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Synthetic lethality of cyclin-dependent kinase inhibitor Dinaciclib with 
VHL-deficiency allows for selective targeting of clear cell renal cell carcinoma
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ABSTRACT
Clear cell renal cell carcinoma (CC-RCC) remains one of the most deadly forms of kidney cancer 
despite recent advancements in targeted therapeutics, including tyrosine kinase and immune 
checkpoint inhibitors. Unfortunately, these therapies have not been able to show better than 
a 16% complete response rate. In this study we evaluated a cyclin-dependent kinase inhibitor, 
Dinaciclib, as a potential new targeted therapeutic for CC-RCC. In vitro, Dinaciclib showed anti- 
proliferative and pro-apoptotic effects on CC-RCC cell lines in Cell Titer Glo, Crystal Violet, FACS- 
based cell cycle analysis, and TUNEL assays. Additionally, these responses were accompanied by 
a reduction in phospho-Rb and pro-survival MCL-1 cell signaling responses, as well as the 
induction of caspase 3 and PARP cleavage. In vivo, Dinaciclib efficiently inhibited primary tumor 
growth in an orthotopic, patient-derived xenograft-based CC-RCC mouse model. Importantly, 
Dinaciclib targeted both CD105+ cancer stem cells (CSCs) and CD105− non-CSCs in vivo. 
Moreover, normal cell lines, as well as a CC-RCC cell line with re-expressed von-Hippel Lindau 
(VHL) tumor suppressor gene, were protected from Dinaciclib-induced cytotoxicity when not 
actively dividing, indicating an effective therapeutic window due to synthetic lethality of 
Dinaciclib treatment with VHL loss. Thus, Dinaciclib represents a novel potential therapeutic for 
CC-RCC.
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Introduction

Clear cell renal cell carcinoma (CC-RCC) is the 
most common and deadliest form of kidney 
cancer, accounting for around 70–80% of the 
projected 13,780 kidney cancer deaths in the US 
this year [1]. CC-RCC typically involves the 
loss of function of the von-Hippel Lindau 
(VHL) tumor suppressor gene, leading to the 
upregulation of hypoxia-inducible factors 
(HIFs) and receptor tyrosine kinase (RTK) sig-
naling (reviewed in [2]). Accordingly, RTK 
pathway inhibitors combined with immune 
checkpoint inhibitors, represent the current 
standard first-line treatments for CC-RCC 
(reviewed in [3]). While the percentage of 
patients responding to treatment is up to 71%, 
only 8–16% achieve complete responses [3]. As 

a result, the 5-year survival rate of metastatic 
CC-RCC remains dismal (13.9%) [1], making 
the development of novel targeted therapies 
a significant unmet medical need.

Cyclin-dependent kinases (CDKs) are a family 
of serine/threonine kinases that act as master reg-
ulators of the cell cycle and transcription 
(reviewed in [4] and [5], respectively). CDK4 and 
CDK6 initiate phosphorylation of the retinoblas-
toma associated protein 1 (Rb), which is enhanced 
by CDK2. Rb phosphorylation releases E2F tran-
scription factors, which control expression of 
genes required for entry into the S phase of the 
cell cycle. CDK1 acts at a later stage of the cell 
cycle and is responsible for G2/M progression. 
CDK3 and CDK5 were shown to regulate cell 
cycle in some cell systems, but their functions 
remain elusive. CDKs 7, 9, 12, and 13, do not 
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directly affect the cell cycle, and instead promote 
RNA polymerase II-dependent transcription.

Since almost all tumors have defects in the 
regulation of cell cycle and proliferation, CDKs 
have long been attractive targets for cancer therapy 
with many CDK inhibitors developed and tested 
(reviewed in [6]). However, the use of CDK inhi-
bitors in the clinic, to date, have had variable 
success, ranging from the failure of broad spec-
trum CDK inhibitors – Flavopiridol and 
Roscovitine, to FDA approval of CDK4/6 inhibi-
tor – Palbociclib – for treatment of hormone- 
receptor positive breast cancer in combination 
with hormone therapy. Multiple selective CDK 
inhibitors targeting cell cycle- and/or transcrip-
tion-regulating CDKs are currently being devel-
oped and tested. So far, only a few CDK 
inhibitors were assessed as potential therapeutics 
for CC-RCC. Flavopiridol was tested in advanced 
CC-RCC in a Phase II clinical trial with no [7] and 
modest [8] anti-tumor activity and notable normal 
tissue toxicity. Recently, two studies have shown 
that CDK 4/6 inhibitors – Ribociclib [9] and 
Palbociclib [10] – had an anti-proliferative and 
pro-apoptotic effect on CC-RCC in vitro and 
in vivo, as single agents or in combination with 
chemotherapy [9], immunotherapy [9], or a HIF2 
inhibitor [10]. In addition, two studies showed 
synthetic lethality of CDK4/6 inhibition [10] or 
CDK4 inhibition [11] with VHL deficiency, indi-
cating that such inhibition would selectively target 
CC-RCC and provide a therapeutic window.

