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DK9 Inhibition Induces a
etabolic Switch that Renders
rostate Cancer Cells Dependent on
atty Acid Oxidation
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Abstract
Cyclin-dependent kinase 9 (CDK9), a key regulator of RNA-polymerase II, is a candidate drug target for cancers
driven by transcriptional deregulation. Here we report a multi-omics-profiling of prostate cancer cell responses to
CDK9 inhibition to identify synthetic lethal interactions. These interactions were validated using live-cell imaging,
mitochondrial flux-, viability- and cell death activation assays. We show that CDK9 inhibition induces acute
metabolic stress in prostate cancer cells. This is manifested by a drastic down-regulation of mitochondrial
oxidative phosphorylation, ATP depletion and induction of a rapid and sustained phosphorylation of AMP-activated
protein kinase (AMPK), the key sensor of cellular energy homeostasis. We used metabolomics to demonstrate that
inhibition of CDK9 leads to accumulation of acyl-carnitines, metabolic intermediates in fatty acid oxidation (FAO).
Acyl-carnitines are produced by carnitine palmitoyltransferase enzymes 1 and 2 (CPT), and we used both genetic
and pharmacological tools to show that inhibition of CPT-activity is synthetically lethal with CDK9 inhibition. To our
knowledge this is the first report to show that CDK9 inhibition dramatically alters cancer cell metabolism.
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troduction
ncontrolled growth of cancer cells requires significant metabolic
programming to satisfy the requirements of rapidly dividing cells. Most
ncers have increased appetite for glucose, which allows evaluation of the
mor-burden using glucose-positron emission tomography (PET) [1].
ostate cancer, the most common cancer in males in the USA [2], is not
ways readily detectable using PET-imaging, but can instead be
sualized using 11C-acetate due to higher dependency of prostate cancer
lls on lipids for energy production [3,4].
Normal prostate tissue and prostate cancer have specific metabolic
atures that are distinct from the rest of the body. In the
transformed state, cells of the prostate gland accumulate high
vels of citrate due to prostate-specific accumulation of zinc [5,6].
igh zinc concentration inhibits m-aconitase activity and citrate
idation, truncating the TCA cycle and reducing ATP production
]. Some of the prostate-specific metabolic features may be utilized
sensitize prostate cancer cells to other treatments.
Cell division requires a substantial amount of ATP and continuous
nthesis of macromolecules, especially nucleic acids and lipids.
irect crosstalk between metabolism and the cell-cycle regulators,
clin-dependent kinases (CDKs), could integrate nutrient
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ailability with cell proliferation. There is clear evidence of such
osstalk in the literature. For example, increased glucose uptake can
tivate oncogenic signaling in nonmalignant cells [8]. Conversely,
DK1, the major regulator of the G2/M cell cycle transition is also
rgeted to mitochondria, where it phosphorylates proteins of the
mplex 1 electron-transport machinery to promote ATP production
]. In addition, CDK4 and CDK6, regulators of the G1-S transition,
n also directly regulate glucose metabolism [10,11]. Increased
tivity of CDKs is observed in most cancers, which has fostered
velopment of CDK inhibitors for cancer therapy.
Regulation of cell cycle initiation and progression is ultimately
ctated through transcriptional regulation. A specific class of CDKs
hosphorylate the RNA-polymerase II (RNA-Pol II)
rboxy-terminal domain (CTD) to regulate its activity [12,13].
DK7 and CDK9 are the major RNA-Pol II CDKs. CDK7
omotes transcription initiation, while the switch to productive
ongation is dependent on CDK9. CDK7 additionally functions as a
DK-activating kinase and inhibition of its activity will directly affect
th cell cycle CDKs and RNA-Pol II [14]. On the other hand,
DK9 has a well-defined primary function, and several reports
ggest that this enzyme could be an attractive target for prostate
ncer therapy. First, CDK9-mediated phosphorylation regulates
e activity of the androgen receptor, the major drug-target in
ostate cancer [15]. Second, CDK9 is required for RNA-Pol II
use-release, a process that is frequently deregulated in cancer
lls [16,17]. Third, compounds targeting CDK9 induce
optosis in cancer cells, in part through decreased expression
the anti-apoptotic proteins [18]. These data position CDK9 as
attractive target for cancer therapy.
In this study, we show that the pan-CDK inhibitor AT7519
duces acute metabolic stress in prostate cancer cells. Metabolite
ofiling showed that AT7519 treatment led to accumulation of
yl-carnitines. We identify CDK9 as the key mediator of the
served metabolic effects in prostate cancer cells and show that
multaneous inhibition of CDK9 and enzymes required for
yl-carnitine production (CPT1 and CPT2) is lethal to prostate
ncer cells. In brief, our study reports a CDK9 inhibition-in-
ced adaptive metabolic response in prostate cancer cells, and
ereby identifies a candidate compound combination for prostate
ncer therapy.

