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SUMMARY

The cyclin-dependent kinase CDK12 has garnered interest as a cancer therapeutic
target as DNA damage response genes are particularly suppressed by loss of
CDK12 activity. In this study, we assessed the acute effects of CDK12 inhibition
on transcription and RNA processing using nascent RNA Bru-seq and BruChase-
seq. Acute transcriptional changes were overall small after CDK12 inhibition but
over 600 genes showed intragenic premature termination, including DNA repair
and cell cycle genes. Furthermore, many genes showed reduced transcriptional
readthrough past the end of genes in the absence of CDK12 activity. RNA turnover
was dramatically affected by CDK12 inhibition and importantly, caused increased
degradation of many transcripts from DNA damage response genes. We also show
that co-transcriptional splicing was suppressed by CDK12 inhibition. Taken
together, these studies reveal the roles of CDK12 in regulating transcription elon-
gation, transcription termination, co-transcriptional splicing, and RNA turnover.

INTRODUCTION

CDK12 is a kinase that phosphorylates the carboxy-terminal domain (CTD) of the largest subunit of RNA
polymerase Il. It interacts with cyclin K and localizes to active genes (Bartkowiak et al., 2010). The human
CDK12 gene was first cloned under the name CrkRS (Ko et al., 2001) but was later re-named CDK12
(Chenetal., 2006). As a CTD-kinase, CDK12 acts downstream of CDK7 (Bosken et al., 2014) and CDK9 (Bart-
kowiak et al., 2010) during transcription elongation and phosphorylates Ser2, Ser5, and Thr4 of the CTD of
RNAPII. Such phosphorylation is stimulated by the pre-phosphorylation of the Ser-7 site by CDK7 (Bosken
et al., 2014; Glover-Cutter et al., 2009; Greenleaf, 2019; Liang et al., 2020; Tellier et al., 2020). ChIP-seq ex-
periments have shown that CDK12-binding is more prominent in gene bodies and toward the 3'-ends of
genes compared to the 5'-ends of genes. In addition, CDK12 binding is highly enriched at enhancer ele-
ments (Greenleaf, 2019; Zhang et al., 2016). CDK12 phosphorylation of RNPII CTD at Ser2 and Thr4 plays
important roles in transcription elongation (Bayles et al., 2019; Chirackal Manavalan et al., 2019; Tellier
et al., 2020; Zhang et al., 2016) as well as for 3’-end complex formation and termination (Davidson et al.,
2014; Eifler et al., 2015). Depletion or inhibition of CDK12 activity in cells leads to premature polyadenyla-
tion and termination at intronic polyadenylation sites (IPAs) (Dubbury et al., 2018; Krajewska et al., 2019).
Genes encoding DNA damage response genes are especially prone to undergo premature termination
following CDK12 inactivation owing to their above-average gene length and high number of IPAs (Dubbury
etal., 2018; Krajewska et al., 2019). In addition to reduced Ser-2 phosphorylation in the bodies and 3'-ends
of genes, loss of CDK12 indirectly leads to reduced H3K36me3 in the chromatin of active genes (Bowman
et al., 2013). Loss of H3K36me3 in active genes has been shown to lead to increased sensitivity to ionizing
radiation by reduced homologous recombination repair (HRR) (Aymard et al., 2014; Greenleaf, 2019; Kra-
jewska et al., 2019; Pfister et al., 2014).

CDK12 proteins co-localize with hyperphosphorylated RNAPII to splicing speckles (Ko et al., 2001; Liang
et al., 2015), suggesting that CDK12 may coordinate the splicing of pre-mRNAs (Emadi et al., 2020; Liang
et al., 2020; Tien et al., 2017). In further support of its link to splicing are findings that CDK12 directly inter-
acts with and phosphorylates many components of the spliceosome (Bartkowiak and Greenleaf, 2015; Kra-
jewska et al., 2019; Liang et al., 2015) and components of the exon junction complex (EJC) (Eifler et al.,
2015). Mutation of Ser2 to alanine in the CTD of RNAPII results in the inhibition of co-transcriptional splicing
(Guetal., 2013) and depletion of CDK12 results in alternative splicing patterns (Chen et al., 2006; Tien et al.,
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elongin, hnRNPs, 5'Cap proteins, 3'-cleavage complex, and the DNA repair proteins ERCC6, XPC, MRE11,
and RADS0 (Bartkowiak and Greenleaf, 2015; Bartkowiak et al., 2019; Krajewska et al., 2019). CDK12 expres-
sion peaks in the early G1-phase of the cell cycle and then drops to its lowest level in the late S-phase (Chir-
ackal Manavalan et al., 2019).