Importantly, in addition to CDK4, CDK6, and 
their partner – cyclin D1 – being dysregulated in 
CC-RCC [12,13], CDK1 [14,15], CDK2 [14,16], and 
CDK9 [17] appear to be dysregulated, providing 
rationale for their evaluation as potential therapeu-
tic targets. Adding to this rationale are the studies 
using genetic and pharmacologic inhibition of 
CDK1 [18,19] and CDK9 [20–22] to effectively 
target multiple types of c-Myc-driven cancers 
in vivo. The c-Myc pathway is activated in most 
CC-RCC tumors either through genomic amplifica-
tion of chromosome 8q.24 [23,24], or through the 
loss of function of the VHL tumor suppressor, 
leading to stabilization of HIF2α (positive regulator 
of c-Myc) [25,26], making CC-RCC a candidate 
cancer for testing CDK1 and CDK9 inhibitors.

Accordingly, in this study, we sought to evaluate 
a CDK inhibitor Dinaciclib (also known as MK- 
7965 and SCH727965) as a potential therapeutic 
for CC-RCC treatment, as it is simultaneously 
capable of inhibition of CDK 4/6 (critical for sur-
vival of VHL-deficient tumors) and CDK1/9 (cri-
tical for survival of tumors relying on c-Myc 
activation). Initially identified as a CDK 1, 2, 5, 
and 9 inhibitor [27] and further shown to block 
CDK 3, 4, 6 and 12 [28,29], Dinaciclib was shown 
to be potent and effective in preclinical models, 
alone and in combination with other agents 
[27,29–34]. While Dinaciclib has been mostly inef-
fective as a monotherapy in clinical trials for pre-
viously treated advanced breast cancer [35] and 
non-small cell lung cancer [36], it has shown anti- 
tumor activity in relapsed multiple myeloma [37] 
and leukemia [38] with manageable normal tissue 
toxicity, warranting its further testing in other 
cancer types.

The cancer stem cell (CSC) hypothesis postu-
lates that a certain population of tumor cells has 
tumor-initiating potential, while other popula-
tions lack this potential (reviewed in [39,40]). 
CSCs have been reported to be slow cycling and 
evading therapeutic targeting, thus, driving 
tumor recurrence, which may cause their resis-
tance to Dinaciclib. However, CC-RCC CSCs 
have been shown to upregulate c-Myc expression 
[41,42], which may render them sensitive to 
CDK1 or CDK9 inhibition [18–22]. Thus, in 
this study we addressed the effect of Dinaciclib 
on CSC population in vivo using CD105 as a cell 
surface marker of CC-RCC CSCs as previously 
reported [43].

Here we show that Dinaciclib has a potent 
anti-proliferative and pro-apoptotic effect both 
in vitro, using CC-RCC cell lines, and in vivo, 
using an orthotopic patient-derived xenograft 
(PDX)-based CC-RCC mouse model. 
Importantly, we identified a therapeutic window 
for Dinaciclib as normal cell lines expressing 
VHL and CC-RCC cell lines with re-expressed 
VHL, appear protected from Dinaciclib-induced 
cytotoxicity when not actively dividing. We have 
further shown that Dinaciclib targets both CSCs 
and non-CSCs. These data support the use of 
Dinaciclib as a therapeutic for CC-RCC.
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Materials and methods

Cell culture and reagents

Cancer cell lines used in this study were grown in 
Dulbecco’s Modified Eagle’s Medium (DMEM; 
Genesee Scientific, San Diego, CA, #25-500) (786- 
O, RCC4, UM-RC2, MDA-MB-231, MCF-7), RPMI 
1640 (Thermo Fisher Scientific, Waltham, MA, 
#A1049101) (TK-10, T-47D), McCoy’s 5A 
(Genesee Scientific, #25-518) (Caki-1, Caki-2), or 
Eagle’s Minimum Essential Medium (EMEM; 
Sigma-Aldrich, St. Louis, MO, #M4655) (MDCK) 
supplemented with 10% Fetal Bovine Serum (FBS; 
Genesee Scientific, #25-514) and 1% Penicillin/ 
Streptomycin (P/S; Genesee Scientific, #25-512) in 
5% CO2 at 37°C. RPTEC cells were grown in 
DMEM/F12 medium with 36 ng/mL hydrocortisone 
(Thermo Fisher Scientific, #SH30261.01, 
#AC352450010), 5 μg/mL insulin, 5 μg/mL apo- 
transferrin, 5 ng/mL sodium selenite (Sigma- 
Aldrich, #I0516-5ML, #T1147-100 MG, #S5261- 
10 G), 50 ng/mL human EGF (PeproTech, 
Cranbury, NJ #AF-100-15), 1% P/S, and 100 μg/mL 
G418 (Selleck Chemicals, Houston, TX, #S3028). 
Dinaciclib and Q-VD-OPh (MedChem Express, 
LLC, Monmouth Junction, NJ, #HY-10492, #HY- 
12305) were diluted in Dimethyl Sulfoxide 
(DMSO) and serially diluted for each experiment. 
ABT-263 (BioVision Inc., Milpitas, CA, #2467-5), 
Staurosporine (BioVision Inc., #1048-01) were 
diluted in DMSO and used at concentrations indi-
cated in the manuscript.

