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Abstract
Cancer cells frequently exhibit hyperactivation of transcription, which can lead to 
increased sensitivity to compounds targeting the transcriptional kinases, in particu-
lar CDK9. However, mechanistic details of CDK9 inhibition-induced cancer cell-
selective anti-proliferative effects remain largely unknown. Here, we discover that 
CDK9 inhibition activates the innate immune response through viral mimicry in 
cancer cells. In MYC over-expressing prostate cancer cells, CDK9 inhibition leads 
to the gross accumulation of mis-spliced RNA. Double-stranded RNA (dsRNA)-
activated kinase can recognize these mis-spliced RNAs, and we show that the ac-
tivity of this kinase is required for the CDK9 inhibitor-induced anti-proliferative 
effects. Using time-resolved transcriptional profiling (SLAM-seq), targeted prot-
eomics, and ChIP-seq, we show that, similar to viral infection, CDK9 inhibition sig-
nificantly suppresses transcription of most genes but allows selective transcription 
and translation of cytokines related to the innate immune response. In particular, 
CDK9 inhibition activates NFκB-driven cytokine signaling at the transcriptional 
and secretome levels. The transcriptional signature induced by CDK9 inhibition 
identifies prostate cancers with a high level of genome instability. We propose that 
it is possible to induce similar effects in patients using CDK9 inhibition, which, 
we show, causes DNA damage in vitro. In the future, it is important to establish 
whether CDK9 inhibitors can potentiate the effects of immunotherapy against late-
stage prostate cancer, a currently lethal disease.
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1   |   INTRODUCTION

Prostate cancer is the most common cancer in men, and 
it is one of the leading causes of cancer-related deaths.1,2 
Prostate cancer is characterized by elevated activity of 
a transcription factor, androgen receptor (AR), and 
hence the mainstream treatment against this disease is 
anti-androgen therapy. However, in many cases, resis-
tance against the AR-targeted therapies arises, and the 
pro-proliferative transcriptional programs are restored, 
which allows the cancer cells to proliferate despite the 
presence of the therapy.

AR functions as a general suppressor of the immune 
system. Of particular interest for cancer research, AR gov-
erns the expression of the immune-suppressive program 
to promote the survival of sperm in the female reproduc-
tive tract.3–5 We have previously performed AR ChIP-seq 
experiments on both normal prostate tissue and prostate 
cancer patient samples, and shown that over half of the 
AR binding sites found in the normal prostate tissue are 
also present in the cancer samples.6 In general, prostate 
tumors are immunologically cold,7 and the ability to ren-
der prostate cancer cells more visible to the immune sys-
tem has significant translational value.

Alternative splicing has profound effects on transcrip-
tional diversity, allowing cells to rapidly adapt to environ-
mental and intrinsic stress. Alternative splicing can also 
be therapeutically hyperactivated in cancer cells to attract 
the immune system to eliminate these cells.8–10 In breast 
cancer, intron retention (IR) is significantly boosted by 
MYC overexpression or spliceosome inhibition.11 IR refers 
to a situation where one of the introns is kept in the oth-
erwise processed mRNA, and this mis-spliced mRNA is 
transported to cytosol.8,11 Consequently, certain treatments 
applied to MYC-driven cancers lead to excessive accu-
mulation of the IR mRNAs, some of which form double-
stranded RNAs, and ultimately, activation of the innate 
immune response-dependent elimination of the cancer 
cells.11 Essentially, targeting the core splicing machinery 
triggers selective effects in the cancer cells, which exhibit 
high levels of transcription.

All cells depend on transcription, but an increased 
transcription rate is characteristic of cancer cells. A cancer 
cell-selective increase in transcription burdens the spli-
ceosome machinery, and intron retention can be seen as a 
manifestation of this stress.12,13 Cyclin-dependent kinase 
9 (CDK9) phosphorylates RNA polymerase II to recruit 

the appropriate splicing machinery to the polymerase 
and to allow productive transcription elongation of the 
protein-encoding part of the genome.14 Accordingly, we 
have shown that CDK9 inhibition causes splicing defects 
primarily by increasing intron retention.15

Dysregulated alternative splicing and aberrant intron re-
tention are some of the features of late-stage, lethal prostate 
cancer but are not sufficient to activate the innate immune 
response.16 Interestingly, analogous to breast cancer, MYC 
is a master regulator of alternative splicing in prostate can-
cer cells as well.17 As a result, we hypothesize that particular 
treatments will boost immunogenicity and result in effec-
tive immune-dependent clearance/surveillance of prostate 
cancer cells with hyperactivated MYC; CDK9 inhibitors are 
an excellent candidate to achieve this.

Decreased global transcription has been postulated as 
the major anti-tumor effect of CDK9 inhibitors. Although 
transcription is a ubiquitous cellular process, phase I–
III clinical trials have validated small-molecule inhibi-
tors against CDK9 as potential cancer therapy.12,18,19 The 
mRNAs encoding pro-proliferative and anti-apoptotic 
proteins have short half-lives, and high levels of transcrip-
tion are required for their robust expression.20 Since all 
cells depend on active transcription, cancer cells are likely 
to have additional features that explain their addiction to 
high CDK9 activity.

Here, we show that inhibition of CDK9 activity causes 
anti-proliferative effects in prostate cancer cells by acti-
vating the innate immune response through the double-
stranded RNA sensor PKR (protein kinase R). We use 
time-resolved RNA-seq (SLAM-seq) and cytokine profil-
ing to show that targeting CDK9 activates immunogenic 
signaling. Based on these results, we propose that CDK9 
inhibitors can potentiate the effects of immunother-
apy against late-stage prostate cancer, a currently lethal 
disease.

