
Frontiers in Oncology

OPEN ACCESS

EDITED BY

Jill Kolesar,
University of Kentucky, United States

REVIEWED BY

Rob McCorkle,
University of Kentucky, United States
Valerie Heong,
Tan Tock Seng Hospital, Singapore

*CORRESPONDENCE

Deyarina Gonzalez
D.Gonzalez@swansea.ac.uk

SPECIALTY SECTION

This article was submitted to
Gynecological Oncology,
a section of the journal
Frontiers in Oncology

RECEIVED 08 August 2022
ACCEPTED 07 November 2022

PUBLISHED 25 November 2022

CITATION

Howard D, James D, Garcia-Parra J,
Pan-Castillo B, Worthington J,
Williams N, Coombes Z, Rees SC,
Lutchman-Singh K, Francis LW, Rees P,
Margarit L, Conlan RS and Gonzalez D
(2022) Dinaciclib as an effective pan-
cyclin dependent kinase inhibitor in
platinum resistant ovarian cancer.
Front. Oncol. 12:1014280.
doi: 10.3389/fonc.2022.1014280

COPYRIGHT

© 2022 Howard, James, Garcia-Parra,
Pan-Castillo, Worthington, Williams,
Coombes, Rees, Lutchman-Singh,
Francis, Rees, Margarit, Conlan and
Gonzalez. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

TYPE Original Research
PUBLISHED 25 November 2022

DOI 10.3389/fonc.2022.1014280
Dinaciclib as an effective
pan-cyclin dependent kinase
inhibitor in platinum resistant
ovarian cancer

David Howard1, David James1, Jezabel Garcia-Parra1,
Belen Pan-Castillo1, Jenny Worthington2, Nicole Williams2,
Zoe Coombes1, Sophie Colleen Rees3,
Kerryn Lutchman-Singh4, Lewis W. Francis1, Paul Rees5,
Lavinia Margarit3, R. Steven Conlan1 and Deyarina Gonzalez1*

1Reproductive Biology and Gynaecology (RBGO) Group, Medical School, Swansea University,
Swansea, United Kingdom, 2Axis Bioservices Ltd, Coleraine, United Kingdom, 3Department of
Obstetrics and Gynaecology, Princess of Wales Hospital, Cwm Taf Morgannwg University Health
Board, Bridgend, United Kingdom, 4Department of Gynaecology Oncology, Singleton Hospital,
Swansea Bay University Health Board, Swansea, United Kingdom, 5College of Engineering, Swansea
University, Swansea, United Kingdom
Background: Ovarian cancer (OC) is amongst the most lethal of common

cancers in women. Lacking in specific symptoms in the early stages, OC is

predominantly diagnosed late when the disease has undergone metastatic

spread and chemotherapy is relied on to prolong life. Platinum-based therapies

are preferred and although many tumors respond initially, the emergence of

platinum-resistance occurs in the majority of cases after which prognosis is

very poor. Upregulation of DNA damage pathways is a common feature of

platinum resistance in OC with cyclin dependent kinases (CDKs) serving as key

regulators of this process and suggesting that CDK inhibitors (CDKis) could be

effective tools in the treatment of platinum resistant and refractory OC.

Aim: The aim of this study was to evaluate the efficacy of CDKis in platinum

resistant OC models and serve as a predictor of potential clinical utility.

Methods: The efficacy of CDKi, dinaciclib, was determined in wildtype and

platinum resistant cell line pairs representing different OC subtypes. In addition,

dinaciclib was evaluated in primary cells isolated from platinum-sensitive and

platinum-refractory tumors to increase the clinical relevance of the study.

Results and conclusions: Dinaciclib proved highly efficacious in OC cell lines

and primary cells, which were over a thousand-fold more sensitive to the CDKi

than to cisplatin. Furthermore, cisplatin resistance in these cells did not
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influence sensitivity to dinaciclib and the two drugs combined additively in both

platinum-sensitive and platinum-resistant OC cells suggesting a potential role

for pan-CDKis (CDKis targeting multiple CDKs), such as dinaciclib, in the

treatment of advanced and platinum-resistant OC.
KEYWORDS

ovarian cancer, resistance, cyclin dependent kinase inhibitor, dinaciclib, cisplatin,
platinum, refractory, flavopiridol
Introduction

Ovarian cancer (OC) is the 9th most common cancer in

women and the 8th most deadly with the latest global figures

reporting it accounted for 6.6% of all annual cancer diagnoses in

women and 185,000 deaths in 2018 (1). The 5-year survival rate

for OC globally currently ranges between 30-40% and in the

United States is the 14th lowest survival rate amongst the top 15

most common cancers (1, 2). The principal factors attributed to

this high lethality is the disease’s late stage of presentation (80%

of OC diagnoses are for stage III and IV cancers) and the

development of chemo-resistance (3).

Typical treatment of OC involves surgery and platinum-

based chemotherapy, however 80% of cancers are either

refractory to platinum treatment, or respond initially, but go

on to develop platinum resistance, at which point the disease is

typically incurable (4). Inhibition of Poly-ADP-ribose

polymerase (PARP) proteins, through inhibitors, such as

olaparib, veliparib and niraparib have been shown to delay

disease progression in patients with tumors harboring

homologous recombination (HR) deficiencies, such as

mutations in BRCA genes. PARP proteins are involved in

single-strand DNA repair and their inhibition leads to an

accumulation of single-strand DNA breaks causing synthetic

lethality in tumors with existing DNA repair deficiencies (5).