Cell Titer Glo viability assays

Cells were plated at low density (≤5% confluency) in 
96-well tissue culture plates, and serial dilutions of 
experimental compounds were added the next day. 
Cell Titer Glo (CTG; Promega, Madison, WI, 
#G7572) assay was performed according to the man-
ufacturer’s protocol: 4–5 days following the addition 
of experimental compounds, CTG reagent was 
added to the plate and luminescence was detected 
on a Synergy Biotek HT plate reader. For 3D viability 
assays, cells were embedded in 50% Matrigel 
(Corning, Glendale, AZ, #356237)/50% culture med-
ium on ice or in Cultrex PathClear Basement 
Membrane Extract, Type 2 (Thermo Fisher 
Scientific, Waltham, MA, #3532-005-02) in 96-well 

plates. The matrix was allowed to harden at 37°C for 
30 minutes, and experimental compounds were 
added in culture medium to the indicated final con-
centration; 5 days following the addition of experi-
mental compounds, CTG reagent was added.

Western blotting

After treatments, cells were lysed in ice-cold lysis 
buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 
1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 
2.5 mM Na4P2O7, 1 mM β-glycerophosphate, 
1 mM Na3VO4) supplemented with protease 
(Fisher Scientific, Pittsburgh, PA, #P1-88266) and 
phosphatase inhibitors (Sigma-Aldrich, St. Louis, 
MO, #04906845001), and Western blot was per-
formed as previously described [44]. Membranes 
were incubated with primary antibodies pRb 
T821/826 #271930 (1:200), Rb #73598 (1:200), 
Cleaved Caspase 3 #9661 (1:1,000), Cleaved 
PARP #5625 (1:1,000), c-Myc #5605 (1:1,000), 
MCL-1 #4572 (1:1,000) (Cell Signaling 
Technology, Danvers, MA), VHL #564183 (1:500) 
(BD Biosciences, San Jose, CA), HIF-2α 
#NB100122 (1:1,000, Novus Biologicals, Littleton, 
CO), and β-actin #A5441 (1:5,000, Sigma Aldrich, 
St. Louis, MO) in 5% BSA/PBS/0.05%Tween20 
(PBS-T) overnight at 4°C, and secondary antibody 
incubation with Goat anti-Rabbit IgG #31460 
(1:5,000) (Thermo Fisher Scientific, Waltham, 
MA) and Goat anti-Mouse IgG #31430 (1:2,000) 
(Thermo Fisher Scientific, Waltham, MA) in 5% 
nonfat milk/PBS-T blocking buffer for 1 hour at 
room temperature (RT). The HRP signal was 
developed using ECL WB substrate (GE 
Healthcare, Scottsdale, AZ, USA; #RPN2236). 
Images were acquired on the Bio-Rad ChemiDoc 
XRS+ imaging system (BioRad, Hercules, CA).

TUNEL assay

Cells were plated on cover glasses (Fisher 
Scientific, #22-293232), grown as a monolayer in 
5% CO2 at 37°C, and treated with DMSO, 40 nM 
Dinaciclib and 40 nM Dinaciclib+20uM Q-VD- 
OPh for 24 h, or 2uM staurosporine for 4 h. 
Cells were fixed in 4% paraformaldehyde in PBS 
for 15 min at RT, permeabilized in 0.25% Triton 
X-100 in PBS for 20 min at RT, and TUNEL 
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analysis was conducted using the Click-iT™ Plus 
TUNEL Assay (Thermo Fisher Scientific, 
Waltham, MA, #C10617) following the manufac-
turer’s protocol. Cover glasses were mounted on 
microscope slides (VWR, #16004–368) with Vecta 
shield (Vector Laboratories, #H-1000) and ana-
lyzed on Keyence BZ-X800 microscope under 
10x magnification.

Cell cycle analysis

Cells were plated and treated as described in the 
text, then dissociated with TrypLE reagent 
(Thermo Fisher Scientific, Waltham, MA, 
#12604021). Cells were centrifuged at 200x g for 
5 min, washed twice with PBS, fixed with ice-cold 
70% ethanol for 30 min at 4°C, and washed once 
with PBS. The pellet was resuspended in 25 μg/mL 
propidium iodide + 10 μg/mL RNase A in 1% 
BSA/PBS. Cells were analyzed on a BD Fortessa 
flow cytometer. Dean Jett Fox modeling of cell 
cycle distribution was performed in FlowJo version 
10.

Crystal violet staining

Adherent cells were washed twice with PBS, fixed 
and stained in 0.1% Crystal Violet solution in 0.3% 
Acetic Acid and 95% Ethanol for 15 minutes, then 
washed once with PBS and allowed to air dry.