CDK12 has been found to be recurrently mutated in certain cancers such as ovarian (Joshi et al., 2014; Po-
pova et al., 2016) and prostate cancer (Chou et al., 2020; Rescigno et al., 2021; Wu et al., 2018). Many of
these tumors show genomic instability leading to hundreds of tandem DNA duplications (TD). Although
the mechanism responsible for the formation of TDs is not fully understood, the fact that these duplications
are enriched in regions of active genes (Wu et al., 2018) suggests that the loss of CDK12 functions regu-
lating transcription elongation and splicing may be involved in the formation of TDs. DNA damage
response (DDR) genes are typically long and contain an above-average number of IPAs, and consequently
have been found to be down-regulated following the acute loss of CDK12 activity (Blazek et al., 2011; Dub-
bury et al., 2018; Ekumi et al., 2015; Joshi et al., 2014; Krajewska et al., 2019; Wang et al., 2020; Zhang et al.,
2016). This downregulation of DDR genes can be exploited therapeutically using DNA-damaging chemo-
therapy or PARP1 inhibitors (Bajrami et al., 2014; Chila et al., 2016; Chou et al., 2020; Joshi et al., 2014; Pa-
culova and Kohoutek, 2017). However, CDK12-defective tumors with a TD phenotype show no suppression
of expression of DDR genes (Greenleaf, 2019; Popova et al., 2016; Wu et al., 2018). These tumors may
instead qualify for immunotherapy because of the frequent formation of fusion genes giving rise to new
neoantigens (Chou et al., 2020). Several small molecule inhibitors of CDK12 have been developed (Dieter
etal., 2021; Gao et al., 2018; Zhang et al., 2016) and they appear to be especially effective against Ewing's
sarcoma and osteosarcoma (Chou et al., 2020), triple-negative breast cancer (Quereda et al., 2019), hepa-
tocellular carcinoma (Wang et al., 2020), and a subset of colorectal cancers (Dieter et al., 2021). The com-
pound THZ531 selectively inhibits CDK12 and CDK13 and leads to a significantly reduced output of RNA
within 6h (Zhang et al., 2016). Recently, a selective CDK12 degrader BSJ-4-116 was developed with effects
on gene expression very similar to THZ531 according to poly(A) RNA-seq analysis following an 8-h treat-
ment (Jiang et al., 20271a). This inhibition has been ascribed to premature transcriptional termination at
intronic polyadenylation sites (IPAs) and significant loss of expression of DDR genes and super
enhancer-associated genes (Zhang et al., 2016). Furthermore, the compound NCTO02, which acts as a mo-
lecular glue inducing ubiquitylation of CDK12, showed efficacy in in vivo studies of metastatic colorectal
cancer (Dieter et al., 2021). Owing to its role in regulating DDR genes, CDK12 has been considered a po-
tential therapeutic target in different cancers especially when combined with PARP inhibitors (Chou et al.,
2020; Paculova and Kohoutek, 2017). Furthermore, the diminished levels of H3K36me3 in active genes sup-
pressing HRR (Aymard et al., 2014; Greenleaf, 2019; Krajewska et al., 2019; Pfister et al., 2014) suggest that
CDK12 inhibitors may act as sensitizers for radiation therapy and chemotherapy drugs invoking HRR.

In this study, we used Bru-seq and BruChase-seq (Paulsen et al., 2013, 2014) to investigate the transcrip-
tional and post-transcriptional effects of CDK12 inhibition by the CDK12/CDK13 inhibitor THZ531, and
by using an analog-sensitive HelLa-AS cell line treated with the adenine analog 1-NM-PP1 (Bartkowiak
and Greenleaf, 2015; Bartkowiak et al., 2015). The results show a reduced transcription signal toward the
3" ends oflong genes and reduced transcriptional readthrough past transcription end sites (TESs). We iden-
tified 688 genes showing premature termination and these genes were predominantly associated with
DNA damage and repair and cell cycle functions. Using BruChase-seq to assess the turnover of newly syn-
thesized transcripts revealed a dramatic effect of CDK12 inhibition on the stabilization of RNA transcripts

"o

representing gene sets such as “TNFA-signaling”, “G2/M checkpoint”, “p53 pathway” and “hypoxia” and
KEGG pathway gene sets such as "homologous recombination”, “base excision repair”, “nucleotide exci-
sion repair” and “mismatch repair”. In addition, the inhibition of CDK12 showed a slight, but significant,
reduction of overall co-transcriptional splicing. Our results show that CDK12 inhibition causes defects in
transcription elongation as previously reported but also an acute induction of transcriptional programs
involving MYC and E2F as well as dramatic changes in transcript stability. Transcripts involved in DNA
repair pathways were both prematurely terminated and de-stabilized by CDK12 inhibition, suggesting

that transcript turnover may contribute to the DNA repair defect reported following CDK12 inhibition.

RESULTS
Acute inhibition of CDK12 alters the nascent transcriptional profile

To explore the acute effects of CDK12 inhibition on transcription, we treated HF1, K562, and Hela cells
for 1 h with the CDK12/CDK13 inhibitor THZ531 and measured nascent RNA synthesis using Bru-seq. We
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Figure 1. Effects of THZ531 on nascent transcription

(A)HF1, K562, and Hela cells were treated with 400 nM THZ531 for 1 h at 37°C with the addition of bromouridine for the last 30 min and Bru-labeled RNA was
then prepared for Bru-seq. Nascent RNA signal from Bru-seq libraries is represented as reads per kilobase per million (RPKM) and is shown for the control
(blue) and THZ531 (yellow) for each cell line. The RPKM sign indicates the transcribed strand (positive values for plus strand signal; negative values for minus
strand signal). Gene models are above the signal tracks and transcript isoform models are below (green for plus strand; red for minus strand). The nascent
RNA reads were mapped to Hg38. Examples of genes showing upregulated transcription following THZ531 treatment in all three cell lines are RALY and
SERTAD2.

(B) Gene set enrichment analysis (GSEA) of Bru-seq data showing gene sets upregulated across all three cell lines following a 1-h THZ531 treatment. Gene
sets in the Hallmark and KEGG pathways are shown and the data is expressed as normalized enrichment scores (NES).

