Inhibition of CDKO activity compromises global splicing in prostate cancer cells
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Abstract

Cyclin-dependent kinase 9 (CDK9) phosphorylates RNA polymerase Il to promote productive
transcription elongation. Here we show that short-term CDK9 inhibition affects splicing of
thousands of mMRNAs. CDK9 inhibition impairs global splicing and there is no evidence for a
coordinated response between the alternative splicing and the owverall transcriptome. Alternative
splicing is a feature of aggressive prostate cancer (CRPC) and enables generation of the anti-
androgen resistant version of the ligand-independent androgen receptor, AR-v7. We show that
CDK9 inhibition results in the loss of AR and AR-v7 expression due to the defects in splicing,
which sensitizes CRPC cells to androgen-deprivation. Finally, we demonstrate that CDK9
expression increases as PC cells develop CRPC-phenotype both in vitro and also in patient samples.
To conclude, here we show that CDK9 inhibition compromises splicing in PC cells, which can be
capitalized on by targeting the PC-specific addiction, androgen receptor.



Introduction

Compounds targeting cyclin-dependent kinase 9 (CDK9) have shown success in clinical trials, and
it is important to understand why cancer cells are so addicted on high CDK9 activity (1-3). There are
several Phase I-IIl clinical trials assessing CDK9 inhibitors as cancer therapy (“4-6). CDK9
phosphorylates carboxy-terminal domain (CTD) of RNA polymerase Il (RNA Pol II) to promote
productive transcription elongation in all cells, and the kinase is particularly important for the
expression of genes driven by super-enhancers (7. In general, mRNAs encoding for pro-
proliferative and anti-apoptotic proteins have short half-lives, and high levels of transcription is
required to maintain their robust expression (). Decrease in the global transcription has been
postulated as the major mechanism of action for the anti-tumor effects of CDK9 inhibitors.
However, all cells depend on active transcription, which proposes that cancer cells have additional
features that explain their dependency on high CDKJ9 activity.

Utilization of the combinatorial lethal screens is an excellent strategy to discover synergistic
dependencies. It is known that co-targeting of CDK9 and BET bromodomain proteins induces
strong combinatorial effects on cancer cells due to the global suppression of transcription ©). We
recently described a cancer cell-selective synergistic lethal interaction between combined inhibition
of O-GIcNAc transferase (OGT) and CDK9 (0), Compromised CDK9 activity renders cancer cells
dependent on OGT, and by identifying the processes OGT is important for, we may be able to
design more rational combinatorial treatment strategies.

OGT glycosylates thousands of nucleocytoplasmic proteins to regulate their functions (11-14), We
have shown that OGT is overexpressed in aggressive prostate cancer and that the enzyme
coordinates with c-MYC to promote proliferation of cancer cells (1516), OGT directly modifies many
transcription factors and also RNA Pol 1l 7). Overall, OGT is positioned to regulate transcriptional
adaptations to CDKO inhibition in prostate cancer cells.

In this study, we show that CDK9 inhibition induces transcriptional activation of the spliceosome
mMRNAs in an OGT-dependent manner. As a single agent treatment, CDK9 inhibitors compromise
spliceosome activity with particularly strong effects on intron retention and exon skipping. In short-
term, the effects elicited by CDKY inhibitors are not enhanced by targeting OGT, and overall the
CDK9 inhibitor-induced alternative splicing is likely a defect as there is no coordination between
the treatment-induced alternative splicing and the transcriptional program. Further, we show that
inhibition of CDK9 compromises expression of androgen-receptor (AR) due to defective splicing,
and development of castration-resistant prostate cancer (CRPC) is associated with increased CDK9

expression. Our data proposes that CRPC patients might respond well to CDKO9 targeting therapies.