Plasmids, lentivirus production and infection

The following plasmids were used for virus pro-
duction: pBabe_HA-VHL (Addgene, Cambridge, 
MA, #19234) and pFUluc2-EGFP. HEK-293 T 
cells were transfected with a retroviral/lentiviral 
plasmid along with packaging plasmids, pVSVG 
and ΔR8.2 at 1:1:1 ratio using Lipofectamine/Plus 
(Life Tech, Carlsbad, CA; #18324–012 and #-
11514–015). Virus collection and infection of tar-
get cells were carried out accordingly to previously 
published protocol [45]. Two to three days post 
infection transduced 786-O cells were selected in 
medium supplemented with 1 μg/mL puromycin 
for 2 weeks. For infection of PDX tumor cells with 
pFUluc2-EGFP lentivirus, a cell-dissociated freshly 
harvested tumor was infected with a 1:1 lentivirus: 
culture medium (DMEM+10%FBS) with 6 μg/mL 

polybrene on ultra-low adhesion 96-well tissue 
culture plates under centrifugation at 1,000x g for 
90 minutes at 32°C. The cells were then washed 
twice with PBS and re-implanted in NSG mice 
subcutaneously for expansion.

Cell dissociation, flow cytometry and cell sorting

Freshly harvested tumors were chopped thor-
oughly with a razor blade and digested in 2 mg/ 
mL Collagenase Type IV (Sigma Aldrich, St. Louis, 
MO, #C2139-100 MG) in DMEM/F12 medium 
(Thermo Fisher Scientific, Waltham, MA, 
#SH30261.01) in 50 mL tube for 60 min at 37°C 
on a shaker. The resulting cell suspension was 
centrifuged for 5 minutes at 400x g, washed once 
with DMEM/F12, the pellet resuspended in 10 mL 
of TrypLE, and incubated at 37°C for 10 min. The 
cells were washed once with DMEM/F12, resus-
pended in 1 mL DNAse I (20 U/mL Sigma- 
Aldrich, St. Louis, MO, #4716728001 in DMEM/ 
F12), incubated for 5 min at RT, washed once in 
DMEM/F12, filtered through a 70 μM cell strainer, 
washed once in DMEM/F12, and resuspended in 
FACS buffer (1% BSA in PBS). One million cells 
were stained in Zombie NiR™ viability dye 
(1:1,000; BioLegend, San Diego, CA, #423105) for 
15 min at RT, washed once in PBS, resuspended in 
CD105-APC and CD298-PE marking human cells 
(both 1:40, BioLegend, San Diego, CA, #323207, 
#341704) antibody mixture in FACS buffer, and 
incubated for 30 min at 4°C. The cells were then 
washed once with FACS buffer and analyzed on 
a BD Fortessa Flow Cytometer (BD Biosciences, 
San Jose, CA). To separate CD105hi and CD105lo 

cells, all cells were first gated on CD298-positive 
cells (cells of human origin) and Zombie NiR- 
negative cells (viable cells). Then CD105hi cells 
were gated as the top ~10% of CD105 expressing 
cells, separated by >1 log fluorescent intensity 
from the CD105lo population representing the bot-
tom ~20% of cells analyzed. To enrich for 
pFUluc2-EGFP-labeled cells, after the s.c. tumors 
formed from pFUluc2-EGFP-infected cells, they 
were cell dissociated as described above, EGFP+ 

cells sorted into DMEM containing 10% FBS, 
washed once in PBS, 2 × 105 cells resuspended in 
a 1:1 matrigel: PBS mixture, and injected s.c. into 
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NSG mice (NOD.Cg-PrkdcscidIl2-rgtm1Wjl/SzJ, 
The Jackson Laboratory).

Animal experiments

All animal research in this study was approved by 
the Institutional Animal Care and Use Committee 
of the University of California, Irvine. NSG mice 
were allowed to acclimatize to the animal facility 
for at least one week after shipment. PDX tumor 
pieces were obtained from the NIH Patient- 
Derived Models Repository (PDMR) and passaged 
sc in NSG mice. Freshly harvested, low-passage 
tumors labeled with EGFP and luciferase (as 
described above) were cut to pieces of ~1 mm3 

and individually implanted under the renal capsule 
of 18 6–8 week old male NSG mice in a survival 
surgery. After 3 weeks, mice were injected i.p. with 
150 mg/kg D-Luciferin (GoldBio, St. Louis, MO, 
#LUCK-1 G) and bioluminescence assessed on 
a Xenogen IVIS Lumina system. Mice were sepa-
rated into vehicle and Dinaciclib treatment groups 
to equally distribute small and large tumors 
between the groups. Mice were injected i.p. 3 
times a week for 4 weeks with 30 mg/kg 
Dinaciclib or vehicle (20% hydroxypropyl-β- 
cyclodextrin). Bioluminescent imaging was per-
formed once a week. At sacrifice, tumors were 
photographed, weighed, and subjected to further 
analysis including Western blot, and FACS for 
CD105 expression.

Quantitative RT-PCR

RNA isolation, cDNA synthesis, and QRT-PCR 
were performed as described in [46]. 
Amplification was conducted using Power SYBR 
Green (Thermo Fisher #43-687-06) and 200 nM 
forward and reverse GAPDH primers (human 
[5ʹggagcgagatccctccaaaat3’, 5ʹggctgttgtcatacttct-
catgg3’] and mouse [5ʹaggtcggtgtgaacggatttg3’, 
5ʹggggtcgttgatggcaaca3’]) on an QuantStudio 6 
Flex machine (Applied Biosystems).