(C) Nascent transcription of genes, represented as in (A), showing reduced signal toward their 3'-ends following THZ531 treatment.

(D) Aggregated profile of gene transcription end sites (TESs) showing that THZ531 reduces transcription toward the 3’-ends and past the TES. For the
aggregate graphs, 2637 genes >20kb in length and expressed at >0.5 RPKM in the HF1 control sample were used.

observed several genes upregulated in response to THZ531 treatment across the three cell lines such as
RALY and SERTADZ (Figure 1A). RALY is an RNA-binding protein that regulates pre-mRNA splicing and
miRNA metabolism and may have oncogenic properties (Song et al., 2020; Sun et al., 2021). SERTAD2 is
a transcriptional co-activator of E2F-regulated genes and promotes diet-induced obesity (Liew et al.,
2013). Performing gene set enrichment analysis (GSEA) on THZ531-treated cells, we observed very
similar patterns of upregulated gene sets across the three cell lines (Figures 1B and S1). The top upre-
gulated gene sets included "MYC targets”, "E2F targets”, "G2/M checkpoint” and “spliceosome”. Sur-
prisingly, the GSEA analysis did not reveal any gene sets that were downregulated by THZ531 although
there were indications of reduced transcription toward the 3’-ends of many genes such as Integrator
complex subunit gene INTS6, and the DNA damage response genes ATM and RADS50 (Figure 1C).
The non-coding RNA gene LINCO01355 was suppressed following CDK12 inhibition, and this may be
owing to a reduced transcriptional readthrough from the upstream gene HNRNPR (Figure 1C). Inspect-
ing aggregate plots of transcription reads 20 kb upstream and downstream of the TESs, we observed
that THZ531 suppressed transcription toward the 3’end of genes in all three cell lines (Figure 1D).
Furthermore, THZ531 also suppresses transcription past the TES in all cell lines, implying that CDK12
activity plays a role in extending transcriptional readthrough or alternatively, reducing the turnover of
the readthrough RNA.

Specific inhibition of CDK12 using 1-NM-PP1 in HeLa-AS cells

THZ531 inhibits both CDK12 and CDK13 and therefore our results above may reflect the inhibition of
CDK12, CDK13, or both. To specifically target CDK12 in cells, we utilized HelLa-AS (analog-sensitive) cells
in which CDK12 has been mutated in such a way as to retain normal activity but render it susceptible to in-
hibition by the bulky adenine analog 1-NM-PP1 (Bartkowiak and Greenleaf, 2015; Bartkowiak et al., 2015).
Similarly to treatments with THZ531, HelLa-AS cells treated with 1-NM-PP1 showed reduced nascent RNA
reads toward the 3'-end of many genes such as the DNA damage response genes BRCA2, ATM, and MRE11
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(A) HeLa-AS cells were treated in two biological experiments with DMSO or 1-NM-PP1 for 30 min in the presence of bromouridine and Bru-labeled RNA was
then prepared for Bru-seq. Inhibition of CDK12 resulted in the rapid reduction of transcription reads at the 3'-ends of the indicated genes (represented as in

Figure 1A). No transcriptional effects of 1-NM-PP1 treatment were observed in parental cells.

(B) Aggregate view of gene transcription end sites (TESs) from Bru-seq data showing that the inhibition of CDK12 results in reduced transcription toward the

3'-end of genes and past the TES. For the aggregate graphs, 2619 genes >20kb in length and expressed at >0.5 RPKM
represented.

in the HeLa + DMSO sample are

(C) Contiguous regions of transcription at different expression levels (shown as rectangular overlays; one overlay per replicate) for the DOCK5 gene. Asingle,
long segment overlays the gene body in the control (top), but is partitioned into two segments (high and low expression) after CDK12 inhibition, indicating

the region containing a presumptive intergenic termination site.
(D) Genes with intragenic termination events identified by transcription segment partitioning. 688 genes were found to
replicates.

be common to both biological

(E-H) DAVID analyses using the 688 common gene list show enrichment for gene sets. E) KEGG pathways, F) tissues and cluster enrichment, G) DNA damage

responses, H) cell cycle and J) kinetochore and chromosomes. Enrichment is expressed as -logo p value.

(Figure 2A). Furthermore, many genes showed reduced transcription that appears to be owing to dimin-
ished transcriptional readthrough from upstream genes such as HNRNPC leading to loss of expression
of downstream IncRNA LINC00641 (Figures 2A and S2). Assessing genome-wide nascent transcription,
we found many significantly downregulated genes following CDK12 inhibition with fewer significantly up-
regulated genes (Figure S3A). Surprisingly, GSEA analyses did not show any gene sets significantly en-
riched for the downregulated genes while several gene sets were enriched for genes upregulated following
CDK12 inhibition (Figure S3B). Although some of these upregulated gene sets were unique for 1-NM-PP1
treatment of Hela-AS cells compared to gene sets induced by THZ531, such as “TNF-signaling via NFkB",
many of the gene sets were common, suggesting that it was the loss of CDK12 activity, and not CDK13 ac-
tivity, that resulted in the upregulation of the genes driving these pathways. Examples of genes where the
inhibition of CDK12 led to increased transcription are shown in Figure S3C. We next asked whether gene
length may influence the degree to which CDK12 inactivation may affect transcription. Comparing the
average size of significantly up-regulated genes (padj<0.01, n = 472) with the average gene size of
down-regulated genes (padj<0.01, n = 1766) we observed a marked difference in that upregulated genes
were much smaller (33 kb) than the downregulated genes (121 kb) supporting the hypothesis that CDK12
activity plays a role promoting the completion of transcription of long genes (Figure S3D). Finally, when we
aggregated the data, we observed a similar reduction of transcription reads toward the 3'-end of genes as
seen for THZ531 treated cells (Figure 1D) and suppression of transcription elongation past the TES in the
CDK12 inactivated cells (Figures 2B and S2).
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Figure 3. Effects of THZ351 treatment on the turnover of RNAs