aterials and Methods

ell Culture and Manipulations
R

C
P

pr
ce
ch
th

th
th
w
su
ra
LNCaP and PC3 cells were obtained from ATCC and maintained
recommended by the provider. AT7519 (used in a dose of 0.5 μM
less otherwise indicated) and Etomoxir were purchased from
lleckchem. Perhexiline (used in a dose of 10 μM unless otherwise
dicated) was purchased from Sigma. NVP2 was from MedChem
xpress. Viability assays were performed using the CellTiter-Glo
uminescent Cell Viability Assay (Promega). Growth rate and cell
ath activation were evaluated using the Incucyte instrument
cording to manufacturer's instructions. For detection of cell death
tivation, we used IncuCyte Caspase-3/7 Green Reagent for
poptosis (Essen Biosciences). Cell cycle analysis was performed
ing the Propidium Iodide Flow Cytometry Kit (Abcam, ab139418)
d the BD FACSCanto instrument (BD Biosciences). Knockdown
periments were performed using RNAiMax reagent (Sigma). CPT1
rgeting siRNAs were from ThermoFisher Scientific (siCPT1a s3467
d siCPT2 s3468).

eahorse Metabolic Flux Analysis
Metabolic flux analysis was performed using a Seahorse XFe 96
strument. An equal number of LNCaP cells were plated and
lowed to attach for 1 day. Cells were treated with inhibitors for 24
urs and subjected to flux analysis. In brief, cells were changed to
se media containing 1 mM pyruvate, 2 mM glutamine and 10 mM
ucose 45 minutes before the assay. Cartridge was equilibrated
ernight and loaded with Oligomycin 2 μM, FCCP 1 μM and
tenone/antimycin A 0.5 μM prior to the assay. Results were
alyzed using Seahorse Wave software.

rotein Profiling
Samples for western blotting were prepared as previously described
9]. Samples for the reverse-phase protein array profiling were
epared using the same protocol. Antibodies used are as follows:
om Cell Signaling Technology, Cl-PARP (9541), p-H2AX (9718),
h3ser10 (9701), CPT1A (12252), h3 (9715), HES1 (11988),
DK1 (9116), p-RNA Pol II-Ser 2 (13499), MCL1 (5453 T) and
YC (5605S). Actin (ab49900), CPT2 (ab181114) and GAPDH
485) antibodies were from Abcam.

RNA Profiling
RNA isolation was performed using the illustraMiniSpin-kit
E Healthcare) according to manufacturer's instructions, except
ciferase RNA (Promega, cat # L4561) was added into cell lysis
ffer. cDNA was synthesized using the qScript cDNA Synthesis Kit
uantabio). Primers used are as follows: MYC F- TACCC
CTCAACGACAGCAG, R- TCTTGACATTCTCCTCGGTG;
CL1 F- TGCTTCGGAAACTGGACATCA, R-TAGCCACA
AGGCACCAAAAG and Luciferase F-TACAACACCCC
ACATCTTCGA, R- GGAAGTTCACCGGCGTCAT.

etabolomic Profiling
LNCaP cells were allowed to attach for 1 day and treated for 1 day.
or harvesting, cells were washed with PBS, trypsinized, counted and
ntrifuged 4000 rpm for 5 minutes at 4 °C, washed with PBS,
ntrifuged again, pellet was washed with water (cells not solubilized),
lls were frozen using liquid nitrogen and stored at −80 °C until
alysis. Targeted metabolomics was purchased as a service from
IMM Metabolomics/Lipidomics/Fluxomics Unit (Helsinki
inland).