Results

Targeting CDKO9 induces OGT-dependent increase in the spliceosome mRNASs

It is well established that targeting CDK9 leads to decrease in transcription but it is not known if
cells also mount an adaptive transcriptional program when CDK9 activity is compromised.
Combined inhibition of OGT (OSMI-2) and CDK9 (AT7519) induces strong anti-proliferative
effects on prostate cancer cells 19, so we hypothesized that OGT is important for the transcriptional
response to CDKO inhibition. To identify the mRNAs and pathways that are induced in response to
CDK9 inhibition (AT7519) in an OGT-dependent manner, we used both OGT small molecule
inhibitor (OSMI-2) and OGT knockdown (siRNA), and performed RNA-seq. We selected all
mRNAs whose expression was increased significantly in comparison to untreated sample (adjusted
p-value < 0.01). There was 332 mRNAs whose abundance was increased in response to CDK9
inhibitor treatment but not increased when CDK9 inhibitor was combined either with OSMI-2 or
OGT knockdown (Fig. 1A).

To determine if the CDK9 inhibitor-induced, OGT-dependent mRNAs are enriched for any
particular process, we performed KEGG pathway enrichment analysis. Strikingly, we identified
single biological process ‘spliceosome’ that is highly significantly enriched after the acute CDK9
inhibitor treatment in an OGT-dependent manner (Fig. 1B and 1C). In searching for the potential
mechanism how OGT could regulate these genes, we noted that over 80% of the promoters of the
genes constituting the ‘spliceosome’ gene signature harbor an O-GIcNAc peak that is rapidly erased
in response to OGT inhibition (OSMI-2), as determined by the biological triplicate ChIP-seq
experiments (Suppl. Fig. 1). These data propose that when transcription is compromised due to
decrease in CDK9 activity, spliceosome becomes more important. Reciprocally, we hypothesize
that if the spliceosome-activity is compromised, CDK9 becomes more important, which we moved
on to assess next.

We took the CDK9 inhibitor-induced, OGT-dependent ‘spliccosome’ gene signature of 19
mRNAs, and asked if these genes harbor any alterations in prostate cancer patient samples. Half of
the assessed prostate cancer patients in the TCGA dataset (18) harbor alterations (mutation,
amplification or altered mRNA expression) in at least one of the genes. As hypothesized above,
patients who have altered spliceosome-signature also show significantly higher expression of CDK9
(p= 1e-11, Suppl. Fig. 2A). Altered activity of the spliceosome machinery through amplifications,
deletions and mutations may lead to increased stress to the transcription machinery. This implies
that the compromised spliceosome activity selects for cancer cells with higher CDK9 expression. In
addition, we noted that the patients who harbor alterations in the ‘spliceosome’ gene signature have
poor prognosis, as measured by Gleason Score, biochemical recurrence and other metrics of the



aggressive prostate cancer (Suppl. Fig. 2B and 2C). These data propose that spliceosome
aberrations, which are frequent in aggressive prostate cancer (19) or increased CDK9 expression,
may be used as a biomarker to identify patients benefiting from CDKO targeting therapies.

Overall, our data shows that CDK9 inhibition induces upregulation of the spliceosome mRNAS in
an OGT-dependent manner. However, we did not yet know if the spliceosome activity is altered

when CDKO9 activity is compromised.

CDKQ9 inhibition leads to global dysregulation of the spliceosome activity

To determine the global alternative splicing landscape in response to CDK9 and OGT inhibition, we
employed rMATS algorithm (9. Five main alternative splicing patterns, including alternative 3’ and
5" splice sites (A3’SS and A5’SS, respectively), mutually exclusive exons (MXE), detained introns
(Dl) and skipped exons (SE) were evaluated (Fig. 2A). Splicing events with inclusion-level
difference > 10%, and FDR < 0.1 were determined as differential alternative splicing events.

Acute treatment (4 hours) with CDK9 inhibitor resulted in 5000 alternative splicing events (Fig.
2A, Suppl. Fig. 3). We did not detect clear coordination between any of the alternative splicing
events and total mRNA levels (Suppl. Fig. 4). CDK9 inhibition has a pronounced effect on global
DI levels, which is partially reversed upon OGT inhibition by OSMI-2 or OGT knockdown (Fig.
2A). OGT inhibitor OSMI-2 was recently reported to affect intron detention in HEK cells (21, We
used the same compound and also OGT knockdown, but only observed modest effects on
alternative splicing (Suppl. Fig. 3). The discrepancy between the previous data and our study may
be explained due to different treatment time (longer in the previous study) and different model
systems used. Most notably, prostate cancer cells express high levels of OGT and enzymes
producing OGT’s co-substrate UDP-GIcNAc (2223), However, there was one highly significant
mMRNA that was differentially spliced also in our study when OGT was inhibited, and that was OGT
itself. We used RT-gPCR to confirm this effect: OGT intron 4 is rapidly spliced away to promote
generation of the productive isoform when OGT activity is depleted and this response was
completely blocked by CDK9 inhibition (Fig. 2B). CDK9 activity is therefore essential for the
intron removal in the OGT mRNA.

