited cells, cautioning against the therapeutic targeting of
CDK12 alone. However, by interrogating the DNA damage-
induced NF-«B pathway, we provide a proof-of-concept for
the combinatorial targeting of CDK12 with oncogenic signal-
ing. We demonstrate that the stimulation of the NF-«B path-
way alone by TNF-« triggers cell death in combination with
P-TEFb inhibitors. Critically, we reveal that the pharmaco-
logical targeting of CDK12 in combination with either the
inhibitors against P-TEFb and CDK?7 or inhibitors of IKK{
and ATM of the DNA damage-induced NF-kB pathway leads
to a synergistic drop of cancer cell proliferation irrespective
of p53. These findings are highly relevant from a therapeu-
tic standpoint as up to a half of cancer cases carry loss-of-
function mutations in both alleles of TP53. Moreover, as ac-
tivation of NF-kB has been linked to the resistance of ovarian
cancer cells to PARP1 inhibitors (1035), targeting this pathway
could improve the outcome of the CDK12-PARP1 combina-
tion therapy. Finally, we show that the activity of p53 influ-
ences the seemingly paradoxical impact of ATM blockade on
the fate of tCDK-inhibited cells. On the one hand, inhibition
of ATM prevents the death of p53-proficient cells co-treated
with CDK12 and P-TEFb inhibitors, which we attribute to
the requirement of ATM for the activation of p53 (79). On
the other hand, while blocking ATM is not lethal for CDK12-
inhibited cells, it diminishes their proliferation independently
of p53 by countering the oncogenic NF-«B pathway. There-
fore, these results provide further credence to the fact that
the functionality of ATM and TP53, two commonly mutated
tumor suppressor genes, is a key determinant of the clinical
response to genotoxic chemotherapies. Namely, while cancer
cells with functional p53 display chemoresistance upon in-
hibition of ATM or its downstream target Chk2, inhibition
of ATM sensitizes p53-deficient cancer cells to chemother-
apy (106). Hence, we propose that the combined status of
ATM and TP353 is likely to dictate the efficacy of the CDK12-
targeted combination therapies. Conversely, CDK12-deficient
tumors could be particularly susceptible to the targeting of
P-TEFb, CDK7 and the DNA damage-induced ATM-Chk2
pathway.

Finally, our work provides new insights into the tumor
suppressive role of CDK12 in the genesis of cancers with
biallelic CDK12 inactivation such as in high-grade serous
ovarian carcinoma (30-32). On the one hand, disruption of
CDK12-dependent regulatory networks elicits genomic dis-
array with the characteristic tandem DNA duplications. On
the other hand, our results suggest that CDK12 loss of het-
erozygosity engenders the incipient cancer cells with aug-
mented oncogenic signaling that drive key hallmarks of can-
cer, which in the case of NF-kB signaling include sustained
proliferative signaling, avoidance of programmed cell death,
tumor-promoting inflammation and therapy resistance (86).
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Therefore, future exploration of processes driven by pertur-
bation of CDK12 shall reveal the full potential of thera-
peutic targeting of this crucial Pol II elongation kinase in
cancer.
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