(A) Treatment with THZ531 stabilized several transcripts such as MAT2A, CCNL1, and PDP1 while de-stabilized transcripts such as SRSF1. HF1 cells were
either mock-treated or treated for Th with 400 nM THZ531 with labeling with bromouridine for the last 30 min. Cells were then chased in 20 mM uridine in the
presence or absence of THZ531 for 6 h and prepared for BruChase-seq. Bru-seq and BruChase-seq signal is presented in Figure TA.

(B) Enriched gene sets from BruChase-seq differential expression in THZ531-treated HF1, K562, and Hela cells and presented as normalized expression

scores (NES) from GSEA.

To identify genes showing intragenic premature termination, a transcription segmentation algorithm was
used to first identify de novo transcribed regions (Paulsen et al., 2014) and then to find adjacent segments
that indicate a drop in expression within gene bodies. Using regions of consistent transcription (repre-
sented by a single contiguous segment) in the control condition as a reference, we searched for divided
segments in the CDK12-inhibited condition with a high-expressing upstream segment and a low-express-
ing downstream segment. Applying this approach to the HelLa-AS control and 1-NM-PP1 treated cells, we
identified 846 genes in replicate 1 and 889 in replicate 2, with a substantial overlap of 688 genes in common
(Figures 2D and Table S1). One example of a gene showing intragenic termination is DOCK5 where
following treatment with 1-NM-PP1, we observe two segments with different levels of transcription (Fig-
ure 2C). Performing DAVID (https://david.ncifcrf.gov/home.jsp, version 6.8) analyses using the 688 gene
set, we found enrichment of genes in the KEGG pathways “protein processing in the ER", “ubiquitin-medi-
ated proteolysis” and “cell cycle” (Figure 2E). Furthermore, this gene set was found to be highly enriched
for the tissue term “epithelium” (Figure 2F). Exploring DAVID cluster enrichment scores, we found that the
top clusters involved "DNA damage” and “DNA repair” (Figure 2G) followed by “cell cycle” (Figure 2H) and

mwon

mitosis-related gene sets such as "kinetochore”, “chromosome” and “chromatin cohesion” (Figure 2J).

Dramatic alterations in RNA turnover by CDK12 inhibition

To investigate the effects of CDK12 inhibition on RNA turnover, we treated the three human cell lines with
THZ531 for 1 h with Bru-labeling for the last 30 min followed by a 2-h (HelLa) or a 6-h chase (HF1 and K562) in
the presence of THZ531. The reason for the shorter chase period for the Hela cells is that we have found
that post-transcriptional processing is very fast in these cells. The effects of THZ531 on RNA turnover were
assessed by comparing the ratio of normalized gene counts obtained after the chase with the normalized
gene counts without the chase for the treated and control conditions. Transcripts stabilized by THZ531
treatment include MAT2A (15-fold), which encodes a subunit of methionine adenosyltransferase (Halim
et al., 2001) which can be stabilized by METLL16-induced splicing (Pendleton et al., 2017; Shima et al.,
2017), CCNL1 (34-fold) encoding cyclin L1 that has been shown to interact with CDK12 (Chen et al.,
2006) and has a role in pre-mRNA splicing (Dickinson et al., 2002) and PDP1 (17-fold), coding for pyruvate
dehydrogenase phosphatase that may play a role in circadian rhythm regulation (Cyran et al., 2003) (Fig-
ure 3A). Among transcripts that were de-stabilized following THZ531 treatment was the transcript for the
splicing factor SRSF1 (2.4-fold) which has been previously shown to be stabilized in a CDK12-dependent
manner (Liang et al., 2015). (Figure 3A).
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Figure 4. Effect of 1-NM-PP1 treatment of HeLa-AS cells on RNA turnover

(A) HelLa-AS cells were mock-treated with DMSO or 1-NM-PP1 for 30 min in the presence of bromouridine. The cells were then chased in uridine in the
presence of either DMSO or 1-NM-PP1 for 2 h before preparing the Bru-RNA for BruChase-seq (n = 3). The top panels are displaying Bru-seq reads and the
bottom panels are displaying BruChase-seq reads (2-h chase). For a transcript to be considered stabilized by 1-NM-PP1 treatment, the ratio of the treated
sample (yellow) to control (blue) is higher in the BruChase-seq data than in Bru-seq data (e.g. MAT2A)and lower for de-stabilized transcripts (e.g. CBX5, MY O
19 and SRSF1).

(B) Volcano plot showing transcripts stabilized (red) and transcripts de-stabilized (blue) after CDK12 inhibition (adjusted p value < 0.01; log, fold-change > 1
or< —1).