The acute CDK9 inhibition particularly affected exon skipping and intron retention, and the latter
should lead to loss of the productive isoforms (Fig. 2A). For validation, we selected two genes,
CLK3 and CRTC2, which showed prominent increased intron retention in response to CDK9
inhibition (Fig. 2C). We confirmed the increased intron retention using RT-gPCR and observed 4-
10 fold increase (Fig. 2D). As expected, this led to a prominent (2 fold) depletion of the productive
isoform. OGT inhibition did not reverse the CDK9 inhibitor effects (Fig. 2D and Suppl. Figs. 5 and



6). We noted that OGT knockdown increased both detained intron and productive isoforms of these
mRNAs, potentially representing cellular compensation mechanism to decreased OGT expression.
To summarize our data so far, targeting CDK9 results in a gross dysregulation of the spliceosome
activity in prostate cancer cells. In these cells, CDK9 is an important regulator of global splicing
and overrides the effects elicited by OGT inhibition. Our data also shows that CDK9 inhibitor-
induced alternative splicing is not coordinated with the changes in the transcriptional program
acutely, which implies that the effects on splicing are not adaptive mechanism in the short term.
Based on these data, depleting OGT activity does not override the effects of CDK9 inhibitor on
alternative splicing. We propose that identification of prostate cancer cell-specific features may

enable design of rational drug combinations with CDKS9 inhibitors.

CDKQ9 inhibition compromises splicing of the androgen receptor mRNA

We hypothesized that targeting CDK9 might affect the expression of androgen receptor (AR), the
major drug target in prostate cancer. Based on our alternative splicing-data, CDK9 inhibition results
in utilization of an alternative 3° splice site in the AR MRNA (p=0.0003 based on rMATS analysis).
More careful inspection of the entire AR gene revealed robust increase in the intronic reads, which
may also indicate utilization of an alternative poly-adenylation site (Fig. 3A). We also noted
accumulation of reads in the region of the so called cryptic exons after the third major exon. AR
cryptic exons are known to generate various AR splice variants that are expressed in patient
samples and have been associated with aggressive prostate cancer (24:25),

We designed primer pairs to rigorously assess if CDK9 inhibition alters alternative 3’ splice site
utilization, and in addition we obtained primers reported previously by the land-mark paper on the
clinically relevant AR variants by Hu & al. (2009) 4. Interestingly, acute depletion of CDK9
activity using two structurally unrelated inhibitors, AT7519 (26) and NVP2 (27) prominently
increased the generation of the AR splice variants, while the short term treatments did not have
effects on the levels of the normal AR mRNA in LNCaP cells (Fig. 3B, left and Suppl. Fig. 7). We
note that the relative abundance of any of these splice variants is low in comparison to the normal
AR mRNA, which is expected because LNCaP cells are not known to express AR variants in the
basal condition. Therefore, we performed the same experiment in a model of CRPC (22RV1), a cell
line that is known to express AR variants due to inclusion of the cryptic exons (4. Importantly, both
CDK9 inhibitors significantly increased the AR splice variants that are generated though the
alternative 3’ splice site or inclusion of the cryptic exons (Fig. 3B, right and Suppl. Fig. 7). Based
on the RNA-seq and RT-qPCR data, we conclude that the short-term CDK9 inhibition compromises
intron-exon definition in the AR gene.