However, PARPis are less efficacious in tumors with HR, which

represent approximately 50-59% of cases (6). Mutations and

epigenetic modifications, which confer PARPi resistance

including reversion mutations in HR genes, such as BRCA1/2,

upregulation of BRCA1 and downregulation of negative HR

regulator, EMI1, have all been similarly identified as drivers of

platinum resistance (7–10). Undoubtedly it is as a consequence

of the mechanistic similarities between platinum and PARPi

resistance, that PARPis have proven less effective against

cisplatin resistant OC in the clinic (11, 12). Alternative

therapies are therefore sorely required to prolong life in

patients with advanced and cisplatin resistant OC.

Cyclin dependent kinase (CDKs) are integral to key cellular

activities including cell cycle progression, regulation of
02
transcription, DNA repair and DNA replication (13). As these

processes tend to be dysregulated in cancer, targeting CDKs

through CDK inhibitors (CDKis) may be a promising treatment

strategy. Numerous CDKis are currently undergoing clinical and

preclinical evaluation for a range of cancers (14) with CDK4/6

specific inhibitors currently in use for hormone receptor-positive

metastatic breast cancer (15, 16). In OC, CDKs and the cyclins

that regulate their activity are often highly expressed and have

been associated with advanced disease, low survivability,

recurrence and chemoresistance. For instance, cyclins A and E,

activating cyclins of CDKs 1 and 2, are both overexpressed in

epithelial ovarian cancer (EOC) where they are associated with

platinum resistance and low survivability (17–19), possibly due

to the protective roles these CDKs and cyclins play in the DNA

damage response (20, 21). CDK5 is another CDK involved in

DNA repair, promoting base excision repair (BER) and

replication fork repair through upstream regulation of Ape1

(AP endonuclease 1) and STAT3, respectively (22). In OC,

reduced CDK5 expression has been associated with increased

sensitivity to cisplatin and paclitaxel in vitro (23, 24). CDKs 7

and 9 are key components of the transcription machinery

facilitating the transcription of the majority of genes, including

oncogenes that drive proliferation, survival and drug resistance

in OC, such as MYC, KRAS and HER2 (25–27). High levels of

expression of CDK9, CDK7 and CDK7 activator, cyclin H, have

all been reported as negative prognostic markers in OC (28–30).

CDK12 is involved in the transcription of numerous DNA repair

proteins including BRCA1, ATM, FANCI, and FANCD2 (31).

Here we investigated targeting CDKs as an effective strategy

against advanced and platinum-resistant OC. We compared the

efficacy of dinaciclib, an inhibitor of CDKs 1, 2, 5, 9 and 12 and

flavopiridol, a CDK 1, 2, 4 and 7 inhibitor, in metastatic ovarian

cancer cell line, SKOV-3. SKOV-3 cells were most sensitive to

dinaciclib, which has a bimodal mechanism of action inhibiting

CDKs involved in transcription and cell cycle (32). Dinaciclib

induced apoptosis and, arrested cell cycle progression in the G2/

M phase. In addition, dinaciclib almost completely eliminated

RNA polymerase Ser2 phosphorylation reducing BCL-2 mRNA

levels. The utility of dinaciclib in both platinum-sensitive and
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-resistant OC was evaluated using primary cells isolated from

high grade serous (HGS) tumors and cell line models of

cisplatin-sensitive and -resistant disease. Importantly, we show

that platinum resistance and refractoriness in OC does not

influence sensitivity to dinaciclib. We demonstrate for the first

time that dinaciclib is equally effective in cisplatin resistant cell

lines and cisplatin refractory primary cells compared to cisplatin

sensitive cell lines and primary cells, respectively and

furthermore that these drugs combine additively in these cells.

Together, our results suggest a potential role for the use of pan-

CDKis in the treatment of advanced and platinum-resistant/

refractory OC.
Materials and methods

Cell culture

A2780 and A2780cis cells were purchased from Sigma-

Aldrich (St. Louis, Missouri, US), SKOV-3 and OVCAR-3 cells

were purchased from the American Type Culture Collection

(Manassas, Virginia, US) and SKOV-3cis and OVCAR-3cis were

provided by Axis Bioservices, (Coleraine, UK). A2780 and

A2780cis cells were cultured with RPMI 1640 supplemented

with 10% Fetal Bovine Serum (FBS), and 1% penicillin-

streptomycin (all from Gibco by ThermoFisher, Waltham,

Massachusetts, US). OVCAR-3 and OVCAR-3cis cells were

cultured with RPMI 1640 supplemented with 20% FBS, 1%

penicillin-streptomycin and human insulin (Sigma-Aldrich) to

a final concentration of 10 µg/ml. SKOV-3 and SKOV-3cis cells

were cultured with McCoys 5A Medium + L-glutamine (Gibco

by ThermoFisher) supplemented with 10% FBS, and 1%

penicillin-streptomycin. During alternate cell passages, media

for cisplatin-resistant cell lines was additionally supplemented

with cisplatin at final concentrations of 3 µM for SKOV-3cis, 1.5

µM for OVCAR-3cis and 1 µM for A2780cis cells, respectively.
Isolation and expansion of patient
derived tumor cells