esults

DK Inhibitor AT7519 Induces Acute Metabolic Stress in
rostate Cancer Cells

Cyclin-dependent kinase (CDK) inhibitors suppress cell cycle
ogression, but there has been no study on how the prostate cancer
ll proteome is altered in response to CDK inhibition. In order to
aracterize these changes, we used AT7519, a pan-CDK-inhibitor
at most potently targets CDK9 [20].
We wanted to identify both immediate and sustained changes in
e proteome using reverse-phase protein arrays (RPPA), and
erefore analyzed two time-points, 4 and 24 hours after treatment
ith AT7519. In order to identify adaptive changes that enable cell
rvival, we selected a dose (500 nM) that decreased the proliferation
te of cells but did not induce substantial cell death as measured by
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e-cell imaging and PARP cleavage, respectively (Supplementary
gure 1, A and B). We hypothesized that proteins whose expression
anges rapidly and in a sustained manner report on the most
sential adaptations for cancer cell survival. We identified two targets
hose levels were significantly increased at both time points, the
osphorylated form of AMP-activated protein kinase (AMPK) and
e serine/threonine-protein kinase A-Raf (Figure 1A and Suppl.
able 1). Lopez-Mejia et al. (2017) have reported that
DK4-mediated phosphorylation of AMPK increases glycolysis and
creases fatty acid oxidation in mouse embryonic fibroblasts [21].
owever, the RPPA-data showed that inhibition of CDK-activity
ing AT7519 induced phosphorylation of AMPK in prostate cancer
lls. AMPK is one of the key regulators of cellular energy homeostasis
d is canonically activated in response to an increased AMP/ATP
tio [22]. As detailed in the introduction, prostate cancer cells have
ique metabolic features, and we speculated that phosphorylation of
MPK in response to AT7519 might represent a prostate
ncer-specific metabolic response. We therefore focused on
MPK, and first confirmed by western blotting that AMPK
osphorylation is indeed induced in a dose-dependent manner in
sponse to AT7519 treatment (Figure 1B). Activation of AMPK in
sponse to AT7519 suggested that the treatment might decrease
lls' ability to produce ATP.
We directly measured the cellular oxygen-consumption rate (OCR)
assess if AT7519 affects the rate of ATP production. AT7519
A B

D

gure 1. AT7519 treatment induces acute metabolic stress. A) AMPK
corded using the reverse-phase protein array (RPPA)-approach (all the
5 μM AT7519 for 4 and 24 hours and cell lysates were analyzed us
plicates with SEM and Student's t-test was used to evaluate statistic
MSO or increasing dose of AT7519 for 24 hours and samples were ana
e abundance of each protein. This is a representative western blot of
ygen-consumption rate (OCR) in LNCaP cells. Cells were treated with
e 96 analyzer OCR-measurements. Serial injections of oligomycin (Ol
d a mix of rotenone and antimycin (Rot+AA) enabled measurements
spiration, respectively. Proton leak and spare respiratory capacity we
own is an average of 3–4 biological replicates with SEM and Stude
b.01, ***b.001).
se-dependently inhibited mitochondrial oxygen consumption and
TP production (Figure 1, C and D). Basal respiration-, maximal
spiration- and proton leak-dependent OCR were also decreased, but
upling efficiency was maintained. These data indicate that the activity
themitochondria decreases in response to AT7519 treatment, but the
itochondria remain functional.
We have so far shown that a low dose of AT7519 induces acute
etabolic stress in prostate cancer cells. The dose selected led to a strong
crease in cells' ability to produce ATP but did not induce apparent cell
ath. We therefore hypothesized that cells activate alternative
etabolic strategies to enable survival in the presence of AT7519.

T7519 Induces Accumulation of Acyl-Carnitines
We performed metabolite profiling to probe the possibility
at AT7519 affects metabolites involved in ATP generation.
argeted mass spectrometry was used to quantify ~100 different
etabolites, including amino acids, nucleotides, neurotransmitter
termediates, choline metabolites and enzyme cofactors (Figure 2A).
e noted a prominent decrease in nucleotide metabolites, including
acil (−51%), hypoxanthine (−40%), inosine (−29%) and guanosine
20%). In addition, AT7519 induced a striking increase in the
undance of the nine different acyl-carnitines measured (Figure 2, A
d B). Carnitine serves as an acyl-group carrier across the
itochondrial membrane in a process that delivers lipids to
itochondria for fatty acid oxidation [23]. The metabolite profiling
C