We hypothesized that the difficulties in the splice site recognition might in long term result in the
loss of AR protein expression because many of these splice variants result in a premature stop
codon @4, It is also possible that by targeting CDK9 we promote generation of the ligand
independent, clinically relevant AR-v7 variant (P3 in the Suppl. Fig. 7). We therefore evaluated
CDKS9 inhibitor effects on both AR full length and AR-v7 variant using western blotting. Even a
low dose of the CDK9 inhibitor NVP2 led to a loss of AR full length protein in LNCaP cells (Fig.
3C). In the CRPC cells (22RV1 and LN95), we noted that the low dose CDK9 inhibitor results in a
prominent decrease of the AR-v7 protein but increases AR full length. We confirmed the effects on
AR-V7 using AT7519 (Suppl. Fig. 8). Importantly, we observed the effects on AR and AR-v7 using
CDK9 inhibitor doses that do not induce cell death activation as measured by PARP cleavage in
normal prostate cells (RWPE-1, Fig. 3C). AR-v7 is an alternatively spliced variant that generates
androgen-independent form of the key drug target in prostate cancer (28). Accordingly, CDK9
inhibition sensitized prostate cancer cells to androgen deprivation (Suppl. Fig. 9). To conclude,
CDK®9 inhibition induces global changes in splicing with striking effects on the CRPC-specific AR-
V7.

CRPC cells are addicted on high CDK9 activity

Due to the gross effects on splicing and AR, a major driver of CRPC, we hypothesized that CRPC
cells are addicted on high CDK9 activity when compared to their normal counterparts. Depletion of
CDK9 activity completely blocked the abilty of CRPC cells to form colonies and over 8-times
higher dose of the inhibitor was required to see similar effects on normal prostate cells (Fig. 4A).
We detected the effects on proliferation using very low doses of the CDK9 inhibitor, and therefore
propose that these effects are due to the transcriptional stress as observed above using higher CDK9
inhibitor doses and shorter treatment times. These data show that high CDK9 activity is important for
the survival of the CRPC cells in vitro, and we moved on to evaluate CDK9 expression in patient
samples.

We asked if CDK9 expression is altered in prostate cancer cells after development of anti-
androgen resistance. First, we noted that CDK9 expression is not altered in primary prostate cancer
when compared to adjacent tissue (Suppl. Fig. 10). Second, we evaluated CDK9 expression in
LAPC9 mouse model of androgen-independent prostate cancer and also in prostate cancer patient
samples before and after androgen ablation-therapy. CDK9 expression was significantly increased
as LAPC9 model developed androgen-independence and the expression was also increased in
prostate cancer patient samples after anti-androgen therapy (Fig. 4B and 4C). Third, CDK9
expression is also increased in prostate cancers that metastasize to lymph nodes (Fig. 4D). Overall,



CDK9 expression is increased after androgen-ablation and is associated with aggressive prostate

cancer.

Discussion

Here we show for the first time that targeting CDK9 results in a gross dysregulation of the
spliceosome activity. We aimed to explain why combined inhibition of OGT and CDKS9 is toxic to
prostate cancer cells by focusing on the transcriptional networks that are activated in an OGT-
dependent manner when CDK9 activity is compromised. This approach revealed that OGT is
required for the transcriptional activation of the mRNAs that constitute the spliceosome (Fig. 1B).
However, simultaneous targeting of both OGT and CDK9 did not further increase the number of
alternative splicing events when compared to CDK9 inhibition alone, and it is possible that the
combinatorial effects become more prominent after longer treatment time. Our study is the first to
detect gross changes in the spliceosome activity in response to CDK9 inhibition. CDK9
phosphorylates Ser-2 on the carboxy-terminal domain of RNA polymerase Il, which is known to be
important for the coordination of transcription and splicing (3:29). However, this is the first study to
report that targeting CDK9 actually results in the robust alternative splicing affecting thousands of
mRNAs (Fig. 2A). Our data propose that spliceosome becomes a point of vulnerability when CDK9
activity is compromised.