Immunohistochemistry

Tumors were processed, embedded, sectioned, and 
H&E stained as previously described [47]. Pictures 

were taken at 20x magnification using a Keyence 
BZ-X810 widefield microscope.

TCGA RNA expression analysis

The TCGA CC-RCC (KIRC) dataset was retrieved 
from the UCSC Xena Browser (PMID:32444850). 
The IlluminaHiSeq gene expression dataset was 
downloaded in its normalized format. RNA-Seq 
values were grouped between matched normal 
and tumor samples (72 total patients).

TCGA Kaplan overall survival curves

Kaplan overall survival analysis based on CDK 
expression in CC-RCC TCGA database (KIRC 
dataset) with Bonferroni p values were generated 
using R2: Genomics Analysis and visualization 
Platform (http://r2.amc.nl).

Results

CC-RCC cell lines are sensitive to Dinaciclib 
treatment

To assess the effect of CDK inhibition on CC-RCC 
cell proliferation and viability in vitro, we seeded 
a panel of CC-RCC cell lines at low density to 
allow for proliferation and treated them with 
Dinaciclib. Dinaciclib treatment was effective at 
reducing the proliferation and/or viability of all 5 
CC-RCC cell lines tested, measured by ATP con-
tent using the Cell Titer Glo (CTG) assay at day 5 
(Figure 1(a)). We next harvested, plated and trea-
ted cells from 3 CC-RCC PDX tumors grown 
subcutaneously (s.c.) in mice with Dinaciclib. 
Similar to established CC-RCC cell lines, all 3 
PDX-derived tumor cell types were sensitive to 
Dinaciclib treatment (Figure 1(b)). To compare 
Dinaciclib sensitivity across different tumor types, 
we tested 3 breast cancer cell lines along with our 
CC-RCC cells. The triple-negative breast cancer 
cell-line MDA-MB-231 was sensitive to 
Dinaciclib, while the two-estrogen receptor (ER)+ 

cell lines T-47D and MCF-7 were partially and 
fully resistant, respectively (Figure 1(c)). The IC50 
values for all CC-RCC cells ranged from 5–16 nM, 
while breast cancer cells had a wider range of 6 – 
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>40 nM (Figure 1(d); no IC50 was reached in 
MCF-7 cells).

To further test the sensitivity of the PDX 
tumor-derived cells in a physiologically relevant 
environment, we set up 3D organoid cultures 
based on tumor cell suspensions embedded in a 
50%/50% mixture of matrigel and growth medium. 
Two (MD0865, LS1987) out of the 3 PDX tumor 

cell suspensions formed robust organoid-like 
structures in 3D along with the 786-O cell line. 
Cell proliferation/viability of 3D organoids mea-
sured by a CTG assay was sharply reduced in the 
presence of Dinaciclib, with similar IC50s to the 
2D culture (Figure 1(e,f)). In short, Dinaciclib 
treatment was effective at reducing the prolifera-
tion/viability of all CC-RCC cell lines tested (5 cell 
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Figure 1. CC-RCC cell lines and cells isolated from PDX tumors are sensitive to Dinaciclib treatment in 2D and 3D cultures in vitro. 
Both CC-RCC cell lines (a) and CC-RCC cells isolated from PDX tumors (b) are sensitive to Dinaciclib treatment in 2D. (c) MDA-MB-231, 
T-47D and MCF-7 breast cancer cell lines are sensitive, partially resistant, and fully resistant to Dinaciclib treatment in 2D, 
respectively. (a-c) Cells were plated in 96-well plates, treated for 5 days with Dinaciclib or vehicle (DMSO), and viable cell numbers 
assessed by Cell Titer Glo (CTG) assay. (d) Box plot showing average IC50 values grouped by cell type based on (a-c). MCF-7 cells did 
not reach an IC50 (shown as “+”). (e) 786-O cell line and two CC-RCC cells isolated from PDX tumors are sensitive to Dinaciclib 
treatment in 3D. Cells were plated in 50%/50% Matrigel: growth medium in ultra-low adhesion 96-well plates; Dinaciclib treatments 
and CTG assay were conducted as in (a-c). (f) Representative images of organoids from (e). Arrowheads mark abnormal organoids 
that show characteristics of cell death. Pictures were taken under 10x magnification. The results in a-e were normalized to vehicle- 
treated cells. n = 3, error bars correspond to SEM.
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lines and 3 PDX cell-dissociated tumors), and was 
effective in both 2D and 3D cell culture assays.