2   |   MATERIALS AND METHODS

2.1  |  Cell lines and compounds

The LNCaP-MYC cell line is derived from the LNCaP 
model (from ATCC) and was described earlier.21 LNCaP-
MYC cells were maintained in RPMI medium supple-
mented with 10% fetal bovine serum (FBS) along with 
200 μg/mL of Geneticin™ Selective Antibiotic (G418 
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Sulfate) and 2 μg/mL Puromycin. Overexpression of the 
MYC oncogene was achieved by the addition of doxycy-
cline (2 μg/mL). C4-2 and 22RV1 cell lines were obtained 
from ATCC and maintained in RPMI medium supple-
mented with 10% FBS. For androgen-deprivation ex-
periments, cells were kept in the phenol red-free RPMI 
medium supplemented with charcoal-stripped FBS (CSS) 
for three days. The following compounds were obtained 
from MedChemExpress: AT7519, Doxycycline, and 
PKR-IN-C16.

2.2  |  Western blotting, lectin 
pulldown, and cell proliferation assays

For cell lysate preparation, we used the same method as 
previously described.22 In brief, cells were washed with 
PBS, incubated in cell lysis buffer supplemented with 
proteinase, phosphatase and O-GlcNAcase (Thiamet G) 
inhibitors for 30 min, centrifuged at 15000 rpm for 5 min, 
and the supernatant was collected (all steps performed 
at +4°C). Protein concentration was determined with 
the bicinchoninic acid (BCA) assay. The following anti-
bodies were used to detect the proteins of interest: from 
Santa Cruz Biotechnology: MAVS (sc-166 583), from Cell 
Signaling Technology: OGT (24083) and p-TBK1 (5483); 
and from Abcam: Actin (ab49900).

For lectin pulldown experiments, cells were androgen-
deprived for three days, treated with 500 nM AT7519 for 
4 h, and cell lysates prepared as for Western blotting. 
Agarose-bound succinylated wheat germ agglutinin 
(WGA) lectin (Vector Laboratories: AL-1023S) was used to 
enrich for glycosylated proteins as previously described,23 
agarose beads were used as controls, and samples were an-
alyzed by Western blotting.

To measure cell viability, we used CellTiter-Glo 2.0 
assays from Promega according to the manufacturer's in-
structions. All the viability data are from at least two bio-
logical replicates with three technical replicates each.

2.3  |  Preparation of samples for 
SLAM-seq

LNCaP-MYC cells were depleted of androgens for two days. 
After this, cells were treated with 2 μg/mL doxycycline for 
20 h. For the last 4 h, 500 nM AT7519 compound was added 
as indicated. Finally, for the last 10 min, 4-thiouridine was 
added. RNA isolation was performed using the Amersham 
RNAspin Mini Kit (Cytiva, catalog number: 25050071) 
according to the manufacturer's instructions. Part of the 
RNA was used in RT-qPCR to confirm the on-target effects 
(KLK3 primers: F-GCAGCATTGAACCAGAGGAG and 

R-AGAACTGGGGAGGCTTGAGT, and the other prim-
ers were obtained from previous reports: MYC and actin24 
and CLK315). Purified RNA was alkylated as previously 
described.25 Finally, library-preparation and sequenc-
ing were purchased as a service. In brief, libraries were 
prepared using QuantSeq 3′ mRNA-Seq library prepara-
tion (FWD) for Illumina sequencing, and sequencing was 
performed using SR100 High Throughput Sequencing on 
Illumina NextSeq 2000.

2.4  |  Bioinformatics

SLAM-seq data analysis was performed using SLAM-
DUNK,26 which covers the entire pipeline from processing 
raw reads to achieving fully normalized quantification of 
nucleotide conversion. In this analysis, the identification of 
4-thiouridine-labeled transcripts is based on the detection 
of T>C conversions. SLAM-DUNK produces two essential 
outputs: the raw counts of reads containing nucleotide 
conversions and a normalized estimation of labeled tran-
script fractions, accomplished through base-content and 
read coverage normalization. This enables one to obtain 
a comprehensive readout of the labeled transcripts. The 
differentially expressed genes from SLAM-seq and stand-
ard RNA-seq data were obtained using DESeq2.27 To de-
tect alternative splicing events, rMATS was used.28 Gene 
set enrichment analysis was performed using the fgsea 
package in R. ChIP-seq data for p65 (the activating subu-
nit of nuclear factor kappa-B [NFkB]) was obtained from 
GSE83860. In this experiment, the authors activated p65 by 
adding tumor necrosis factor alpha (TNFα) to LNCaP cells. 
We used MACS229,30 for peak calling. The differentially 
expressed genes, which were bound by p65 and whose 
expression changed in response to CDK9 inhibition, were 
found using Microsoft Excel. R (version 4.1.1) and R Studio 
(version 2023.03.0) were used to generate volcano-, box-, 
metagene-, and violin-plots.

2.5  |  RT2 Profiler PCR array

Innate immune transcriptional changes in LNCaP-MYC 
cells in response to treatment with AT7519, doxycycline, 
and combinations were measured using RT2 Profiler PCR 
Array Human Antiviral Response (QIAGEN, 330231). 
Briefly, LNCaP-MYC cells were depleted of androgens 
for three days, followed by treatments for the next 72 h: 
500 nM AT7519, 10 nM DHT, 2 μg/mL doxycycline, or com-
binations. RNA isolation was done using the Amersham 
RNAspin Mini Kit (Cytiva, catalog number: 25050071) and 
cDNA using the RT2 First Strand Kit (Qiagen, 330401). 
cDNA was added to RT2 SYBR Green Mastermix (Qiagen, 
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330522) and aliquoted to PCR arrays. Data were analyzed 
using an Excel-based data analysis template from Qiagen 
based on the ΔΔCT method with normalization of the 
raw data to housekeeping genes (ACTB, B2M, GAPDH, 
HPRT1, and RPLPO). All experiments were performed in 
biological duplicate.