CDK®9 inhibitors selectively kill cancer cells, despite CDK9 being important for maintaining
transcription in all cells, and hence it is important to re-visit genomics data to explain why cancer
cells would be particularly addicted on high CDK9 activity. Prostate cancer patients whose tumors
have genetic alterations in the genes encoding for the spliceosome components show significantly
increased expression of CDK9 (Suppl. Fig. 2). Interestingly, myeloid cancers have high frequency
of mutations in the spliceosome genes (30 and the same tumors are also highly susceptible to CDK9
inhibition (1), Spliceosome MRNAs also have high alteration frequency in the aggressive prostate
cancer (19). Based on our data, CDK9 inhibition-induced changes in splicing are rather a defective
than adaptive response (Suppl. Fig. 4), and further targeting of splicing would likely be toxic to
normal cells as well. Therefore, combining CDK9 inhibitors with compounds aimed at a specific
feature cancer cells are addicted on, including AR, should be prioritized. Overall, underlying
genetic alterations may enable selecting the right patients to be treated with the CDKS9 inhibitors.

In the future, it is important to simultaneously profile the active transcription using nucleotide
labels, splicing and the overall transcriptome to form a comprehensive picture on how the major

RNA Pol Il kinases affect transcriptional program in both normal and cancer cells. Finally,



utilization of proteomic approaches to identify the factors OGT acts on to remodel the CDKO9-

inhibitor induced proteome will enable direct targeting of these responses.

Materials and methods

Cell culture

LNCaP, C4-2, 22RV1, PC3 and RWPE-1 cells were obtained from ATCC, PNT1 cells were from
European Collection of Authenticated Cell Cultures, while LN95 were a kind gift from Professor
Stephen R. Plymate (University of Washington). Cell lines were maintained as recommended by the
provider, and LN95 cells were maintained in phenol red-free RPMI supplemented with charcoal-

stripped serum.

Compounds and assays

OSMI-4, NVP2 and AT7519 were obtained from MedChem Express. ATP levels in cells were
assessed using the CellTiter-Glo® Luminescent Cell Viability Assay (Promega). OSMI-2 was a gift
from Professor Suzanne Walker (Harvard Medical School). Knockdown experiments were
performed using RNAiMax reagent (Sigma). OGT targeting SiRNAs were from ThermoFisher
Scientific: SIOGT_1 s16094 and siOGT_2 s16095. For all statistical analysis presented in the
manuscript, p-values are from two-sided analysis unless otherwise specified. Colony formation
assays were performed in 12-well plate, and cells were plated 1000 cells per well. After 1-2 days,
cells were treated with compounds of interest for one week. Crystal violet staining was performed
as described previously (1),

Protein and mRNA profiling

Samples for western blotting were prepared as previously described (19, Antibodies used are as
follows: PARP (9532) from Cell Signaling Technology, AR (ab108341) and actin (ab49900) from
Abcam, and AR-v7 was from Revmab Biosciences (31-1109-00). RNA isolation was performed
using the illustraMiniSpin-kit (GE Healthcare) according to manufacturer's instructions, and cDNA

was synthesized using the gScript cDNA Synthesis Kit (Quantabio).

RNA-Seq data analysis

Libraries were prepared by the Norwegian High Throughput Sequencing Centre using Strand-
specific TruSeq RNA-seq library prep kit. For each condition, two biological replicates were used.
Samples were multiplexed and paired-end sequenced in four lanes with 150bp read length.
Sequencing reads were aligned to Hgl9 (GRCh37) using STAR (32), Raw counts of reads were
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mapped to genes using HTSeq counts (httpJ//htseq.readthedocs.io/en/master/count.ntml) and
differential expression analysis performed on duplicate samples using DESEQ2 (33), Genes with a p-
value of 0.01 were considered significant. RNA-seq BAM files were normalized and converted to

BigWig for visualization on Integrated Genome Viewer.

Analysis of alternative splicing

Reads were aligned to indexed human reference genome hgl9 with GENCODE V25 annotation by
STAR 2.7.3a ©2 using a 2-pass model to improve the detection of splicing events. The rMATS
v4.1.0 @9 was used to determine the differential alternative splicing events between different
conditions. The bioconductor package Rcwl was used to perform reproducible analysis through the
Common Workflow Language (CWL). Five types of alternative splicing events based on the
GENCODE gene annotation were evaluated, including skipped exon (SE), alternative 5’ splice site
(A5SS), alternative 3’ splice site (A3SS), mutually exclusive exons (MXE) and detained intron (DI).
The events with inclusion-level difference > 10%, and FDR < 0.1 were determined as differential

alternative splicing events.