Ovarian tumor cells were isolated and propagated from

tumor biopsies obtained from consented patients under ethical

approval provided from the Local Ethics Committee (LREC

Wales 6, ref 15/WA/0065). Tissue samples were delivered in

centri fuge tubes in DMEM F-12 media (Gibco by

ThermoFisher). On the day of receipt, tissue samples were

gently washed in PBS and then transferred to a petri dish

where they were disrupted through persistent chopping with a

scalpel. Enzymatic digestion was performed on the disrupted

tissue through addition of Collagenase I from Clostridium

histolyticum (Gibco by ThermoFisher, CAS No. 9001-12-1)
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dissolved in a primary cell media to a final concentration of 2

mg/ml, henceforth referred to as primary media, comprising

MCDB 105 (Sigma-Aldrich) and Medium 199 (Gibco by

ThermoFisher) in a 1:1 ratio. Samples were then transferred to

a 37°C, 5% CO2, humidified incubator for thirty minutes, or

until the tissue was visibly dissociated. The dissociated tissue

samples were transferred to falcon tubes and centrifuged with

additional primary media at 300 g for 7 min. The resulting cell

pellet was resuspended in primary media supplemented with

20% FBS, 1% penicillin-streptomycin and sodium bicarbonate

(Sigma-Aldrich) at a final concentration of 1.8 g/L, henceforth

for described as complete primary media. The resuspended cells

were transferred to a well of a six well plate and transferred to a

37°C, 5% CO2, humidified incubator. Primary cells were

expanded and maintained using complete primary media

ahead of use in drug treatment experiments.
Cell viability

Dinaciclib (Selleckchem, Houston, Texas, US) and

flavopiridol (Sigma-Aldrich) were dissolved in DMSO (Sigma-

Aldrich) to make 10 mM stock solutions and cisplatin (Sigma-

Aldrich) was dissolved directly in cell media to a working

concentration of 1.66 mM ahead of use. Cell lines and primary

cells were seeded in white-walled, 96 well plates (Porvair

Sciences, Wrexham, UK) at densities of 500 cells/well for

SKOV-3WT/cis, OVCAR-3WT/cis, 2500 cells/well for

A2780WT/cis and 1000 cells/well for primary cell cultures.

Twenty-four hours following seeding, media was removed and

replaced with media containing drug, or vehicle control

(DMSO). Treatment media was additionally supplemented

with RealTime-Glo™ MT Cell Viability Assay (Promega,

Madison, Wisconsin, US) reagents at manufacturer

recommended concentrations (1:1000). Treated samples were

kept in cell culture incubator and luminescence per well was

measured every 24 h in a microplate photometer at 37°C.
Apoptosis

The RealTime-Glo™ Annexin V Apoptosis Assay

(Promega) was used to quantify relative Annexin V levels on

SKOV-3 cells. According to manufacturer’s instructions. Cells

were seeded with a density of 2000 cells/well in white-walled, 96

well plates (Porvair Sciences) in 100 ml medium and incubated at

37 °C in 5% CO2, humidified air for 24 h. Cells were then treated

with, DMSO or dinaciclib at 10, 40 and 80 nM concentrations

for 12 and 24 h durations. Luminescence was measured using a

microplate photometer. Wells were then washed twice in PBS

and a cell viability assay was performed as described above in

order to quantify viability per well relative to control wells.
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Cell cycle analysis

Cells were seeded in 6 well plates at densities of 100,000 cells/

well and were treated 24 h following with vehicle control, or

dinaciclib at 10 and 40 nM concentrations. Cells were then

washed in PBS and fixed by incubation with formaldehyde

solution, 4% (Sigma-Aldrich). Hoechst 33342 (ThermoFisher

Scientific) in PBS at 5 mg/ml was added to the wells and the

plates incubated for 4 h in the dark. Cells were washed twice

more in PBS and then 3 ml of PBS was added to each well ahead

of imaging. Imaging was performed using the IN Cell 2000 (GE

Healthcare, Chicago, Illinois, US) high-throughput imaging

system with 120 images taken per well using a 20x objective

and 450/65-nm emission filter. Images were processed using Cell

Profiler 3.0.0 (Broad Institute, Cambridge, Massachusetts, US)

(33). Nuclei were segmented by object diameter and Otsu

thresholding and the integrated object intensity for each

nucleus recorded. A histogram of integrated object intensity

vs. number of objects was generated for each sample in Matlab

(MathWorks, Natick, Massachusetts, US). G1 and G2/M and S

phase peaks were fitted to the nuclear integrated intensity

histograms using the Watson Pragmatic algorithm (34) and an

integration of peaks yielded the percentages of nuclei per cell

cycle phase. Three experimental replicates were performed

per sample.
Immunoblotting

SKOV-3 cells were treated with dinaciclib (10 or 40 nM), or

vehicle control for periods of 4 and 20 h. Following a PBS wash,

cells were scraped in RIPA buffer (Sigma-Aldrich) supplemented

to 1% v/v with each of Proteinase Inhibitor Cocktail 1,

Phosphatase Inhibitor Cocktails 2 and 3 (all from Sigma-

Aldrich). and transferred into microcentrifuge tubes. Samples

were incubated on ice for 30 min with intermittent agitation

(vortexing) to insure lysis. Samples were then centrifuged at

20,000 x g for 10 min at 4°C to pellet cell debris and the

supernatant containing the protein fraction was retained.