2.6  |  Knockdown and RT-qPCR of 
knockdown samples

An equal number of LNCaP-MYC cells were seeded on 
poly-L-lysine-coated 6-well plates for siRNA knockdown. 
Forward transfection was performed using Lipofectamine 
RNAiMAX Transfection Reagent in OPTI-MEM with 
30 pmol of siRNA/well according to the manufactur-
er's instructions. After 24 h, the media was changed to 
charcoal-depleted FBS-containing media (androgen-
deprived media) for 3 days prior to treatment with 500 nM 
AT7519 for 24 h. We obtained siRNAs from Thermo Fisher 
Scientific: Silencer™ Select Negative Control No. 1 siRNA 
catalog number: 4390843; EIF2AK2 (PKR) catalog num-
ber: 4390824, siRNA 1 assay ID: s11185 and siRNA 2 assay 
ID: s11186; and RELA catalog number: 4390824, siRNA 1 
assay ID: s11915, siRNA 2 assay ID: s11916.

For RNA isolation, the cells were lysed in RLT Plus buf-
fer and RNA isolated using the Qiagen RNeasy Plus Mini 
Kit (catalog no. 74134). cDNA Synthesis was achieved 
using qScript cDNA SuperMix (catalog no. 733–1177, 
Quantabio). Power SYBR™ Green PCR Master Mix (cata-
log no. 4367659, Applied Biosystems) was used to compare 
gene expression changes in PKR, RELA, and TNFα by real-
time PCR (qPCR) in QuantStudio 5. Beta actin (ACTB) 
was used as the control. Primers for qPCR were purchased 
as follows: EIF2AK2 (CTGGTTCTTTTGCTACTACG 
and TCATAAGCAACGAAGAACTG) and RELA 
(GCAGAAAGAGGACATTGAG and GTGCACAT​
CAGCTTGC) from Sigma (KiCqStart predesigned); 
ACTB (TGGGACGACATGGAAAAT and AGAGGC​
GTACAGGGATAGCA) from Eurofins genomics; and 
human TNF-alpha from Stratech Scientific Ltd (sequence 
proprietary, catalog number: HP100592).

2.7  |  Luminex cytokine analysis

LNCaP-MYC cells were depleted of androgens for three 
days, followed by treatment with 10 μg/mL doxycycline 
for 2 h. For the next 72 h, cells were treated with 500 nM 
AT7519, 2 μg/mL doxycycline, or combinations. After 
this, the conditioned media was collected for multiplex 
analysis using the Luminex MAGPIX® analyzer. We fol-
lowed the sample preparation protocol provided by the 

manufacturer (Luminex), except the sample micropar-
ticle incubation was performed overnight at 4 degrees. 
Analyte concentrations were calculated based on the 
analyte standard curve and normalized to the total pro-
tein concentration in the cell lysate from the individual 
treatments. Protein concentration was determined by the 
Biorad protein assay reagent (5000006).

2.8  |  ELISA

The conditioned media described above from LNCaP-MYC 
cells were also used for ELISA. Human IL-8 (Proteintech, 
KE00006) and CXCL10 (Proteintech, KE00128) sand-
wich ELISAs were performed according to the manufac-
turer's instructions, and absorbance readings were taken 
in a microplate reader at 450 and 630 nm. The cytokine 
levels were calculated based on standard curves. IL8 and 
CXCL10 levels were normalized to total protein.

3   |   RESULTS

3.1  |  CDK9 inhibition remodels the 
protein biosynthesis machinery

To emulate prostate cancer cell response to CDK9 inhibi-
tion in a clinically relevant experimental setting, we de-
pleted prostate cancer cells of androgens and treated the 
cells with CDK9 inhibitor AT7519, a compound tested in 
clinical trials.31,32 AT7519 treatment for 4 h decreased MYC 
mRNA by 75% but did not affect the expression levels of 
KLK3, a highly transcribed gene in prostate cancer cells 
(Figure  1A). These results imply some degree of gene-
specificity arising from CDK9 inhibition, and we went on 
to assess this across the transcriptome.

We used metabolic labeling of RNA (SLAM-seq) to 
characterize how the short-term inhibition of CDK9 af-
fects the nascent transcriptome in the absence of andro-
gens (Figure  1B). In SLAM-seq, the newly synthesized 
RNA is labeled with 4-thiouridine, followed by chemi-
cal conversion of the label, which allows computational 
identification of the newly made mRNA.25,26 As expected, 
transcription of the majority of the genes was downregu-
lated when CDK9 was inhibited (Figure 1C). In addition, 
we noted that many genes were significantly more tran-
scribed when we depleted CDK9 activity. These data show 
that the decline in CDK9 activity promotes the expression 
of a selective set of genes. Next, we focused on the set of 
genes induced by CDK9 inhibition.

SLAM-seq enables us to focus on the genes that are 
switched on/off at the given moment, and we wanted to 
better understand this response. We reasoned that the 
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genes selectively switched on when CDK9 is inhibited 
identify the processes that are important for cells to survive 
the imposed transcriptional stress. Based on the standard 
RNA-seq, most of the transcriptome was downregulated 
in response to AT7519 treatment in the same experimental 
setting (Figure S1). We labeled the nascent RNA for a very 
short time, only for the last 10 min of the inhibitor treatment 
(Figure 1B), which means that certain genes were actively 
transcribing even when CDK9 activity had been depleted 

for 4 h. By focusing on the genes that are induced based on 
the SLAM-seq but downregulated based on the RNA-seq 
at the same time-point, we can identify the genes that are 
initially downregulated but whose expression is rapidly re-
stored after CDK9 inhibition (Figure 1D). We reasoned that 
these genes are critical to surviving the CDK9 inhibitor-
induced stress. Next, we subjected the genes that are initially 
downregulated but whose expression is rapidly restored to 
pathway enrichment analysis using KEGG and Reactome. 