(C) Enrichment of Hallmark and KEGG pathway gene sets using BruChase-seq stability following CDK12 inhibition shown as normalized enrichment scores
(NES) from GSEA.

Performing GSEA on gene stability values from HF1 as well as HelLa and K562 cells showed that the Hall-
mark gene sets “TNFA signaling via NFkB", “inflammatory response”, “G2/M checkpoint”, "p53 pathway”
and "hypoxia” were stabilized in all cell lines following THZ531 treatment (Figure 3B). In contrast, the KEGG
pathway gene sets "homologous recombination”, “base excision repair”, “nucleotide excision repair” and
“mismatch repair” showed transcripts de-stabilized in all cell lines. Thus, rapid turnover of DNA repair gene
transcripts contributes to the loss of expression of DNA damage response genes. Interestingly, transcripts
in the KEGG pathway “ribosome”, were highly de-stabilized by THZ531 in the normal fibroblasts while they

were stabilized in both K562 and Hela cells.

We next explored whether the inhibition of CDK12 was responsible for the dramatic changes in RNA stability
observed with the THZ531 inhibitor by using the 1-NM-PP1 compound on the Hela-AS cells. Again, we
observed transcripts that became stabilized such as MAT2A (3.9-fold) and transcripts that became de-stabilized
such as CBX5 (7.5-fold) which codes for the heterochromatin protein HP1 (Wreggett et al., 1994), MY O 19 (6.8-
fold), which encodes a myosin associated with mitochondria (Quintero et al., 2009) and the splicing factor en-
coding transcript SRSFT (2- to 1-fold)which is known to be stabilized by CDK12 (Liang et al., 2015) (Figure 4A).
Plotting the transcripts with significantly altered stability (padj<0.01) and with a fold-change of at least 2, we
observed 1130 genes that were stabilized and 2467 genes that were de-stabilized within 2h following
CDK12 inactivation (Figure 4B and Table S2). Performing GSEA on the RNA stability data obtained from
HeLa-AS cells following 1-NM-PP1 treatment and a 2-h chase, we detected many gene sets enriched in
common with what we detected for THZ531 treatment (Figure 4C). The gene sets with the most highly stabi-
lized transcripts were "p53 pathway”, “adherens junctions”, “oxidative phosphorylation” and “hypoxia”.
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Figure 5. Effect of CDK12 inhibition on co-transcriptional splicing

(A) THZ531 suppresses global co-transcriptional splicing in HF1, K562, and Hela cells. Splicing index (Sl) values were calculated from Bru-seq data using
intron junctions with sufficient reads to make the cut-off as previously described (Bedi et al., 2021). The number of introns qualifying for the analyses is shown
below the violin plots. The median Sl values are shown in the white rectangles.

(B) Inhibition of CDK12 with TNMPP1 in HelLa-AS cells shows slight but significantly reduced co-transcriptional splicing.

(C) Sl-values for HF1, K562, and Hela cells from BruChase-seq data show no significant difference between THZ531-treated and control cells for any of the
cell lines.

(D) Sl-values for INMPP1-treated Hela-AS cells show a slight, but significant difference following a 2-h chase. *** = p value<10~"%, ** = p value<0.0007.

De-stabilized transcripts were found in “tyrosine metabolism”, “homologous recombination”, “base excision

"o

repair”, “mismatch repair” and “nucleotide excision repair”.

Inhibition of CDK12 results in reduced co-transcriptional splicing

The splicing of introns occurs co-transcriptionally as the pre-mRNA is synthesized by RNA polymerase Il
(Ameur et al., 2011; Bauren and Wieslander, 1994; Beyer and Osheim, 1988; Bhatt et al., 2012; Darnell,
2013; Djebali et al., 2012; Naftelberg et al., 2015; Oesterreich et al., 2016; Tilgner et al., 2012). We recently
used nascent Bru-seq data to estimate co-transcriptional splicing and showed that the splicing efficiencies
differ within genes and between cell types (Bedi et al., 2021). Here we assessed whether the inhibition of
CDK12/13 with THZ531 would affect the global splicing index (Sl) of introns in the three human cell lines
HF1, K562, and Hela. Here we compared the distributions of Sl values from DMSO-treated cells and
THZ531-treated cells comparing splicing junction with sufficient reads to make the cut-off as previously
described (Bedi et al., 2021). It was found using the Wilcoxon test that THZ531 treatment slightly, but signif-
icantly, reduced co-transcriptional splicing (Figure 5A). We also observed a similar shift in Sl values in HeLa-
AS cells treated with 1-NM-PP1 compared with DMSO-treated control cells (Figure 5B). We next assessed
the Sl values for these cells after a chase period (6 h for HF1 and K562; 2 h for Hela) and found that most
introns were fully spliced and that there was no difference globally in SI values between THZ531-treated
cells and DMSO-treated control cells (Figure 5C). We found a slight, but significant, difference in the
1-NM-PP1-treated Hela-AS cells compared to DMSO-treated controls (Figure 5D). Taken together, the in-
hibition of CDK12 with THZ531 or 1-NM-PP1 showed slight, but significant, inhibitory effects on co-tran-
scriptional splicing.