phosphorylation in response to AT7519 in LNCaP cells. Data was
data is provided in Suppl. Table 1). LNCaP cells were treated with
ing RPPA profiling. Data shown is an average of four biological
al significance (*b.05, **b.01). B) LNCaP cells were treated with
lyzed using western blotting. Densitometry was used to evaluate
two replicates. C, D) AT7519 treatment decreases mitochondrial
either DMSO or AT7519 for 24 hours prior to start of the Seahorse
ig), Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP),
of ATP production, maximal respiration, and non-mitochondrial

re calculated using these parameters and basal respiration. Data
nt's t-test was used to assess the statistical significance (*b.05,

Image of Figure 1
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Figure 2. AT7519 induced accumulation of acyl-carnitines promotes prostate cancer cell survival. A) Targeted metabolite profiling of
LNCaP cells treated as indicated for 24 hours. Data shown is an average of four biological replicates with SEM. Only metabolites whose
abundance changed at least 20% in comparison to DMSO are shown. Metabolite levels were quantitatively measured using mass
spectrometry and normalized to cell count. Control sample was set to 100% and treatments were also normalized to this. Student's t-test
was used to assess the statistical significance (*b.05, **b.01). B) Measurement of the absolute amount of carnitines. Data shown is an
average of 4 biological replicates with SEM and t-test was used to evaluate the statistical significance (*b.05). C) Schematic presentation
of acyl-carnitine transport across the mitochondrial membrane. D) Knockdown (KD) of CPT1 and CPT2 sensitizes cells to AT7519
treatment. KD was performed for 4 days as indicated, after which cells were treated with AT7519 for 3 days and viability was assessed
using the CellTiter-Glo assay. Data shown is an average of at least 3 biological replicates with SEM and t-test was used to evaluate the
statistical significance (*b.05, **b.01). E) The efficacy of CPT1 and CPT2 KD was evaluated using western blotting.
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ta suggest that AT7519 reprograms cells to rely more on fatty acid
idation.
We tested if the accumulation of acyl-carnitines in response to
T7519-treatment is important for cancer cell survival. Addition and
moval of the lipid chain to and from carnitine is catalyzed by
rnitine palmitoyltransferases (CPT) 1 and 2, which are localized in
e outer and inner mitochondrial membranes, respectively [23]
igure 2C). These enzymes are required for acyl-carnitine
oduction and fatty acid oxidation, and we tested if they are part
the adaptive response to AT7519. Knockdown of either CPT1 or
PT2 sensitized cells to AT7519 (Figure 2, D and E).
In summary, AT7519-treatment leads to depletion of nucleotide
termediates and accumulation of acyl-carnitines, and knockdown of
e CPT enzymes sensitizes cells to AT7519. Therefore,
yl-carnitine accumulation appears to be an adaptive response to
T7519 treatment that promotes survival of cancer cells and
presents a metabolic switch that can be targeted. We next set out
test if synthetic lethality between CDK inhibition and CPT

hibition could be achieved through pharmacological approaches,
hich would be applicable in a clinical setting.
T7519 and Inhibitors of Fatty Acid Oxidation are
ynthetically Lethal to Prostate Cancer Cells
In order to probe if AT7519 renders prostate cancer cells
pendent on lipids for ATP synthesis, we pre-treated cells with
T7519 and measured mitochondrial oxygen consumption in
sponse to acute treatment with Perhexiline, a clinically approved
PT inhibitor [24]. Indeed, acute treatment with Perhexiline
creased the mitochondrial oxygen consumption of cells pretreated
ith AT7519 (Figure 3A). This result is consistent with our model
at AT7519 renders prostate cancer cells more dependent on lipids
r ATP synthesis and this dependency can be targeted using
erhexiline.
We next assessed the effects of combination treatment with
T7519 and CPT inhibitors on viability of prostate cancer cells.
erhexiline and Etomoxir, another FAO-inhibitor [25],
se-dependently decreased prostate cancer cell viability as assessed
ATP generation, and co-treatment with AT7519 additively

hanced their effects (Supplementary Figure 2, A and B). Etomoxir
an irreversible inhibitor of CPT1 and the compound has been used
inhibit fatty acid oxidation in both normal and cancer cells,