F I G U R E  1   CDK9 inhibition remodels protein biosynthetic machinery. (A) RT-qPCR data analysis showing the on-target effect of CDK9 
inhibition (500 nM AT7519 for 4 h) on MYC mRNA. The data represented are the average of two biological replicates with standard error of 
mean (SEM). (B) Graphical representation of the SLAM-seq experimental setup. (C) LNCaP-MYC cells were treated with 500 nM AT7519 for 
4 h and analyzed using SLAM-DUNK. Data presented are significantly affected mRNAs (p < .01). (D) Genes highlighted in red were selected 
based on the following criteria: significantly (p < .01) upregulated in response to CDK9 inhibitor treatment in SLAM-seq and downregulated 
in RNA-seq. (E) Pathway enrichment analysis using Enrichr33 performed on the selected set of genes from (D) (genes highlighted in red). 
(F) Cell viability was measured using CellTiter-Glo after 4 days of treatment with mTOR inhibitor (everolimus) in the presence or absence of 
AT7519 (LNCaP and C4-2: 0.5 μM; 22RV1: 2 μM). Data are from five biological replicates, each having three technical replicates.
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This approach revealed that CDK9 inhibition induces genes 
related to protein biosynthesis machinery, in particular 
‘Ribosome’, ‘Translation’, and ‘Cap-dependent translation 
initiation’ (Figure 1E).

We were curious if cells become more dependent on high 
levels of protein synthesis when CDK9 is inhibited. Global 
protein synthesis can be inhibited by targeting mTOR using 
Everolimus.34,35 Combined inhibition of CDK9 and mTOR 
led to a complete loss of proliferation of prostate cancer and 
CRPC cells (Figure 1F). Together with the SLAM-seq data 
and increased sensitivity to mTOR inhibition, our results 
show that when CDK9 is inhibited, prostate cancer cells have 
a greater reliance on protein biosynthesis. It was unexpected 
to identify a high number of genes that were increasingly 
transcribed in response to CDK9 inhibition, and we moved 
on to better understand what these genes are.

3.2  |  CDK9 inhibition transiently 
hyperactivates MYC signaling

We used gene set enrichment analysis (GSEA) to identify 
the biological processes activated when CDK9 is inhibited. 
MYC targets_V1 was among the most significantly induced 
gene sets (Figures  2A and S2). In addition, this approach 
identified ‘Oxidative Phosphorylation’ and ‘Fatty Acid 
Metabolism’ among the most significant pathways, in sup-
port of our previous findings showing that CDK9 inhibition 
induces remodeling of mitochondrial metabolism.24,36 To 
validate this response, we repeated the GSEA using a pre-
viously generated RNA-seq dataset where the authors used 
the same CDK9 inhibitor in the presence of androgens.9 
Here, MYC targets_V1 was the most significantly upregu-
lated response (Figures  2A and S2). MYC functions as a 
global amplifier of transcription,37,38 and it is possible that 
the increased MYC signaling is part of the adaptive response 
to CDK9 inhibition. In support of this hypothesis, it has 
been established that CDK9 inhibition in melanoma and 
lung cancer cells leads to a rapid loss of the MYC mRNA, 
but within eight hours, the MYC expression is induced be-
yond the levels of the untreated cells.39 We reasoned that 
increased MYC expression can rescue the cancer cells from 
CDK9 inhibitor-induced effects on transcription and moved 
on to directly probe this.

To further probe the crosstalk between CDK9 and MYC in 
the androgen-deprived prostate cancer cells, we performed a 
SLAM-seq experiment in the prostate cancer model, where 
MYC is induced by the addition of doxycycline (Figure 2B). 
By overexpressing MYC for 20 h before treating the cells with 
the CDK9 inhibitor, we restored the MYC mRNA close to that 
of the untreated cells (Figure 2C). More importantly, when 
MYC was first overexpressed for 20 h prior to treatment with 
the CDK9 inhibitor, the cells had almost twice higher MYC 

protein levels, which enabled us to probe the effects of MYC 
on the nascent transcription when CDK9 activity is depleted 
(Figure 2D). Next, we deprived prostate cancer cells of an-
drogens for two days, induced MYC for 20 h, inhibited CDK9 
for 4 h, and labeled the nascent transcription using 4sU for 
the last 10 min (Figure 2B). As expected, overexpression of 
MYC increased overall transcription based on the analysis of 
the nascent transcriptome and the total mRNA (Figure 2E). 
Strikingly, however, when we added CDK9 inhibitor to cells 
where MYC was overexpressed, we observed a further sig-
nificant downregulation of both the active mRNA synthesis 
and the overall mRNA abundance when compared to CDK9 
inhibition alone (Figure 2E).

We reasoned that hyperactivation of transcription due 
to MYC overexpression causes splicing defects when CDK9 
is inhibited and thereby prevents the synthesis of mature 
mRNAs, which explains the further downregulation of 
transcription. We used rMATS28 to identify the significant 
alternative splicing events under our experimental con-
ditions. Indeed, CDK9 inhibition in cells with MYC over-
expression caused the most severe splicing defects across 
the five major alternative splicing categories (Figure  2F). 
Previously, intron retention has been identified as a char-
acterizing feature of aggressive prostate cancer,16 which is 
why we validated splicing defects by focusing on the CLK3 
retained intron, an mRNA known to be differently spliced 
when CDK9 is inhibited.15 MYC overexpression combined 
with CDK9 inhibition further increased intron retention in 
the CLK3 mRNA compared to the single agent treatments 
(Figure S3).