Dinaciclib reduces proliferation and viability of 
CC-RCC cells in vitro

To ensure that Dinaciclib effectively inhibited 
CDK activity, we selected phosphorylated Rb 
(pRb, mediated by CDK4, 6, and 2) [4], and the 
expression of MCL-1 (mediated by CDK9) as CDK 
downstream targets for analysis [20,21]. We trea-
ted CC-RCC cell lines with 40 nM Dinaciclib for 
24 h and observed an effective decrease of pRb at 
T821/826 by western blot (Figure 2(a)). The ability 
of Dinaciclib to decrease breast cancer cell line 
proliferation/viability (Figure 1(c)) was directly 
correlated with its ability to negatively affect Rb 
phosphorylation. Indeed, in fully Dinaciclib- 
resistant MCF-7 cells pRb was unchanged, and in 
partially resistant T-47D cells pRb was only par-
tially reduced (Figure 2(a)). The expression of 
MCL-1, a key pro-survival protein, was decreased 
by Dinaciclib treatment in all cell lines except 
MCF-7 cells, which were Dinaciclib-resistant 
(Figure 1(c), Figure 2(a)). c-Myc expression was 
reported to depend on CDK9 activity, first going 
up (24 h) and then going down (>72 h) after 
CDK9 inhibition [48]. Our data are consistent 
with the 24 h short-term CDK9 inhibition 
(Figure 2(a)). These results confirm that 
Dinaciclib targets pRb and MCL-1 expression 
and indicate that both proliferation and cell 
death contribute to Dinaciclib-mediated reduction 
of viable cell numbers as shown in Figure 1.

Since the CTG assay does not distinguish 
between inhibition of cellular proliferation and 
cell death, we assessed the cleavage of caspase 3 
and PARP (poly-ADP ribose polymerase) apopto-
tic markers by western blot. Cleavage products of 
either caspase 3 and/or PARP were found in 4 out 
of 5 CC-RCC and 2 out of 3 breast cancer cell lines 
(Figure 2(a)). Dinaciclib-sensitive TK-10 CC-RCC 
cells (Figure 1(a)), expressing wild-type VHL, 
showed neither of these apoptotic markers, indi-
cating that these cells were likely undergoing cell 
cycle arrest rather than apoptosis.

To confirm that Dinaciclib treatment induces 
apoptosis, we treated 786-O cells with 10–20 nM 
Dinaciclib with or without 20uM Q-VD-Oph pan- 

caspase inhibitor for 5 days and conducted a CTG 
assay. The results in Figure 2(b) show that 
Dinaciclib caused a reduction in the percent of 
viable cells at 20 nM, which was partially rescued 
by the inhibition of caspases. We further con-
firmed the Dinaciclib-induced apoptosis by 
a terminal deoxynucleotidyl transferase dUTP 
nick-end labeling (TUNEL) assay (Figure 2(c)). 
We treated 786-O cells with Dinaciclib, with or 
without Q-VD-Oph, and observed Dinaciclib- 
induced DNA fragmentation, which was then res-
cued by inhibition of the caspases. Staurosporine 
treatment was used as a positive control for DNA 
fragmentation. Figure 2(d) provides confirmation 
that Q-VD-Oph rescues Dinaciclib-induced clea-
vage of caspase 3 and PARP in 786-O cells. A pro- 
apoptotic compound ABT-263 [49] was used as 
a positive control for caspase 3 and PARP 
cleavage.

To examine Dinaciclib’s effect on the cell cycle, 
a panel of cell lines was stained with propidium 
iodide (PI) and analyzed by FACS. Dinaciclib 
treatment at 40 nM for 24 h caused a significant 
decrease in S phase population in all 3 CC-RCC 
cell lines tested (786-O, Caki2, and TK10) as well 
as Dinaciclib-sensitive breast cancer cell line, 
MDA-MB-231, indicating a decrease in prolifera-
tion (Figure 2(e), Supplementary Figure 1). 
Dinaciclib caused a significant increase in the 
sub-G1 population in 786-O, Caki2, and MDA- 
MB-231 cells, indicating an induction of cell 
death. Dinaciclib did not, however, cause an 
increase in sub-G1 population in Dinaciclib- 
sensitive TK-10, indicating that their sensitivity is 
caused by cell cycle arrest, rather than cell death. 
Dinaciclib did not cause cell cycle changes in 
Dinaciclib-resistant MCF7. Importantly, the 
appearance of a sub-G1 population correlated 
well with the observance of cleaved caspase 3 and 
PARP shown in Figure 2(a). Together, these 
results indicate that Dinaciclib causes either cell 
cycle arrest or both cell cycle arrest and apoptosis 
in Dinaciclib-sensitive cell lines.

Limited cell divisions of normal cells protect 
them from dinaciclib-induced cell death

To address the effect of Dinaciclib treatment on 
cancer vs normal cells, we conducted further 
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experiments on the 786-O empty vector (EV)- 
transduced CC-RCC cell line together with two 
normal non-transformed renal epithelial cell 
lines: Renal Proximal Tubule Epithelial Cells 
(RPTEC) and Madin Darby Canine Kidney 
(MDCK) cells. We also included 786-O HA-VHL 
cells stably transduced with an HA-tagged VHL 
expression construct. Our rationale for the exis-
tence of a therapeutic window is the reported 
synthetic lethality of CDK inhibition with VHL 
deficiency [10,11] and with c-Myc overexpres-
sion/overactivation [18–22] (see details in intro-
duction). Additionally, our prior synthetic lethality 
screen in RCC4 CC-RCC cells ±VHL had revealed 
that VHL re-expression mildly protected CC-RCC 
from cell death caused by SU 9516, Indirubin-3’- 
oxime, and Kenpaullone CDK inhibitors 
(unpublished).