Image of Figure 2
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wever, its specificity in higher doses has been questioned [26–30].
this context, it is important to keep in mind that we have
monstrated the anti-proliferative effect of combining AT7519 and
tty acid oxidation inhibition not only by using Etomoxir, but also
using Perhexiline (Supplementary Figure 2, A and B) and by
ocking down CPT1 and CPT2 (Figure 2D). Combining Perhexi-
e with AT7519 led to a complete loss of cell viability in LNCaP
d PC3 cells (Supplementary Figure 2B), and this compound was
lected for the future experiments.
We have shown that the metabolic adaptations induced by
T7519 and Perhexiline converge to decrease cell viability and
arched the literature for clues to other mechanisms of decreased cell
rvival besides ATP depletion, which is clearly a factor. Inhibition of
tty acid oxidation has been shown to increase the levels of reactive
ygen species (ROS) [31], and earlier we noted that
T7519-treatment causes depletion of nucleotide precursors (Figure
). ROS accumulation and unbalanced nucleotide levels are known
cause DNA damage [32]. We therefore evaluated if the

T7519-Perhexiline combination induces DNA damage using
estern blot. Combining AT7519 with Perhexiline caused a greater
an 9-fold enhanced induction of the canonical DNA-damage
arker p-H2AX (Figure 3B). To further probe the mechanistic basis
the AT7519-Perhexiline combination on viability, we evaluated
ll cycle distribution using propidium iodide-staining and flow
tometry. Treatment with the compound combination led to a
eater than 5-fold increase in the sub-G1 population of cells (Figure
). A similar effect on the cell cycle was observed in PC3 cells,
other prostate cancer cell line (Supplementary Figure 2C).
herefore, the perhexiline-AT7519 combination induced decrease
cell viability is explained by depletion of ATP, excessive DNA
mage and possibly by the activation the cell death response.
We assessed if the AT5719-Perhexiline combination induces
optosis by several assays. First, we performed western blotting and
served a greater than 5-fold increase in PARP cleavage with a
ncomitant decrease in the marker of mitotic cells, phosphorylated
-ser10 (Figure 3B). Second, we used live-cell imaging to measure
tivation of caspases 3 and 7, the prototypical markers of apoptosis.
ombination treatment led to a 6-times higher activation of caspases
LNCaP cells (Figure 3D). Third, we evaluated the proliferation rate
cells treated with AT7519, Perhexiline and the combination. In
reement with the prominent cell death activation, the combination
eatment additively decreased proliferation of LNCaP cells (Figure
). In addition, the AT7519-Perhexiline combination induced cell
ath and resulted in growth arrest also in PC3 cells (Supplementary
gure 3, A and B). These data establish AT7519 and Perhexiline as a
nthetically lethal compound combination to prostate cancer cells.