It was unexpected that MYC overexpression prior to 
CDK9 inhibitor treatment further downregulates mRNA 
abundance compared to CDK9 inhibitor alone (Figure 2E). 
We propose that MYC overexpression enhances transcrip-
tional processivity by stimulating transcription initiation, 
whilst CDK9 inhibition restricts transcription elongation. 
Collectively, this results in partially processed/complete 
transcripts akin to splicing defects; this is currently a hy-
pothesis and can be probed using sensitive methods such as 
PRO-seq or TT-seq with multiple time points.40 However, 
establishing this goes beyond the scope of the current man-
uscript to understand why prostate cancer cells are sensi-
tive to CDK9 inhibition, and we next wanted to identify 
the factors that coordinate the altered activity of MYC and 
CDK9 to trigger the appropriate response.

3.3  |  CDK9 inhibition induces 
glycosylation of the innate immune 
response factor MAVS

O-GlcNAc transferase (OGT) is found on transcription-
ally active chromatin, and the enzyme coordinates with 
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both MYC and CDK9 to regulate cell survival. High 
OGT activity is required for MYC-driven proliferation 
of prostate cancer cells,41 and co-targeting of OGT and 
CDK9 is lethal to cancer cells.9 OGT attaches a single 
sugar unit to the target proteins' serine and threonine 
residues, and its activity is selectively remodeled when 
CDK9 is inhibited.42 To probe if OGT's target repertoire 
can explain the response to CDK9 inhibition, we used our 
previously published glycoproteome dataset.42 In this ex-
periment, CDK9 activity was depleted in LN95 cells using 
NVP2, a highly selective CDK9 inhibitor,43 after which 

the glycoproteins were enriched using immunoprecipi-
tation and the proteins were identified using mass spec-
trometry.42 LN95 is an isogenic androgen-independent 
prostate cancer model derived from the LNCaP cells we 
used in most of the experiments in this study. We per-
formed pathway enrichment analysis of the factors more 
glycosylated in response to CDK9 inhibition and identi-
fied the spliceosome as the most significantly affected 
process (Figure 3A). These data support the robust splic-
ing defects we observed in response to CDK9 inhibition 
(Figure 2F).

F I G U R E  2   MYC overexpression augments CDK9 inhibitor-induced splicing defects. (A) GSEA enrichment plot for the MYC targets V1 
Hallmark gene set for CDK9 inhibition (500 nM AT7519) affected genes after 4 h of treatment of LNCaP-MYC cells (SLAM-seq) and for LNCaP 
cells (RNA-seq; previously published data9). The X-axis shows the rank of the DEGs (calculated based on the log2 fold change and the p-value), 
and the Y-axis shows the enrichment scores. (B) SLAM-seq experimental setup: LNCaP-MYC cells were depleted of androgens for two days. 
After this, cells were treated with 2 μg/mL of doxycycline (MYC overexpression) for 20 h. For the last 4 h, 500 nM AT7519 (CDK9 inhibition) 
was added. Finally, for the last 10 min, 4-thiouridine was added. The experiment was performed in two biological replicates. (C) Confirmation 
of MYC overexpression (MYC OE) ± 500 nM CDK9 inhibitor (AT7519) using RT-qPCR (MYC OE for 20 h followed by CDK9 inhibitor treatment 
for 4 h). The data presented are the average of two biological replicates with an SEM. (D) Confirmation of MYC overexpression at the protein 
level (otherwise as in 2C). (E) Box plots indicating the effects of AT7519, MYC overexpression (MYC OE), and MYC OE + AT7519 on the 
expression levels of the genes analyzed by the SLAM-seq and RNA-seq pipelines. The significance of the difference between the treatments was 
evaluated using the Kruskall–Wallis test. (F) Significant alternative splicing (AS) events (p < .05 and FDR <0.05) in LNCaP-MYC cells treated 
with AT7519, MYC overexpression, and their combination (experimental setup as in (C)).
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We moved on to further explore the remodeling of the 
post-translational glycoprotein landscape in response to 
CDK9 inhibition with an unbiased approach. For this, we 
selected GeneWalk-tool, which makes use of deep learn-
ing and gene network-based topology information to iden-
tify the most important factors/regulators in the dataset.44 
This approach identified MAVS (mitochondrial antiviral 
signaling) as a hyper-glycosylated protein in response to 
CDK9 inhibition with the highly selective compound NVP2 
(Figure 3B,C). Previously, it has been established that glyco-
sylation of MAVS is essential to mounting an effective anti-
viral innate immune response.45 We used lectin pulldown 
experiments to confirm that CDK9 inhibition with AT7519 
also induces MAVS glycosylation (Figure 3D).

Our data so far show that CDK9 inhibition causes 
splicing defects that are enhanced when MYC is over-
expressed. In addition, we show that CDK9 inhibition 
causes glycosylation of the innate immune response sen-
sor MAVS. Previously, it has been established that MAVS 
glycosylation is required to activate the host's innate im-
mune response against RNA viruses.45 In an earlier study, 
Bowling et al. (2021) discovered that inhibition of the core 
spliceosome induces similar splicing defects in breast can-
cer cells,11 as we observed here for CDK9 inhibition in 
prostate cancer cells. In the case of breast cancer, these 
splicing defects activate the signaling integrator MAVS, 
resulting in the initiation of an antiviral response.11 We 
moved on to probe if inhibition of CDK9 activity could 
also activate this response.