DISCUSSION

CDK12 plays important roles in transcription and RNA processing. By phosphorylating the CTD during
elongation, CDK12 promotes transcription by passing through cryptic intronic polyadenylation sites
(Bayles et al., 2019; Chirackal Manavalan et al., 2019; Tellier et al., 2020; Zhang et al., 2016) as well as being
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Figure 6. Model of the roles of CDK12 in transcription and post-transcriptional processes

Our results implement CDK12 playing roles in transcription both in suppressing premature termination at cryptic
polyadenylation sites (PAS) as well as promoting transcriptional readthrough past transcription end sites (TES). CDK12
also was found to promote more efficient general splicing of transcripts. Finally, our study shows that CDK12 is involved in
the regulation of transcript stability where transcripts encoding DNA repair enzymes are stabilized by CDK12 while
transcripts encoding proteins in the p53, G2/M checkpoint, hypoxia pathways as well as the spliceosome are de-
stabilized.

involved in 3’-end complex formation and termination (Davidson et al., 2014; Eifler et al., 2015). Further-
more, phosphorylating and associating with splicing factors it is thought to promote the splicing process
(Bartkowiak and Greenleaf, 2015; Eifler et al., 2015; Emadi et al., 2020; Ko et al., 2001; Krajewska et al., 2019,
Liang et al., 2015, 2020; Tien et al., 2017). Inhibition of CDK12 leads to loss of expression of DNA damage
response genes sensitizing cells to DNA-damaging agents and PARP inhibitors (Blazek et al., 2011; Dub-
bury et al.,, 2018; Ekumi et al., 2015; Joshi et al., 2014; Krajewska et al., 2019; Wang et al., 2020; Zhang
et al., 2016). Thus, inhibition of CDK12 in combination with DNA damaging agents or PARP inhibitors
has attracted significant clinical interest with several small molecule inhibitors or degraders being devel-
oped (Gao et al., 2018; Jiang et al., 2021b; Zhang et al., 2016). To fully capitalize on CDK12 as a cancer ther-
apeutic target, a more comprehensive understanding of its role in transcription and RNA processing is
needed.

In this study, we inhibited CDK12/13 using THZ531 and used the adenine analog 1-NM-PP1 to specifically

inhibit CDK12 in analog-sensitive HeLa-AS cells and assessed transcription and RNA processing using the
nascent RNA sequencing methods Bru-seq and BruChase-seq. Our results confirm previous studies that
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the acute inhibition of CDK12 results in decreased transcription reads toward the 3'-ends of genes likely
owing to premature transcription termination by the utilization of intronic poly(A) sites (Zhang et al.,
2016) (Figures 1 and 2). We also observed reduced transcription signals past the transcriptional termination
following inhibition, suggesting that CDK12 plays some role in extending transcription past gene termina-
tion sites. The purpose of such transcriptional readthrough is not clear but may lead to the expression of
downstream genes such as miRNA or IncRNA genes. Alternatively, CDK12 inhibition may enhance the
degradation of the RNA generated by RNA polymerase |l as it traverses the TES. When comparing the
average gene size of the top up-regulated genes versus the top down-regulated genes it shows that in-
hibited genes are on average substantially longer than induced genes (Figure S3D). Although no gene en-
richments were found for acutely down-regulated genes, we observed enrichment of several gene sets
acutely upregulated transcriptionally across all three cell lines by THZ531 and by 1-NM-PP1 in HelLa-AS
cells (Figures 1, S1, and S2). These gene sets included "MYC targets”, “G2/M checkpoint”, “E2F targets”,
"spliceosome” and surprisingly “DNA repair”. The mechanism by which CDK12 inhibition leads to the up-
regulation of these pathways is not clear.

Using BruChase-seq we found that inhibition of CDK12 had a dramatic effect on the stability of several
transcripts (Figures 3 and 4). Gene sets such as “"p53 pathway”, "G2/M checkpoint”, “hypoxia” and “spli-
ceosome” showed transcript stabilization. Significantly, DNA damage repair pathway gene sets such as
"homologous recombination”, “"base excision repair”, “nucleotide excision repair”, “"DNA repair” and
“mismatch repair” showed transcript de-stabilization upon CDK12 inhibition. Thus, the well-documented
downregulation of DNA repair pathways after CDK12 inhibition may not only be driven by premature tran-
scription termination but also by increased degradation of transcripts of DNA repair genes. One transcript
that was highly stabilized by CDK12 inhibition was MAT2A (Figures 3A and 4A). The splicing of the last
intron of the MAT2A transcript is regulated by the cellular levels of S-adenosyl methionine (SAM) which
is the product of the MAT2A SAM synthase. When SAM levels are high, the last intron is not spliced result-
ing in nuclear retention of the transcript and rapid degradation (Pendleton et al., 2017; Shima et al., 2017).
Furthermore, when SAM levels are low, the Né-adenosine transferase METLL16 promotes efficient splicing
of the last intron and the transcript is exported and translated. However, we do not observe a difference in
the splicing pattern of MAT2A following CDK12 inhibition, suggesting that the mechanism of MATZ2A tran-
script stabilization following CDK12 inhibition does not involve altered splicing.