multaneous Targeting of CDK9 and Fatty Acid Oxidation is
nthetically Lethal to Prostate Cancer Cells
As with any studies involving chemical probes, it is important to
st additional compounds that inhibit the same proposed targets, if
ssible. We found that Perhexiline and Etomoxir, as well as CPT
ockdown, had similar effects on cells when combined with
T7519 (Figure 2D and Supplementary Figure 2, A and B).
T7519 is a pan-CDK inhibitor that most potently targets CDK9
0], and we therefore hypothesized that CDK9 is the primary target
r the combinatorial lethality between AT7519 and Perhexiline. In
18, a novel CDK9 inhibitor, NVP2, was identified and reported to
ve 700-fold selectivity over other kinases [33]. We found that
eatment with NVP-2 led to a rapid (24 hours treatment),
se-dependent depletion of the cellular ATP-levels at low nanomolar
ncentrations (Figure 3F). In addition, and similar to AT7519,
VP2-treatment caused activation of AMPK and resulted in
wn-regulation of CDK1 and up-regulation of HES1 (Figure 3G).
e noted that 10 nM NVP2 had only a modest effect on the
osphorylation of serine-2 of RNA Pol II CTD with clear effect on
e ATP levels (Figure 3, F and G). It is possible that the ATP
neration is very sensitive to CDK9 inhibition and in order to
rther probe if NVP2 decreases transcription also in low doses, we
eated cells with NVP2 for 4 hours, isolated total RNA using cell lysis
ffer that contains spike-in luciferase RNA for normalization and
aluated the transcript levels of MYC and MCL1, both of which
ve been reported to be affected by CDK9 inhibition [33,34].
portantly, NVP2 decreased MYC and MCL1 mRNA levels by
er 50% (Figure 3H). Based on these data, inhibition of CDK9
tivity leads to a rapid decrease in transcription, which decreases
RNAs that have short half-lives and are associated with fast
oliferation of cancer cells. In a longer time-frame, CDK9 inhibition
ads to a decrease in the metabolic activity of cells, manifested by
creased OCR and ATP generation (Figure 1D). These data indicate
at the highly specific CDK9 inhibitor NVP2 causes similar effects
the pan-CDK inhibitor AT7519, confirming CDK9 as a major
rget for AT7519 in prostate cancer cells.
Next, we assessed if inhibition of CDK9 is sufficient to induce
nthetic lethality in combination with Perhexiline. Perhexiline
ditively enhanced the effect of NVP2 on LNCaP cell viability
upplementary Figure 4A) and combination of 5 nM NVP2 with
rhexiline led to a complete growth arrest (Figure 3I). A low dose of
VP2 did not induce cell death on its own, but potentiated the effect
Perhexiline by over 60-fold, as measured using caspase-activation,
hich indicates that certain anti-proliferative effects of CDK9
hibition are greatly enhanced by Perhexiline (Figure 3J). CDK9
hibition has been reported to sensitize cancer cells to apoptosis
rough decreased expression of MCL1 and MYC [33,35,36].
ombining NVP2 with Perhexiline led to over 50% decrease in MYC
vels but MCL1 was only modestly affected (Supplementary Figure
). In addition, and similar to the Perhexiline+AT7519 combina-
n, we observed that Perhexiline enhances NVP2-induced DNA
mage (Figure 3B and Supplementary Figure 4B). These data imply
at the combination of CDK9 and FAO inhibitors does not induce
optosis through down-regulation of anti-apoptotic proteins but
ther through induction of excessive DNA damage; however, to fully
fine the signaling pathways involved will require a comprehensive
ture study.
Next, we moved on to evaluate the effect of combining CDK9 and
O inhibitors in PC3 cells. The combination of NVP2 with
rhexiline decreased cell viability, induced cell death and caused
owth arrest also in PC3 cells (Supplementary Figure 5). We wanted
further assess the ability of Perhexiline to sensitize prostate cancer
lls to a clinically relevant CDK9 inhibitor. For these experiments,
e selected TG02/SB1317, a compound that is currently in clinical
ials [34,37]. First, we identified a dose for TG02 that had only a
odest effect on cell viability as a single agent (Supplementary Figure
). Combining this low dose of TG02 with Perhexiline led to a
mplete loss of proliferation of both LNCaP and PC3 cells
upplementary Figure 6B). To conclude, Perhexiline can enhance
e effects of CDK9 inhibition on prostate cancer cell proliferation.
hese data confirm the model that CDK9 inhibition causes
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etabolic stress to prostate cancer cells, rendering them dependent on
PT activity, which can be targeted to achieve synthetic lethality.

iscussion
DKs are the key regulators of cell cycle and RNA-Pol II activity, and
this study we discovered that inhibition of CDK9 induces acute
etabolic stress in prostate cancer cells. This is, to our knowledge, the
rst study to report that RNA-Pol II CTD kinase inhibition affects
etabolism. Our work highlights the complex interplay between
etabolism, transcription and the proteome, and shows the value of
ultiplatform profiling of cancer cell response to cytostatic
mpounds. Overall, we found that CDK9 inhibition triggers a
D

A B

E

I J

F G
etabolic switch in prostate cancer cells so they rely more on CPT
zymes for growth.
Development of normal prostate tissue requires significant
modeling of mitochondrial metabolism. As a result, cells of the
ostate gland do not complete the TCA cycle and secrete high levels
citrate [5,6]. This prostate-specific metabolic feature is important
promote sperm survival. However, the lack of selection pressure to
aintain functionally proficient mitochondria may lead to accumu-
tion of mitochondrial mutations and defective mitochondria.
deed, mitochondrial genomes of normal prostate cells contain
merous mutations that are not found in other tissues of the same
rson [38]. Certain cancer-associated mitochondrial mutations are
C