Protein samples were quantified using the DC™ Protein Assay

(Bio-Rad, Hercules, California, US). Thirty µg of protein was per

sample was prepared for electrophoresis by heating at 95°C for

5 min in Laemmli sample buffer containing 5% v/v b-
mercaptoethanol (Sigma-Aldrich). Protein samples were then

separated through sodium dodecyl polyacrylamide gel

electrophoresis (SDS-PAGE) using Mini-PROTEAN®TGX™

Precast 4-20% gels (Bio-Rad) and then transferred onto

polyvinylidene difluoride (PVDF) membranes using the Trans-

Blot® Turbo™ transfer system (Bio-Rad). Membranes were

blocked 1 h at RT in 5% bovine serum albumin (BSA) (PAN

Biotech, Aidenbach, Germany, USA) in Tris Buffered Saline

(TBS) with 0.1% Tween-20 (Sigma-Aldrich) and then probed
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overnight with anti-Pol II (Ab817) (Abcam, Cambridge, UK),

anti-Pol II pSer2 (61083) (Active Motif, Carlsbad, California,

United States), and anti-GAPDH (sc25778) (Santa Cruz

Biotechnologies, Dallas, Texas, United States) antibodies.

Following washes (4x, 5 min) in TBS/Tween-20, membranes

were incubated with horse radish peroxidase (HRP)

conjugated anti-mouse (NA931V) (GE Healthcare), anti-rabbit

(NA934) (GE Healthcare), or anti-rat (sc2032) (Santa Cruz

Biotechnologies) secondary antibodies as appropriate for 1 h

at RT. Protein bands were detected and imaged using Clarity™

Western Enhanced Chemi Luminescence (ECL) substrate and a

ChemiDoc Imager (both supplied by Bio-Rad). Densitometry

was performed with ImageLab software (Bio-Rad).
qPCR

RNA was extracted from control and dinaciclib treated

samples using the RNeasy® Mini Kit (Qiagen, Hilden,

Germany, Cat. no. 74104) according to the manufacturer

protocol from which cDNA was generated using the High

Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems

by Thermo Fisher Scientific). Reverse transcription reactions

were performed using the T100™ Thermal Cycler (Bio-Rad).

Samples were analyzed by qPCR in triplicate using the iTaq™

Universal SYBR® Green Supermix (Bio-Rad), run on the CFX96

Real-Time PCR Detection System (Bio-Rad) using previously

described primers for RPS18 (forward: 5 ’-ATTGCC

GACAGGATGCAGAA-3’, reverse: 5’-GCTGATCCACATCTG

CTGGAA-3’), MYC (forward: 5’- CAGCGACTCTGAGG

AGGAAC-3’, reverse: 5’- CTGTGAGGAGGTTTGCTGTG-3’),

CCNE1 (forward: 5’- AGAGAACTGTGTCAAGTGGATGG -3’,

reverse: 5’- TCTGTGGGTCTGTATGTTGTGTG-3’), MCL-1

(forward: 5’-TGATCCATGTTTTCAGCGAC-3’, reverse: 5’-

AATGGTTCGATGCAGCTTTC-3’), BCL-2 (forward: 5’-

GATGTGATGCCTCTGCGAAG-3’, reverse: 5’-GATGT

CTCTGGAATCT-3’) and BIRC5 (forward: 5’-ACCGCATC

TCTACATTCAAG-3’ , reverse: 5 ’-CAAGTCTGGCTCG

TTCTC-3’) (32). Calibration curves using serial dilutions of

cDNA were plotted and gene expression was quantified by

plotting threshold cycle values. Values obtained from reference

gene, RPS18 were used to normalize expression across samples.

Relative expression was expressed as the mean fold induction ±

standard deviation.
Statistical analysis

Data distribution was assessed for normality using the Ryan-

Joiner and Kolmogorov-Smirnov tests using Minitab v13

(Minitab, State College, Pennsylvania, USA). Non-normally

distributed data were analyzed with the nonparametric
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Kruskal-Wallis test, followed by a Mann-Whitney U test applied

post hoc to determine statistical significance. Normally

distributed data was analyzed by analysis of variance

(ANOVA) followed by the Dunnett’s test, or by an unpaired

T-test using Prism v6 (Graphpad, San Diego, California, USA)

where P < 0.05 was considered significant.
Results

Dinaciclib inhibits cell cycle progression
and RNA polymerase II phosphorylation

The utility of dinaciclib for the treatment of advanced OC

was initially investigated using metastatic EOC cell line SKOV-3.

Dose-response experiments were performed to compare the

anti-proliferative effects of dinaciclib to those of a second pan-

CDKi (a CDKi targeting multiple CDKs), flavopiridol, and

standard first line therapeutic cisplatin (Figure 1A). Dinaciclib

proved considerably more potent than both of these drugs with

an LD50 of 15 nM compared to 180 nM for flavopiridol and 6

µM for cisplatin. As an inhibitor of CDKs 1 and 2, involved in

G2/M and G1/S progression, respectively, it was anticipated that

dinaciclib would induce cell cycle blockade. To confirm this,
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high-content imaging (HCI) of control and dinaciclib treated

(24 h) SKOV-3 cells was performed using Hoescht 33342 used as

a nucleic acid stain. Cell nuclei were identified and the integrated

pixel intensity in the Hoescht channel, corresponding to DNA

content, was measured using CellProfiler™ software and

plotted against cells to produce DNA content histograms

(Supplementary Figure 1). Cell cycle distribution was

quantified from three replicate experiments (Figure 1B).