As normal cells in most tissues are in 
a quiescent state and do not undergo cell divisions, 
we decided to compare the effect of Dinaciclib 
treatment on sparse (dividing) and monolayer 
(confluent, non-dividing) cell cultures. Figure 3 
(a) provides evidence that RPTEC, MDCK, and 
786-O HA-VHL were protected against 
Dinaciclib-induced cell death when seeded in 
monolayer, while 786-O EV cells were sensitive 
in both monolayer and sparse conditions as 
shown by a Crystal Violet assay. The synthetic 
lethality interaction between VHL deficiency and 
Dinaciclib treatment was further supported in 
experiments conducted in a second pair of CC- 
RCC ± VHL: RCC4 (Supplementary Figure 2). 
Figure 3(b) complements the findings for 
RPTEC, MDCK, and 786-O cells by CTG assay. 
Western blot analysis confirmed cell cycle inhibi-
tion in monolayer cultures (low to undetectable 
pRb) and showed that Dinaciclib treatment caused 
a decrease in pRb in sparse cultures (Figure 3(c)).

The apoptotic markers appeared to be different 
for sparse versus monolayer cultures when 
Dinaciclib treatment was applied. In sparse condi-
tions Dinaciclib induced cleavage of caspase 3 and 
PARP apoptosis markers in 786-O cells, but not in 
normal RPTEC cells. Dinaciclib treatment 
decreased MCL-1 expression in both cell lines. In 
monolayer conditions, Dinaciclib decreased 
expression of MCL-1 and c-Myc in 786-O cells, 
but not in the RPTEC cells (Figure 3(c)). When 

apoptotic markers were compared between 786-O 
EV and 786-O HA-VHL cells by western blot, 
Dinaciclib induced cleavage of caspase 3 and 
PARP in sparse 786-O EV cells, but not in sparse 
786-O HA-VHL cells (Figure 3(d)); however, 
Dinaciclib treatment decreased Rb phosphoryla-
tion and MCL-1 expression in both cell lines. 
These results suggest that Dinaciclib treatment 
preferentially triggers cell death in VHL-deficient 
CC-RCC cells and not normal cells, providing 
a potential therapeutic window.

Dinaciclib reduces tumor growth and induces cell 
death in an orthotopic PDX mouse model of 
CC-RCC

To develop a relevant to human disease mouse 
model characterized by tumor heterogeneity and 
the presence of a cancer stem cell (CSC) popula-
tion, we acquired 3 low passage (p1 or p2) CC- 
RCC PDX tumor pieces from the NIH Patient- 
Derived Model Repository (PDMR) and implanted 
them s.c. in NSG mice. CD105 (Endoglin) was 
used as a CSC marker for CC-RCC, as previously 
reported [41,43]. FACS analysis of this marker’s 
cell surface expression showed that MD0865 and 
LS1987 had higher numbers of CD105+ cells than 
CK4020 CC-RCC PDX tumors (Supplementary 
Figure 3). Consistent with these findings, the 
CK4020 PDX which had low numbers of CD105+ 

cells grew the slowest out of three in vivo, taking 
more than double the time required for palpable 
tumors to form (data not shown).

Based on the above, we chose the MD0865 PDX 
for our in vivo study. For tumor imaging purposes, 
we optimized a cell dissociation and lentiviral 
infection protocol (total time in vitro <4 h, see 
“materials and methods”) and labeled MD0865 
tumor cells with a lentivirus expressing firefly 
luciferase and enhanced green fluorescent protein 
(luc2-EGFP). Infected tumor cell suspensions were 
implanted s.c. Once a tumor was formed, it was 
cell dissociated, EGFP+ cells sorted by FACS, and 
re-implanted s.c. to enrich for labeled cells. Tumor 
pieces were used for experiments described below 
and cryo-banked (p4).

To evaluate the anti-tumor effects of Dinaciclib, 
we implanted ~1 mm3 pieces of luciferase-EGFP- 
labeled PDX tumors under the renal capsule of 
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NSG mice. As expected, these implantations pro-
duced variable luminescence based on luciferase 
imaging at 3 weeks post-implantation due to 
tumor heterogeneity coupled with labeling varia-
bility. To allow for tumor growth comparisons in 
the course of the experiment, we assigned a similar 
distribution of luminescence to Vehicle and 
Dinaciclib treatment groups and formed tumor 
pairs with similar luminescence (Supplementary 
Figure 4(a)).