H

Image of Figure 3
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sociated with aggressive disease [39], and specific mitochondrial
utations have also been reported to confer a growth advantage to
herwise isogenic prostate cancer cells [40]. Some mitochondrial
utations found in prostate cancer may also render cells more
nsitive to inhibitors that affect mitochondrial function.
In this study we unexpectedly found that CDK9 activity plays a
ucial role in mitochondrial function in prostate cancer cells. One
port has previously linked CDK9 activity to mitochondrial
sfunction. In that case, chronic activation of CDK9 due to
er-expression of the cyclin-T1 partner was shown to result in
itochondrial dysfunction in cardiac tissue [41]. Here we have found
at inhibiting CDK9 activity decreased oxidative phosphorylation,
ndering cells more dependent on lipids for ATP production (Figs.
and 3A). Therefore, inhibiting CPT activity in combination with

DK9 inhibition results in lethality in cell culture (Figure 3, D and
. Notably, the observed increase in acyl-carnitines in response to
T7519 may reflect an increased dependence on FAO or decreased
ility to deacylate (Figure 2B). The latter seems more likely as we
so observed a concomitant decrease in OCR (Figure 1D).
evertheless, it may be possible to combine CDK9 and CPT
hibitors for therapeutic purposes but testing this will require
allenging animal studies.
The basal transcription machinery is operational in every cell,
wever, inhibition of the kinases that phosphorylate RNA Pol II
rboxy-terminal domain (CTD) is more toxic to cancer cells than
rmal cells and compounds targeting the CTD kinases are in clinical
ials [34,36,42,43]. The activity of RNA Pol II is regulated at
ultiple levels by CDK7, CDK9 and CDK12, and transcription of
fferent genes appears to be more reliant in the activity of only some
these kinases [13]. For example, inhibition of CDK7 and CDK9
wn-regulates the expression of mRNAs with short half-life, such as
e anti-apoptotic mitochondrial gene MCL1 and the oncogenic
anscription factor MYC [35], as observed also in our current study
upplementary Figure 4B). On the other hand, CDK12 appears to
particularly important for the expression of long genes, including
any genes involved in the DNA damage response [44]. We observed
re that the pan-CDK inhibitor AT7519 causes suppression in
itochondrial OCR and sensitizes cells to inhibition of FAO
gure 3. CDK9 inhibitors are synthetically lethal with inhibitors of fatty
Perhexiline as measured using oxygen-consumption rate (OCR). A Se
ute injection of perhexiline (indicated with an arrow). LNCaP cells wer
an average of 3 biological replicates with SEM; t-test was used to eval
AT7519 with 10 μM Perhexiline induces DNA damage and cell death

estern blotting was used to detect the proteins of interest. Densito
ombination of AT7519 with Perhexiline increases the sub-G1 populati
dide staining and flow cytometry. Data shown is an average of tw
sponse to AT7519 and Perhexiline treatments. The cumulative activati
hours and normalized to cell confluency. Data shown is an average fo
aluate the statistical significance. E) Growth rate of cells was reco
ological replicates with SEM and t-test was used to assess the stati
ngle treatment. F) LNCaP cells were treated with NVP2 for 24 h
ellTiter-Glo-assay. Data shown is an average of three technical replic
creasing dose of NVP2 for 24 hours and samples were analyzed u
undance of each protein. H) LNCaP cells were treated with 20 nM NV
undance was normalized to luciferase RNA that was added to each s
ological replicates with SEM and t-test was used to assess the stat
e-cell imaging. Data shown is an average of four biological replicates w
tween combination treatments against any single treatment. J) A
eatments. The cumulative activation of Caspases 3 and 7 was record
nfluency. Data shown is an average of four biological replicate expe
gnificance (*b.05, **b.01).
igs. 1D; 3, D and E). A more thorough characterization of cancer
lls' response to inhibition of specific CDKs is likely to reveal
ditional synthetic lethal interactions.
In conclusion, here we show that inhibition of CDK9 activity
ads to suppression of mitochondrial activity and ATP production
prostate cancer cells. In the future, it will be important to
entify the key mediators of this response. In more general terms,
DK9 inhibitors could be combined with other inhibitors of the
y energy-sensor pathways to induce apoptosis in prostate cancer
lls.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.neo.2019.05.001.
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