3.4  |  CDK9 inhibition activates 
innate immune-signaling through the 
dsRNA-sensor PKR

Accumulation of mis-spliced RNA and activation of MAVS 
can trigger an anti-viral innate immune response in a 
double-stranded RNA (dsRNA)-sensor-dependent manner 
in breast cancer cells.11 One of the major dsRNA-sensors 
is protein kinase R (PKR), which can be directly inhib-
ited through the small-molecule inhibitor PKR-IN-C16.46 
PKR-IN-C16 blocked the CDK9 inhibitor-induced anti-
proliferative effects on prostate cancer and CRPC cells 
(Figure 4A,B). We have previously shown that CDK9 inhi-
bition causes cancer cell-selective DNA damage,42 which 
we reasoned also explains the anti-proliferative effects. In 
contrast to this, depleting PKR activity increased CDK9 
inhibitor-induced DNA damage while rescuing the CDK9 
inhibitor effects on viability (Figure 4A–C). These data pro-
pose that DNA damage itself is not the major cause of the 
CDK9 inhibitor-induced anti-proliferative effects on pros-
tate cancer cells. Instead, we propose that the improperly 
processed RNA itself causes DNA damage. Accordingly, 
PKR inhibitor alone caused DNA damage and was highly 
toxic to prostate cancer cells over a longer time period 
(Figures 4C and S4). In interpreting these results, it is im-
portant to note that PKR functions as a context-dependent 
regulator, which can suppress DNA damage response 
signaling in cancer cells,47 alleviate lipopolysaccharide-
induced kidney toxicity by suppressing the production of 

F I G U R E  3   Innate immune response signaling factor MAVS is hyper-glycosylated in response to CDK9 inhibition. (A) Pathway 
enrichment analysis using Enrichr (Kyoto Encyclopedia of Genes and Genomes; KEGG). Genes were selected based on the following 
criteria: The protein was increasingly glycosylated by 20% in three biological replicates in response to CDK9 inhibitor NVP2 treatment 
of LN95 cells (20 nM NVP2; analysis of the previously published data42). (B) GeneWalk analysis of the proteins increasingly glycosylated 
in three biological replicates in response to CDK9 inhibitor NVP2 treatment of LN95 cells (analysis of the previously published data42). 
The lower and more right the gene is in the lowest right quadrant, the more likely it is that the gene performs multiple functions. 
(C) Glycoprotein signal intensity in the mass spectrometry data (n: 3 biological replicates). The values were first normalized to the negative 
immunoprecipitation sample and are presented here as relative to the untreated sample, which was set to a value of 1. (D) LNCaP cells were 
treated with a CDK9 inhibitor (500 nM AT7519) for 4 h, and wheat germ agglutinin (WGA)-lectin pulldown was used to enrich for proteins 
O-GlcNAcylated in the given conditions. The data are representative of two biological replicates; OGT is used as a positive control and 
actin as a negative control in the pulldown samples. For clarity, both long- and short-exposure Western blots of MAVS antibody are shown. 
Densitometry was used to determine the signal intensities.
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pro-inflammatory cytokines,48 and also regulate learning 
by affecting interferon-γ-mediated signaling in the central 
nervous system.49 Nevertheless, cancer cells typically ex-
hibit increased levels of transcription, and our data instill 
confidence in the hypothesis that the hyperactivated tran-
scription leads to defects in splicing and the accumulation 
of mis-spliced mRNAs.

To directly establish if CDK9 inhibition activates the 
immune response, we performed targeted transcriptional 
profiling of 84 anti-viral innate immune response genes 
using RT-qPCR. Many of these genes are expressed at 
low levels, which is why we resorted to the targeted ap-
proach rather than using sequencing-based approaches. 
Strikingly, we noted 2–55-fold increase in the expression of 
16 cytokines in response to CDK9 inhibition (Figure S5). 
Two of the most strongly stimulated cytokines were 
TNFα and CXCL10. To validate the importance of PKR 
for the CDK9 inhibitor-induced transcription of cyto-
kine genes, we used two siRNAs to knockdown PKR and 
treated cells with the CDK9 inhibitor. This experiment re-
vealed that depleting PKR from cells partially suppresses 
CDK9 inhibitor-induced expression of the TNFα-gene 
(Figure S6). To further connect CDK9 inhibitor-induced 
splicing defects to anti-viral signaling, we assessed if 
TANK-binding kinase 1 (TBK1) is activated in response 
to CDK9 inhibition. TBK1 functions as the major kinase 
in innate adaptor complexes, particularly in conjunction 
with MAVS, and it connects activation of the pattern 
recognition receptors to transcription factors, including 
NFkB, which then promotes the expression of the pro-
inflammatory cytokines.50 Indeed, CDK9 inhibition leads 
to a rapid activation of TBK1 (Figure S7). These data ascer-
tain that CDK9 inhibition can induce immunogenic sig-
naling, at least in part, through the same sensors used for 
viral sensing. At the same time, our experiment highlights 
that multiple sensors integrate information to activate the 
appropriate response, and depletion of a single factor fails 
to completely prevent this. However, depletion of the 
major regulator of the innate and adaptive immune re-
sponses, NFκB,51 should prevent CDK9 inhibitor-induced 
activation of immunogenic transcription. To probe this, 
we first depleted the canonical NFκB subunit RELA using 
two distinct siRNAs and subsequently treated the cells 
with the CDK9 inhibitor. Indeed, depletion of RELA com-
pletely prevented CDK9 inhibitor-induced expression of 
TNFα (Figure 4D).

Our hypothesis is that CDK9 inhibition causes splicing 
defects, which in turn activate immunogenic signaling in 
prostate cancer cells due to the high levels of mis-spliced 
RNA. If this were the case, further stimulation of transcrip-
tion due to MYC overexpression should burden the splicing 
machinery even more and thereby enhance immunogenic 

signaling. Indeed, MYC overexpression led to an even fur-
ther increase in cytokine expression (Figure 4E).