Dinaciclib (40 nM) treatment resulted in an accumulation of

cells in the G2/M phase suggesting it is blocking progression

through the G2 and or M-phase checkpoints. To test whether the

effect on SKOV-3 viability was solely cytostatic, or additionally

cytotoxic, cells treated with dinaciclib were evaluated for

apoptosis using the RealTime-Glo™ Annexin V Apoptosis

Assay (Promega), which detects cell surface exposed

phosphatidylserine. Apoptosis was observed in SKOV-3 cell

samples treated with dinacic l ib at 40 and 80 nM

concentrations at 12 and 24 h post-treatment (Figure 1C)

differentiating pan-CDKi dinaciclib from selective CDK 4/6

inhibitors, which are predominantly cytostatic (35).

Dinaciclib inhibits CDK9, which as part of P-TEFb (positive

transcription elongation factor) facilitates transcription

elongation by RNA polymerase II (Pol II) through

phosphorylation of Ser2 residues on its carboxyl terminal
B C

D E F

A

FIGURE 1

Dinaciclib exhibits a bimodal mechanism in SKOV-3 cells, reducing viability through a combination of cell cycle blockade and apoptosis. (A)
Dose response curves following 72 h treatments with dinaciclib, flavopiridol and cisplatin in SKOV-3 cells. and its increased potency relative to
flavopiridol and cisplatin. Stars indicate statistical significance between LD50 values given in text (B) Cell cycle phase was quantified from HCI
images stained with Hoescht. (C) Annexin V levels in dinaciclib treated SKOV-3 cells, were measured using the luminescence based, RealTime-

Glo™ Annexin V Apoptosis Assay (Promega) and normalised to cell viability. (D) Representative immunoblots of Pol II and Pol II pSer2 with
corresponding for in SKOV-3 cells following 4 and 20 h treatments with dinaciclib, or vehicle control. (E) Densitometry measurements for all
blots normalised to GAPDH. (F) Transcript levels of MCl-1, BCL-2 and BIRC5 following dinaciclib treatment (40 nM for 24 h) in SKOV-3 cells.
Transcript levels were normalised to the reference gene, RPS18, and expressed relative to control samples. In all quantitative subfigures, data are
expressed as mean of three independent experiments with error bars representing standard deviation. Statistical significance was calculated by
ANOVA followed by Dunnett’s test. *p value < 0.05, **p value < 0.01, ***p value < 0.001, ****p value < 0.0001.
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domain (CTD). To determine whether dinaciclib inhibited Pol II

phosphorylation in SKOV-3 cells they were treated with vehicle

control, or dinaciclib at 10, 40 and 80 nM concentrations for

either 4, or 20 h. Levels of total Pol II and of phosphorylated Pol

II at Ser2 of the CTD (Pol II pSer2) were quantified in each

sample (Figures 1D and E). Dinaciclib caused a significant

reduction in Pol II pSer2 levels in samples treated with

concentrations of 40 nM and above, while levels of total Pol II

were not significantly affected. Previous studies have reported a

reduction in expression of anti-apoptotic genes caused by

dinaciclib, presumably through inhibition of Pol II

phosphorylation (36, 37). Here we quantified expression levels

of anti-apoptotic genes, BCL-2 and MCL-1 and member of the

inhibitors of apoptosis (IAP) family, BIRC5, by qPCR in cells

treated for 24 h with 40 nM dinaciclib (Figure 1F). Dinaciclib

significantly reduced BCL-2 transcript levels to 15% compared to

controls. Interestingly, MCL-1 and BIRC5 mRNA levels were

unaffected, suggesting inhibition of P-TEFb affects transcript

levels in a gene specific manner. Expression of oncogenes, MYC

and CCNE1, were additionally quantified in SKOV-3 cells

following dinaciclib treatment with MYC levels greatly reduced

while CCNE1 levels were unaffected (Supplementary Figure 2).

Together these results indicate that dinaciclib has a bimodal

mechanism of action in SKOV-3 cells causing cell cycle blockade

and inhibiting Pol II phosphorylation resulting in a gene specific

reduction in transcription.
Frontiers in Oncology 06
Dinaciclib is equally effective in cisplatin-
sensitive and -resistant cells

Platinum-based therapies are the typical first-line treatment

of advanced OC, and while often initially effective, the tumors

often become resistant, or refractory to these agents (38). When

evaluating therapeutics for OC treatment it is therefore essential

to consider efficacy against platinum resistant disease. Here,

wildtype and cisplatin resistant cell line pairs were used to test

the efficacy of dinaciclib in cisplatin sensitive and resistant in

vitro models of OC, and to identify any relationship between

cisplatin resistance and sensitivity to dinaciclib. Metastatic

serous cell line SKOV-3, high grade serous OC cell line

OVCAR-3, and endometrioid OC cell line, A2780, were used,

with the suffix ‘cis’ (e.g. SKOV-3cis) denoting the cisplatin

resistant variants. Dose-response experiments with cisplatin

and dinaciclib (Figures 2A–C) confirm a difference in

sensitivity to cisplatin in the cisplatin sensitive and resistant

cell line variants with curves for the cisplatin resistant

subpopulations shifted to the right in each plot. As expected,

the mean LD50 for cisplatin resistant cell lines is significantly

(2.6x) higher than that of the cisplatin sensitive cell line variants

(Figure 2D). In contrast, there was no significant difference in

mean LD50 between cisplatin sensitive (0.010 µM) and cisplatin

resistant (0.009 µM) cells treated with dinaciclib (Figure 2E).