While CDK12 has been shown to associate with and phosphorylate splicing factors (Bartkowiak and Green-
leaf, 2015; Eifler et al., 2015; Emadi et al., 2020; Ko et al., 2001; Krajewska et al., 2019; Liang et al., 2015, 2020;
Tien et al., 2017), the role of CDK12 in co-transcriptional splicing has not been previously assessed. We
recently reported that co-transcriptional splicing can be determined from nascent RNA Bru-seq data
and showed that the efficiency of splicing is regulated in both a gene and cell type-dependent manner
(Bedi et al., 2021). Here we show that the inhibition of CDK12 caused a slight, but significant lowering of
co-transcriptional splicing in HF1, K562, and Hela cells treated with THZ531 (Figure 5A) as well as in
Hela-AS cells treated with 1-NM-PP1 (Figure 5B). When assessing Sl values following a 2 or 6-h chase,
the differences between control and treated cells were erased, suggesting that transcripts not fully spliced
co-transcriptionally are either spliced later or purged by nuclear surveillance ribonucleases. As CDK12 is
known to localize to nuclear speckles that also host many splicing factors (Ko et al., 2001; Liang et al.,
2015) it is possible that the CDK12 phosphorylation of RNAPII CTD promotes the localization of the tran-
scription machinery to speckles where efficient co-transcriptional splicing occurs.

Our study is the first to show that CDK12 plays important roles in co-transcriptional splicing, transcript stability,
and promoting transcriptional elongation within genes and transcriptional readthrough past transcription end
sites (Figure 6). One other important finding of our study is that increased transcript degradation may
contribute to the well-known suppression of DNA repair gene expression following CDK12 inhibition. The
mechanisms by which CDK12 regulates co-transcriptional splicing and transcript stability need further investi-
gations and may lead to the development of better cancer therapeutic agents targeting CDK12.

Limitation of the study

This work was performed on cell lines in culture using pharmacological inhibitors and the results may,
therefore, not fully represent the loss of function of CDK12 in vivo and off-target effects of these drugs
are likely. Furthermore, the drug THZ531 is known to inhibit both CDK12 and CDK13 making it impossible
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to distinguish whether either or both kinases are affected by the drug. However, the results obtained using
1-NM-PP1 on the analog-sensitive HelLa-AS cell line should be CDK12-specific.
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anti-BrdU BD Biosciences 555627 (RRID:AB_10015222)

Chemicals, peptides, and recombinant proteins

MEM Invitrogen 11095-080
IMDM Invitrogen 12440-053
DMEM Invitrogen 11965-092
FBS Invitrogen 10437-028
Penicillin/Streptomycin Invitrogen 15140-122
THZ531 MedChem Express HY-103618
1-NM-PP1 Axon MedChem 1892
Bromouridine MilliporeSigma 850187
Uridine MilliporeSigma U3750
Trizol Invitrogen 15596-018
Bru-seq RNA spike-ins This manuscript N/A
Critical commercial assays

Tru-seq Kit lllumina RS-122-2001

Deposited data

Raw and processed data

This manuscript

GEO: GSE191222

Experimental models: Cell lines

Human: HF1; hTERT immortalized human
diploid foreskin fibroblasts

Human: K562; CML-derived lymphoblast

Dr. Mary Davis, Department of Radiation
Oncology, University of Michigan, Ann Arbor

ATCC

N/A

CCL-243 (RRID CVCL_0004)

Human: Hela; epitheloid cervix carcinoma Millipore-SIGMA 93021013

Human: HelaAS; Hela stably expressing Bartkowiak and Greenleaf (2015); N/A

analog-sensitive (AS) CDK12 Bartkowiak et al. (2015)

Software and algorithms

Casava v1.8.2 lllumina N/A

BB Tools v38.46 Bushnell B. http://sourceforge.net/projects/bbmap/

Bowtie2 v2.3.3

STAR v2.5.3a
DESeqg2 v1.18.1 (R library)

bedtools 2 v2.28.0
Rv3.4.3

Langmead and Salzberg (2012)

Dobin et al. (2013)
Love et al. (2014)

Quinlan and Hall, 2010
R Core Team, 2020

http://bowtie-bio.sourceforge.
net/bowtie2/index.shtml

https://github.com/alexdobin/STAR/releases

https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html

https://bedtools.readthedocs.io/en/latest/

https://www.R-project.org/

Other

Bru-seq RNA spike-ins (reference)

ENCODE Project

https://www.encodeproject.
org/files/ENCFF267BFZ

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Con-

tact, Mats Ljungman (ljungman@umich.edu).
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Materials availability

This study did not generate new unique reagents.

Data and code availability

Raw and processed sequencing data for Bru-seq and BruChase-seq have been deposited at the Gene
Expression Omnibus (GEO), accession GSE191222.

This manuscript does not report original code.

Any additional information required to reanalyze the data reported herein is available upon request of the
lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HF1 fibroblasts (male) are from primary source (Dr. Mary Davis, University of Michigan) and thus authentic.
K562 CML lymphoblasts (ATCC: CCL-242) and Hela cervix carcinoma (Millipore-Sigma: 93021013) are
authenticated via their sources. Hela with analog sensitive CDK12 (HeLaAS) is not authenticated.

METHOD DETAILS

Cell cultures and reagents

hTERT immortalized human diploid foreskin fibroblasts (HF1) (a gift from Dr. Mary Davis, Department of
Radiation Oncology, University of Michigan, Ann Arbor) were grown in Minimal Essential Medium with
10% FBS (Invitrogen) (Paulsen et al., 2013, 2014) K562 cells (ATCC) were grown in suspension in IMDM
with 10% FBS. Hela cells (Millipore-SIGMA) DMEM, 10% FBS, 100 U/mL penicillin and 100 U/mL strepto-
mycin. HelLa-AS cells were grown in DMEM as previously described (Bartkowiak and Greenleaf, 2015; Bart-
kowiak et al., 2015). THZ531 (MedChemExpress) and 1-NM-PP1 (Axon Medchem) were dissolved in DMSO.