We reasoned that CDK9 inhibition-induced activation of 
the protein biosynthetic machinery would lead to increased 
translation and subsequent secretion of the immunogenic 
cytokines, and this response should be further stimulated 
by MYC activation. For these experiments, we also selected 
IL8, which is known to be overexpressed in prostate can-
cer cells.52 CDK9 inhibition induced a significant 10-fold 
increase in the secretion of TNFα, CXCL10, and IL8, as de-
termined using FACS-based Luminex multiplex cytokine 
analysis (Figure  4F). Strikingly, overexpression of MYC 
doubled the amount of CDK9 inhibitor-induced secretion 
of TNFα, CXCL10, and IL8 (Figure  4F). The combinato-
rial effects of MYC overexpression and CDK9 inhibition 
on the secreted TNFα were robust; however, the effects on 
CXCL10 and IL8 were modest, which is why we confirmed 
these using ELISA (Figure S8).

These data demonstrate that CDK9 inhibition induces 
a response similar to viral infection/innate immune re-
sponse, which can be further augmented when transcrip-
tion is hyperactivated due to MYC overexpression. Next, 
we wanted to better understand the crosstalk between 
TNFα-signaling and CDK9 inhibition-induced transcrip-
tional effects.

3.5  |  CDK9 inhibition allows selective 
signaling through NFκB

In response to viral infection, accumulation of the dsRNA 
leads to a decrease in the host's transcription, yet some 
genes are expressed and translated to mount the appropri-
ate response to fight the infection.53 Based on our results 
so far, CDK9 inhibition suppresses transcription of most 
genes but allows transcription of immunogenic cytokines. 
We identified the master regulator of innate and adaptive 
immune responses, NFκB,51 as a necessary factor to acti-
vate the expression of the TNFα-gene in response to CDK9 
inhibition (Figure 4D). We also confirmed that TNFα is se-
creted in response to CDK9 inhibition (Figure 4F). TNFα 
is one of the main activators of NFκB,54 and we therefore 
reasoned that CDK9 inhibition activates a feed-forward 
loop by selectively stimulating transcription of the NFκB 
target genes. This transcription program may be active in 
prostate cancer patient tumors, which suffer from appro-
priate transcriptional stress. We moved on to formally test 
this.

To identify NFĸB binding sites in our prostate cancer 
model, we used a previously published ChIP-seq dataset 
against the active subunit of NFĸB, RELA; this dataset 
was generated in the LNCaP cell line.55 Next, we assessed 
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how CDK9 inhibition affects transcription of the genes 
bound by RELA using the RNA-seq data of LNCaP cells 
treated with the CDK9 inhibitor AT7519. Indeed, a sub-
set of the NFĸB target genes was increased in response to 
CDK9 inhibition (Figure 5A).

We termed the identified group of genes the ‘loCDK9-
signature’ and used this signature to stratify prostate 
cancer patients based on their clinical features. The 
loCDK9-signature is the gene bound by p65 and over-
expressed in response to 500 nM AT7519 (Figure  5A). 
The loCDK9-signature identified prostate cancer pa-
tients with extensive genome instability in their tumors 
(Figure 5B). Earlier, we noted that CDK9 inhibition in-
duces robust DNA damage (Figure 4C). Genome insta-
bility is the best-understood feature predicting response 
to immunotherapy.56,57 We hypothesize that CDK9 

inhibition can be used to induce DNA damage in pros-
tate cancer cells that show high levels of transcription 
due to hyperactivation of oncogenic transcription fac-
tors, in particular c-MYC.

In summary, here we show that CDK9 inhibition can 
be used to activate the inflammatory response in pros-
tate cancer cells (Figure 5C). Our data propose that com-
pounds targeting CDK9 could be used as adjuvants for 
targeted immunotherapy.

4   |   DISCUSSION

Prostate cancer is prevalent among males, and there 
is a necessity to develop an effective therapeutic strat-
egy against this disease. The current treatment against 

F I G U R E  4   MYC overexpression augments CDK9 inhibitor-activated immunogenic signaling. (A) LNCaP-MYC cells were treated 
for 24 h with 500 nM AT7519, either in the presence or absence of 1 μM PKR inhibitor PKR-IN-C16. Two-tailed paired samples Student's 
t-test was used to assess the statistical significance. The data presented are the average of three biological replicates with an SEM. (B) C4-2 
cells were treated for 24 h with different doses of AT7519 alone or in combination with a 1 μM PKR inhibitor, and a cell viability assay was 
performed. Replicates and significance are as in (A). (C) LNCaP-MYC cells were treated as indicated (time-points/doses as in (A)) and 
analyzed using Western blot. Densitometry was used to quantitate the signal intensity. (D) Knockdown of the NFκB subunit RELA prevents 
CDK9 inhibitor-induced expression of the TNFα-gene (n: 3–4 biological replicates). (E) Box plots showing the selected mRNAs from the RT2 
Profiler PCR Array Human Antiviral Response-Array experiment from Figure S5. (F) Analysis of the secreted cytokines from cell culture 
media. LNCaP-MYC cells were depleted of androgens for three days. For the next 72 h, cells were treated with 500 nM AT7519, 2 μg/mL 
doxycycline, or combinations, and conditioned media were collected for Luminex multiplex cytokine analysis. Statistical analysis performed 
as in (A). The data presented for CXCL10 and IL8 are the average of four biological replicates, and for TNFα, they are of two biological 
replicates with a standard deviation.