Indeed, LD50 values between individual cisplatin sensitive and
B C

D E

A

FIGURE 2

Dinaciclib is effective in cisplatin resistant cell lines. Dose-response experiments for cisplatin and dinaciclib are performed on cisplatin sensitive
and resistant cell line variants for (A) SKOV-3 and SKOV-3cis (B) A2780 and A2780cis and (C) OVCAR-3 and OVCAR-3cis cells. Viability is
normalised to media controls. LD50s for all cell lines are shown in (D) for cisplatin, and (E) for dinaciclib. Data are expressed as mean of three
independent experiments with error bars representing standard deviation. Statistical significance was calculated by ANOVA followed by
Dunnett’s test. *p value < 0.05, ns, not significant.
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resistant variants were nearly identical for dinaciclib: 0.015,

0.004 and 0.010 µM in SKOV-3, A2780 and OVCAR-3 vs

0.012, 0.005 and 0.009 µM in SKOV-3cis, A2780cis and

OVCAR-3cis. Significantly, there was no correlation between

cisplatin resistance and sensitivity to dinaciclib suggesting

mechanisms of cisplatin resistance do not confer resistance to

the CDKis.
Dinaciclib combines additively with
cisplatin regardless of cisplatin resistance

With cisplatin currently established as the most effective first

line therapy for OC we set out to determine whether dinaciclib

could provide and additive advantage over a cisplatin as a

monotherapy. Cisplatin sensitive and resistant cell lines were

treated for 72 h with cisplatin, dinaciclib, or a combination of the

two, with dinaciclib used at the approximated LD25, LD50 and

LD75 concentrations, while cisplatin was kept constant at a dose

slightly below the LD50 determined for each cisplatin sensitive

cells (5 µM, SKOV-3 and A2780; 6 µM, OVCAR-3. Viability

assays revealed an additive effect with dinaciclib and cisplatin

combination treatments resulting in a significantly lower sample

viability than either drug individually (Figure 3). Additive effects

between dinaciclib and cisplatin were observed in cisplatin

sensitive SKOV-3 and A2780, but not cisplatin sensitive

OVCAR-3 cells (Figures 3A–C). The magnitude of the

additive effect was greatest in A2780 cells with the

combination of 4.5 nM dinaciclib and 5 µM resulting in an
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approximate 2-fold decrease in viability compared to either drug

alone, and the combination of 6 nM dinaciclib and 5 µM

cisplatin resulting in an approximate 3-fold and 2-fold

decrease in viability relative to individual cisplatin and

dinaciclib treatments. Encouragingly, additive effects between

dinaciclib and cisplatin were observed in all cisplatin resistant

cell lines (Figures 4D–F). Furthermore, additive effects were

observed in A2780cis cells at a cisplatin concentration (5 µM)

that did not reduce sample viability when not combined with

dinaciclib. Given the reduced sensitivity of the resistant cell lines

variants to cisplatin, a further set of treatments was performed

using cisplatin concentrations at the cisplatin LD50s in these

cells (Supplementary Figure 3). The additive effects of dinaciclib

and cisplatin were maintained in the resistant cells at these

higher cisplatin concentrations. Together these results

demonstrate that dinaciclib and cisplatin combine additively in

both cisplatin sensitive and resistant cells across different ovarian

tumor subtypes.
Dinaciclib is effective as single therapy
and in combination with cisplatin in
cisplatin sensitive and refractory primary
tumor cells

Next, we evaluated whether the efficacy of dinaciclib

observed in cisplatin sensitive and resistant cell lines also

occurred in cells isolated from tumor biopsies of patients with

advanced (stages 3 and 4) OC. Patient biopsies were collected
B C

D E F

A

FIGURE 3

Dinaciclib combines additively with cisplatin in OC cell lines regardless of cisplatin sensitivity. Cells were treated either individually, or in
combination with dinaciclib and cisplatin at concentrations reflective of the sensitivities of each cell line to these drugs. Viability was measured
after 72 h and normalised to media controls for (A) SKOV-3, (B) SKOV-3cis, (C) A2780, (D) A2780cis, (E) OVCAR-3 and (F) OVCAR-3cis cells.
Data are expressed as mean of three independent experiments with error bars representing standard deviation. Statistical significance was
calculated by ANOVA followed by Dunnett’s test. *p value < 0.05, **p value < 0.01, ***p value < 0.001, ****p value < 0.0001.
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consecutively during interval debulking operations following

three cycles of platinum therapy. Tumors were categorized as

cisplatin sensitive, or cisplatin refractory on the basis of their

response to a platinum-based therapy as assessed by a mid-

course CT scan (computerized tomography) where tumors

showing a poor, response following chemotherapy were

classified as platinum-refractory and those responding well to

therapy classified as platinum sensitive. Cells were isolated by

mechanical and enzymatic digestion of the biopsy tissue as

described in the methods. In total eight tumors were used

comprising four platinum sensitive (OV1-4) and four

platinum resistant (OV5-8) samples with staging, treatment

and recurrence details provided in Table 1. Platinum

sensitivity was confirmed through dose-response experiments

with cisplatin and dinaciclib LD50 values given in Table 1. Dose-

response curves for cisplatin and dinaciclib for primary cells are

shown in Figures 4A, B and Supplementary Figure 4. The mean

LD50s across all primary cell samples for cisplatin and dinaciclib

are 19.6 and 0.015 µM, respectively. As expected, the mean

cisplatin LD50s are significantly higher in the platinum
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refractory samples compared to the platinum sensitive group:

24.2 vs 15.0 µM, respectively (Figure 4C). In contrast, dinaciclib

was equally effective in killing both platinum refractory and

sensitive primary cells with similar LD50s reported (0.013 and

0.016 µM, respectively) (Figure 4D).