Data availability
RNA-seq data has been deposited to the Gene Expression Omnibus (GSE169090) and is accessible
using the token czetuywghvsnpwf.
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Figures and figure legends
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Figure 1. Inhibition of CDKJ9 activity increases the levels of spliccosome mRNAs in an OGT-
dependent manner. A) Venn diagram showing CDK9 / OGT inhibition effects on mRNA
upregulation. Cells were treated for 4 hours with 0.5uM AT7519, 40pM OSMI-2 or OGT
knockdown (sil and si2 for 48 hours) before RNA-seq. Transcripts whose levels were statistically
significantly increased are shown (p<0.01). B) KEGG pathway enrichment analysis of mRNAs,
which were selectively increased in response to CDK9 inhibition (332 mRNAs). C) OGT inhibition
using OSMI-2 or OGT knockdown (siOGT) block AT7519 induced increase in the spliceosomal
mRNAs discovered in B.
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Figure 2. CDK®9 inhibition results in gross alternative splicing and increases intron retention.
A) Left: Main types of alternative splicing events: SE: exon skipping, DI Detained intron, MXE:
mutually exclusive exons, AS5SS: alternative 5’ splice sites and A3SS: alternative 3’ splice sites.
Right: Changes in alternative splicing events after 4 hour treatment with CDK9 inhibitor alone
(0.5pM AT7519) or in combination with OGT targeting approach (40pM OSMI-2 or OGT
knockdown (SIOGT 48 hours prior) represented as boxplots. Color coded dots represent splicing
events that reach significance. B) Left: RT-gPCR assay for the detection of OGT mRNA that
contains detained intron (left) and productive isoform (right); small arrows indicate the primers
used. Cells were treated as indicated for 4 hours and analyzed using RT-qPCR (average of 3
biological replicates with SEM; Student’s t test was used to assess the significance). C) The
histograms show poly(A) reads for both DMSO and AT7519 treatments. The Y-axis is the number
of reads normalized to read density, and the number of junction spanning reads for detained intron
are also shown. D) Validation of intron retention using RT-qPCR. Cells were treated as indicated
for 4 hours and analyzed using RT-qPCR (primers used are indicated in C with small arrows). DI:
Detained intron; PI. productive isoform. Data shown are average of 2-3 biological replicates with
SEM and Student’s t test was used to assess the significance, *, P < 0.05; *** P < 0.001).
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Figure 3. CDK9 inhibition leads to loss of AR-v7 protein expression in CRPC cells. A)
Treatment with CDK9 inhibitor AT7519 leads to increased intronic reads in the AR mMRNA.
Integrative genomics viewer was used to visualize RNA-seq data for the AR locus. Note the scaling
to highlight changes in the intronic reads. B) CDK9 inhibition leads to alternative splicing of the AR
MRNA. Cells were treated as indicated for 4 hours and analyzed using RT-gPCR. The primers used
are indicated in 3A below the AR gene using small arrows. Data shown are average of 4 biological
replicates with SEM; Student’s t test was used to assess the statistical significance; *, P < 0.05. C)
Cells were treated as indicated for 24 hours and analyzed using western blot.
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Figure 4. High CDKO9 activity is required for proliferation of castration resistant prostate
cancer (CRPC) cells. A) Colony formation assay of CRPC (22RV1 and C4-2) and normal prostate
(PNT1) cells treated with CDK9 inhibitor. Data shown are average of four biological replicates with
SEM; Student’s t test was used to assess the statistical significance. B) CDK9 expression in LAPC9
xenografts that are androgen-dependent (AD) and androgen-independent (generated using data from
GSE88752). C) CDK9 expression in before (pre) and after (post) androgen ablation therapy for 5-6
months (generated using data from GSE48403). E) CDK9 expression in normal, non-metastatic
(NO) and metastasis to 1-3axillary lymph nodes. Figure was generated using UALCAN (34),