F I G U R E  5   Identification of a gene signature predictive of genome instability. (A) Box plot of CDK9 inhibitor-affected mRNAs after 
treatment of LNCaP cells with 500 nM AT7519 (analysis of previously published data (GSE1690909)). NFκB binding sites were identified 
from a previously published dataset generated from the same cell line (GSE83860).55 (B) Box plot depicting the high genome instability and 
high mutation count of the tumors exhibiting altered expression of the loCDK9 gene signature (TCGA prostate adenocarcinoma dataset). 
The plot was generated using the data available in cBioPortal. (C) Graphical summary of CDK9 inhibition-induced immunogenic signaling. 
CDK9 inhibition causes splicing defects, which activate double-stranded RNA-activated kinase (PKR). PKR promotes the release of NFκB 
to the nucleus, which activates transcription of a selective subset of the inflammatory genes, and CDK9 inhibitor-induced protein synthesis 
allows their efficient translation.
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prostate cancer, anti-androgen therapy, often leads to the 
development of resistance, which establishes a need for 
alternative therapeutic approaches. In this study, we in-
vestigated targeting CDK9, a key regulator of transcrip-
tion elongation, as a therapeutic strategy against prostate 
cancer. We show that CDK9 inhibition causes greater de-
pendence on high levels of protein synthesis. This occurs 
primarily through mTORC1 signaling based on gene set 
enrichment analysis of our SLAM-seq data and increased 
sensitivity to mTOR inhibitor Everolimus (Figures  1E,F 
and S2). Stimulation of protein biosynthesis enables cells 
to stabilize the proteome in a situation where the overall 
transcription is downregulated.

Our findings revealed that CDK9 inhibition leads to 
downregulation of the majority of mRNAs in prostate can-
cer cells (Figure 1D), consistent with the well-established 
role of CDK9 in promoting transcription elongation.12 
Unexpectedly, we discovered that CDK9 inhibition in-
duced MYC signaling, despite the decrease in MYC mRNA 
and protein levels (Figure 2A,C,D). We propose that this 
represents an adaptive mechanism, which we then moved 
on to probe further.

To further understand the effects of CDK9 inhibition 
on MYC overexpressing prostate cancer cells, we exam-
ined its impact on alternative splicing. Our laboratory 
discovered that CDK9 inhibition causes significant al-
ternative splicing,15 particularly intron retention, which 
has been identified by others as a characteristic feature 
of aggressive prostate cancer.16 We hypothesized that 
MYC overexpression-induced hyperactivation of tran-
scription would augment the splicing defects induced 
by CDK9 inhibition. Indeed, MYC overexpression in-
creased CDK9 inhibitor-induced splicing defects, in-
cluding intron retention in the CLK3 mRNA (Figures 2F 
and S3). In future studies, it is important to establish 
mechanistically how MYC overexpression augments 
CDK9 inhibitor-induced splicing defects. This can be 
probed, for example, by purifying RNA Pol II from cells 
where MYC is overexpressed and CDK9 activity is de-
pleted and characterizing the associated proteome using 
mass spectrometry.

In addition to splicing defects, our study further 
explored post-translational remodeling of the glyco-
proteome in response to CDK9 inhibition. Pathway-
enrichment analysis of the glycoproteome data identified 
the spliceosome as the most significant process affected 
in response to CDK9 inhibition (Figure 3A). Strikingly, 
by using an unbiased approach, we discovered that 
CDK9 inhibition induces glycosylation of the MAVS 
protein (Mitochondrial Antiviral Signaling; Figure  3B). 
Glycosylation of MAVS is required for mounting an ef-
fective antiviral innate immune response.45 These data 
propose that defects in splicing, particularly increased 

intron retention, can activate the antiviral innate im-
mune response due to the accumulation of improperly 
processed double-stranded RNA (dsRNA). To confirm 
this, we show that depletion of the dsRNA-activated PKR 
activity prevents CDK9 inhibitor-induced antiprolifera-
tive effects (Figure 4A,B). Our data indicate that CDK9 
inhibition-induced effects mimic viral infection, leading 
to the activation of antiviral signaling. Indeed, CDK9 
inhibition triggered the secretion of pro-inflammatory 
cytokines (Figure  4F). To relate the CDK9 inhibitor-
induced splicing defects to viral sensing, we used a 
knockdown strategy to first deplete either PKR or NFkB 
activities, which revealed that both of these factors con-
tribute to the CDK9 inhibitor-induced expression of the 
TNFα-gene (Figures 4D and S6).

We moved on to better understand if the genes differ-
entially expressed in response to CDK9 inhibition identify 
a specific set of prostate cancer patients. Because we noted 
a response similar to anti-viral signaling in response to 
CDK9 inhibition, we reasoned that a specific set of genes 
are induced when CDK9 activity is impaired. To identify 
these genes, we looked for the genes that are regulated 
by NFκB, one of the major regulators of the inflamma-
tory response.58,59 Using this approach, we developed a 
loCDK9-signature, which identified patients with extensive 
genome instability (Figure  5A,B), one of the best predic-
tive biomarkers for a good response to immunotherapy.60,61 
Earlier, it was established that CDK9 inhibition induces 
DNA damage in prostate cancer cells but not in normal 
prostate cells.42 Both the splicing defects and the increase 
in genomic instability should enhance the immunogenicity 
of prostate cancer cells; this must be confirmed in future 
studies using syngeneic mouse models.

In conclusion, here we show that CDK9 inhibition 
overwhelms the spliceosome in cancer cells with high 
levels of transcription, which these cells interpret as a 
viral infection and go on to activate the innate immune 
response. Our data show that targeting CDK9 activates 
immunogenic signaling, and we thereby identify a novel 
treatment strategy to ‘heat’ the immunologically cold 
prostate tumors. In the future, it is important to establish 
if CDK9 inhibitors can potentiate the effects of immuno-
therapy against late-stage prostate cancer, a currently le-
thal disease.
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