To test whether dinaciclib and cisplatin combined

additively in these samples, patient tumor cells were treated

individually or in combination with 10 µM cisplatin and

dinaciclib at 10, 15 and 20 nM (low, medium and high doses)

for 72 h (Figure 5). Additive effects were observed across both

platinum sensitive and refractory samples. For example, the

viability of cells from the cisplatin resistant tumor, OV8, were

reduced to 84% of controls following cisplatin treatment, while

viability was reduced to only 22% when cisplatin was combined

with 10 nM dinaciclib. Interestingly, as with the A280cis cell

line, an additive effect between dinaciclib and cisplatin was

observed in platinum refractory sample OV5 despite the fact

that cisplatin alone had no effect on viability. Consistent with

the cell line data, these results highlight the low nM efficacy of

dinaciclib in patient tumor cells regardless of platinum
B

C D

A

FIGURE 4

Dinaciclib is equally efficacious in platinum sensitive and refractory patient derived tumour cells. Primary cells were isolated from tumour
samples and classified as platinum sensitive (OV1-4), or refractory (OV5-8) based on clinical history (see Table 1). Dose response experiments
with cisplatin and dinaciclib were performed on the isolated cells with representative curves from platinum sensitive sample and platinum
refractory samples shown in (A) and (B) respectively. Viability is normalised to media controls. LD50s derived from these experiments were
compared between platinum sensitive and refractory groups and are shown for cisplatin in (C) and dinaciclib in (D). Data are expressed as mean
of three independent experiments with error bars representing standard deviation. Statistical significance was evaluated using the significance
was calculated using the unpaired t-test. *p value < 0.05, ns, not significant.
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sensitivity. Moreover, dinaciclib and cisplatin produce an

additive anti-tumor effect in platinum sensitive and refractory

primary samples. We report the major observation that

dinaciclib remains active in platinum resistant OC in both

cisplatin resistant cell lines and cisplatin refractory patient

derived tumor cells.
Discussion

Platinum resistance remains a fundamental challenge in the

effective treatment of OC, and despite this challenge relatively

few advances have been made in terms of treatment options.
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Whilst the PARP inhibitors olaparib, veliparib and niraparib

delay disease progression in patients harboring BRCA

mutations, they are limited in terms of the >50% of OC

patients whose tumors are proficient in homologous

recombination. Furthermore, mutations and epigenetic

modifications can result in resistance to PARPi treatment, and

PARPis have proven less effective against cisplatin resistant OC

in the clinic (39, 40). In contrast, we report the major

observation that dinaciclib remains active in platinum resistant

OC in both cisplatin resistant cell lines and cisplatin refractory

patient derived tumor cells.

To begin, we sought to confirm the bimodal mechanism of

dinaciclib, reported elsewhere (32), in SKOV-3 cells and
B

A

FIGURE 5

Dinaciclib combines additively with cisplatin in primary samples regardless of cisplatin sensitivity. Patient tumour cells isolated from platinum
sensitive and refractory tumours were treated for 72 h either individually, or in combination, with 10 µM cisplatin and dinaciclib at
concentrations of 10, 15 and 20 nM. Viability is expressed as a percentage of media controls. Results are grouped by (A) platinum sensitive
samples (OV1-4) and (B) platinum resistant samples (OV5-8). Data are expressed as mean of three independent experiments with error bars
representing standard deviation. Statistical significance was calculated by ANOVA followed by Dunnett’s test. *p value < 0.05, **p value < 0.01,
***p value < 0.001, ****p value < 0.0001.
TABLE 1 Cisplatin and Dinaciclib LD50s in platinum sensitive and platinum resistant primary cells.

Sample I.D. Stage Chemotherapy Recurrence Cisplatin LD50 (µM) Dinaciclib LD50 (µM)

Platinum sensitive

OV1 3c Carboplatin and paclitaxel none 13.6 0.013

OV2 4a Carboplatin none 11.5 0.017

OV3 3c Carboplatin and paclitaxel none 9.80 0.017

OV4 3c Carboplatin and paclitaxel none 17.7 0.011

Platinum refractory

OV5 3c Carboplatin and paclitaxel 3 months 27.1 0.020

OV6 4 Carboplatin and paclitaxel 4 months 28.9 0.012

OV7 3c Carboplatin and paclitaxel 3 months 22.8 0.018

OV8 3c Carboplatin and paclitaxel 4 months 18.2 0.014
Samples were grouped based on time-to-recurrence where recurrence within 6 months of treatment with a platinum-based therapy classified as platinum resistant and samples where
recurrence occurred beyond 12 months post-treatment classified as platinum sensitive.
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demonstrate that the CDK inhibitor causes cell cycle blockade

with an accumulation of cells in G2/M and the inhibition of Ser2

phosphorylation of the Pol II CTD, thus impairing transcription.

Other studies have suggested that dinaciclib’s suppression of

transcription causes a reduction in the expression of protective,

anti-apoptotic genes resulting in cytotoxicity. We therefore

decided to test the effects of dinaciclib on the expression of

some of these genes and found a significant reduction in BCL-2,

expression of which has been linked to platinum resistance in

resistant ovarian cancer models (41). Interestingly, dinaciclib did

not reduce expression of MCL-1 in SKOV-3 cells as has been

previously demonstrated in OC cell line, A2780, and in other

tumor types. This discrepancy likely results from the genetic

diversity characteristic of OC. For instance, MCL-1 levels in the

wildtype HGS cell line, OVCAR-3, were similarly unaffected by

dinaciclib treatment (42).