Bru-seq and BruChase-seq

For the Bru-seq experiments, cells were either mock-treated with DMSO in conditioned media or treated
with 400 nM THZ531 (HF1, K562 and Hela) or 10 pM 1-NM-PP1 (HelLa-AS) for 60 min where bromouridine
(Bru) (MilliporeSigma) was included during the last 30 min at a final concentration of 2 mM to label nascent
RNA. Following Bru-labeling, cells were lysed directly in Trizol followed by isolation of total RNA. For
BruChase-seq experiments, cells were first labeled for 30 min with 2 mM BrU in conditioned media after
which the cells were washed in PBS and conditioned media containing 20 mM uridine was added back
together with either 400 nM THZ531, 10 uM 1-NM-PP1 or no drug for 2 hours in HelLa and Hela-AS cells,
or 6 hours in HF1 and K562 cells.

Following the uridine chase, cells were lysed directly in TRIzol followed by isolation of total RNA. For ex-
periments involving HF1, K562, and Hela treated with THZ531 (including controls), the isolated total
RNA was further treated with DNAse (TURBO DNA-free Kit; Invitrogen). For both Bru-seq and
BruChase-seq, Bru-labeled RNA was immunocaptured using anti-BrdU antibodies (BD Biosciences). Size
selection for all libraries was via agarose gel excision.

Strand-specific libraries for the HeLa-AS experiments were prepared from a modified protocol using the
TruSeq Kit (lllumina) as previously described (Paulsen et al., 2013, 2014). This protocol used single-index
barcoded ligation adapters and universal primers for PCR. These libraries were sequenced on a HiSeq
2000 (lllumina), yielding 50 bp, single-ended reads. For the experiments in HF1, K562, and Hela cells
involving THZ531 treatment, a spike-in cocktail of Bru-labeled and unlabeled RNA (described below)
was mixed in with total RNA prior to Bru-RNA IP. Ribosomal RNA was reduced via QiaSeq FastSelect (Qia-
gen) prior to first strand synthesis. These strand-specific libraries were made using a universal ligation
adapter and dual-index, barcoded primers for PCR. Sequencing was performed on a NovaSeq 6000 (Illu-
mina), yielding 150 bp, paired-ended reads.

The RNA spike-in cocktail was designed in-house for the Bru-seq methods and consists of in vitro tran-
scribed RNAs from the A. thaliana genes AGP23 (Bru-labeled), OBF5 (Bru-labeled), PDF1 (unlabeled),
and AP2 (unlabeled), total RNA extracted from E. coli K-12 MG1655 strain (unlabeled), and total RNA ex-
tracted from D. melanogaster S3 cells (Bru-labeled). The spike-in cocktail was optimized such that final
quantities as percentage by weight of total RNA were as follows: 0.001% each labeled IVT RNA, 0.1%
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each unlabeled IVT RNA, 4% unlabeled E. coli total RNA, and 4% Bru-labeled D. melanogaster S3 total
RNA. For the 6-hour BruChase-seq assay, the spike-ins were added at 1/4 of these amounts. A reference
sequence for the spike-ins is available on the ENCODE portal (https://www.encodeproject.org/files/
ENCFF267BFZ/; FASTA format).

Bru-seq and BruChase-seq data analysis

Reads were pre-mapped to the ribosomal RNA (rRNA) repeating unit (GenBank U13369.1) and the mito-
chondrial and EBV genomes (from the hg38 analysis set) using Bowtie2 (2.3.3) (Langmead and Salzberg,
2012). Unaligned reads were subsequently mapped strand-specifically to human genome build hg38/
GRCh38 using STAR (v 2.5.3a) (Dobin et al., 2013) and a STAR index created from GENCODE annotation
version 27 (Frankish et al., 2019). Gene expression was quantified as previously described (Paulsen et al.,
2013, 2014) and differential gene expression was performed using DESeq2 v1.18.1 (Love et al., 2014). DE-
Seq data set objects were then normalized using the rlog function (parameter blind=TRUE) and rlog fold
change calculated by subtracting rlog of the control group from rlog of the treated group. This rlog fold
change was used to order genes for use in pre-ranked GSEA (v4.1.0) to identify enriched gene sets from
mSigDB v7.4 Hallmark and KEGG collections (Broad Institute, Cambridge, MA).

In the analog-sensitive CDK12 experiment, genes with CDK12-dependent premature termination defects
were identified using Bru-seq transcription segmentation. Segments were identified in individual samples
by a hidden Markov model algorithm as previously described (Paulsen et al., 2014). Intronic regions from
the AS-CDK12 control Bru-seq samples that overlapped only 1 transcription segment were defined as in-
trons of constant expression. Of these introns, those in the 1-NM-PP1 treated sample were selected if they
had >1 overlapping segments and the HMM score decreased in the downstream direction. Expressed
genes (at least 1 RPKM) with such introns were selected from the two replicates to find the reproducible
set of events.

Data are available at the Gene Expression Omnibus (GEO; accession GSE191222).

QUANTIFICATION AND STATISTICAL ANALYSIS

Bru-seq and BruChase-seq data analysis used software with statistical parameters described in the
methods or in the software documentation.
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