To evaluate the potential of dinaciclib in platinum resistant

and refractory OC, we began by comparing its efficacy across a

series of cisplatin sensitive and resistant cell lines. We

demonstrate that cisplatin resistance does not correlate with

decreased sensitivity to dinaciclib. In all cases, dinaciclib proved

equally efficacious with no significant difference in mean LD50s

between cisplatin sensitive and resistant cell lines. Moreover, as

previously reported (43), we found dinaciclib functioned

additively with cisplatin in OC cell lines. Perhaps most

significantly, we demonstrate that this additive effect is

maintained in cisplatin resistant cell lines, which arguably

better reflect the clinical challenge OC poses than the

platinum-sensitive in vitro models typically used in preclinical

OC studies. To enhance the clinical relevance of this study, the

efficacy of dinaciclib was investigated in primary cells isolated

from ovarian tumor samples. Tumors were classified as either

platinum sensitive or refractory based on their response to three

rounds of platinum-based chemotherapy as evaluated via CT.

Cisplatin sensitivity was evaluated in these samples and as

expected, the platinum refractory primary cells were

significantly less sensitive to cisplatin than the cisplatin

sensitive group. In contrast, and consistent with the cell line

data, no significant difference in dinaciclib sensitivity was

observed with dinaciclib LD50s in the low nM range across

platinum sensitive and resistant primary samples. Furthermore,

as in the cell lines, dinaciclib combined additively with cisplatin

in all primary samples, and specifically in resistant cells where

cisplatin alone had no effect on viability. While the results shown

here are promising, it is important to consider the importance of

the tumor microenvironment (TME), which can reduce drug

sensitivity through multiple mechanisms such as decreasing

drug penetration release of pro-survival and proliferative

factors and immune dampening effects (44). A previous study

has reported on the immunogenic effects of dinaciclib in

orthotopic and transgenic mouse models of pancreatic ductal

adenocarcinoma by reducing the expression of immune

checkpoint proteins in the tumor leading to increased immune
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cell infiltration. Similar studies in platinum resistant OC would

be beneficial in evaluating a potential role for dinaciclib in

OC therapy.

Currently, CDK4/6 specific inhibitors including ribociclib,

palbociclib and abemaciclib are the only class of CDKi approved

for clinical use. While their highly targeted mechanism likely

contributes to their tolerability it restricts their application to

hormone receptor positive, HER2 (human epidermal growth

factor receptor 2) negative tumors (45). Furthermore, these

drugs are far less efficacious in vitro than dinaciclib. Drug

IC50 data from the Genomics of Drug Sensitivity in Cancer

Project, reports a (geometric) mean IC50 for dinaciclib at 0.07

µM, whereas the mean IC50s for ribociclib and palbociclib are

38.8 and 32.2 µM, respectively (46). However, while the more

potent pan-CDKis have proven highly effective in preclinical

studies, they have thus far failed to establish themselves in the

clinic. Of the first-generation pan-CDKis, flavopiridol has

undergone the most extensive clinical testing, but high toxicity

led to its eventual discontinuation from development (47). It is

likely that, in the case of flavopiridol and other first-generation

pan-CDKis, the lack of translation from pre-clinical efficacy to

clinical success is a result of a narrow therapeutic window. In

response, the developers behind the discovery of dinaciclib,

incorporated therapeutic index (the maximum tolerated dose

divided by the minimum effective dose) into their compound

screening, by measuring responses in A2780 xenografts (48).

Using this method, dinaciclib was reported to have a therapeutic

index more than 10x greater than that of flavopiridol. Despite

this, tolerability has been a concern with thrombocytopenia,

neutropenia and gastrointestinal complaints commonly

reported (49). While early studies used higher doses of

dinaciclib (30-50 mg/m2) (NCT00732810 and NCT01096342),

more recent trials have dosed at 14 mg/m2 and below and in

combination with other drugs, such as with MK-7965 in types of

advanced leukemia (NCT02684617) and MK2206 in pancreatic

cancer (NCT01783171). One approach to maximize the anti-

tumor effects of dinaciclib while reducing toxicity is to use drug

delivery systems such as pro-drugs, nanoparticles, drug-loaded

exosomes, or antibody drug conjugates to expand the

therapeutic window of dinaciclib and prolong its circulation

(50). The pro-drug approach, for instance has led to the re-

emergence of flavopiridol. TP-1287 is a phosphate pro-drug of

flavopiridol which was shown to have a 75-fold therapeutic

index in AML (acute myeloid leukemia) mice xenografts (51)

and is currently in a phase 1 clinical trials (NCT03604783). In

light of the promising efficacy demonstrated here for platinum

resistant advanced OC, expanding the therapeutic window of

dinaciclib through drug delivery enhancements such as

nanoparticle encapsulation or as an antibody drug conjugate

payload is an avenue that should be explored to improve

clinical efficacy.

Platinum refractoriness and resistance are hallmarks of

advanced OC and therapies that are effective against platinum
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resistant tumors are urgently needed to improve patient

outcomes. Currently the most commonly administered drugs

for platinum resistant OC are liposomal doxorubicin, paclitaxel,

gemcitabine and paclitaxel (52), however response rates for these

drugs in this setting are notoriously low (10-15%) and overall

survival with these treatments is just 12 months (53). Our data

suggest dinaciclib may be effective against platinum resistant

ovarian cancer. Furthermore, combining dinaciclib with

platinum therapies in first-line treatment of advanced disease

may provide clinical benefit.
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