The mice were treated with 30 mg/kg Dinaciclib 
or Vehicle intraperitoneally (i.p.) 3 times a week 
for 4 weeks (weeks 3–7 post-implantation). The 
Dinaciclib treatments significantly decreased the 
tumor growth kinetics (Figure 4(a), 
Supplementary Figure 4(b)) and decreased the 
tumor size and weight at sacrifice (Figure 4(b,c)). 
One mouse in the Dinaciclib-treated group died 
during week 5 of the study of unclear causes (no 
signs of toxicity by gross examination of the 
organs), thus this animal pair was eliminated 
from analysis. During week 7 tumor-bearing 
mice from pairs #3, 4, 5, 7, 8 either died or exhib-
ited oversaturated luminescence signal, thus, only 
a subset of samples is included in Supplementary 
Figure 4(b) and Figure 4. Similar to the previous 
in vivo studies reporting no normal tissue toxicity 
of Dinaciclib [27,50,51], gross examination of the 
organs of Dinaciclib-treated mice did not show 
signs of toxicity. The mouse weight was also simi-
lar in the two groups throughout the duration of 
the study (Figure 4(d)).

We also evaluated metastasis to the lungs in 
both groups by isolating RNA and conducting 
quantitative RT-PCR (QRT-PCR) with the pri-
mers annealing to only mouse or only human 
GAPDH transcript. Only a few mice had high 
amounts of human transcripts in the lungs, all 
being from the Vehicle-treated group; the aver-
aged data showed a tendency for lower metastatic 
burden in Dinaciclib-treated mice but did not 
reach statistical significance (Supplementary 
Figure 5(a)). Additionally, we assessed the meta-
static burden in the H&E-stained liver tissue. 
While there was no difference in the numbers 
of micrometastases, Dinaciclib-treated animals 
tended to have less macrometastases in the livers 
than Vehicle-treated animals (Supplementary 
Figure 5(b,c)).

To address the effect of Dinaciclib on CSC popu-
lation, we assessed the relative numbers of CD105+ 

CSCs present in cell-dissociated tumors resected 
from Vehicle- and Dinaciclib-treated animals by 
FACS. Figure 4(e) shows no difference in CSC per-
centages between the two groups, indicating that 
Dinaciclib treatment did not enrich for immuno-
phenotypically defined CSCs. Thus, Dinaciclib treat-
ment is not expected to cause expansion of the CSC 
population as has been reported in response to other 
therapeutic treatments [39,40].

Finally, we analyzed tumor tissue lysates by 
western blot, which showed that tumors from 
the Dinaciclib-treated group had a tendency for 
decreased MCL-1 and c-Myc expression and 
increased caspase 3 and PARP cleavage relative 
to the Vehicle-treated group (Figure 4(f)). The 
reduction of c-Myc expression in response to 
Dinaciclib in vivo was in agreement with our 
in vitro experiments conducted using 786-O 
monolayer cell cultures (Figure 3(c)), suggesting 
that monolayer cell culturing conditions are 
more representative of the signaling pathways 
occurring in vivo. The level of Rb phosphoryla-
tion in vivo was similar in mice from both 
groups. These results provide evidence that 
Dinaciclib affects at least two signaling pathways 
expected to be affected in tumors of treated ani-
mals in vivo. Together, these data indicate that 
Dinaciclib offers potential therapeutic benefit for 
CC-RCC patients with VHL deficiency.

Discussion

In this study, using multiple cell lines and an 
orthotopic CC-RCC PDX-based mouse model, 
we have shown that CDK inhibitor, Dinaciclib, is 
a potential therapeutic for CC-RCC. We have also 
provided evidence that Dinaciclib spares VHL- 
expressing cells, including normal cells undergoing 
limited cell divisions, providing a therapeutic win-
dow for the drug.

Dinaciclib has been reported to inhibit multiple 
CDKs – CDK1-6, 9 and 12 [27–29]. In 
Supplementary Figure 6 we show that RNA 
expression of CDK1-5, 9 and 12 is elevated in 
tumors of CC-RCC patients compared to matched 
adjacent normal tissue (TCGA KIRC dataset). 
Kaplan curves shown in Supplementary Figure 7 
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also support a better overall survival probability 
for CC-RCC patients with low CDK1-4, 6, and 9 
expression than with high expression (TCGA 
KIRC dataset). Thus, further investigation is 
required to determine which of these kinases is/ 
are important for CC-RCC proliferation/survival 
and are responsible for Dinaciclib-induced cyto-
toxicity. It would also be important to assess 
potential off-target effects of this drug. These 
investigations will provide an initial means for 
stratification of CC-RCC patients into groups pro-
jected to be sensitive or resistant to Dinaciclib 
treatment based on expression of CDK/s. It will 
also enable testing of drugs targeting specific CDK 
subsets or specific CDKs, which have been recently 
developed [4,5].

In this study, we used a PDX-based mouse 
model of CC-RCC, which allowed us to assess 
Dinaciclib’s effects on human tumor cells with 
preserved heterogeneity, including the presence 
of CSCs. Importantly, Dinaciclib has been 
reported to induce immunogenic cell death [33], 
justifying further in vivo experiments conducted in 
syngeneic mouse models of CC-RCC [52,53], espe-
cially when combining Dinaciclib with immune 
checkpoint inhibitors, which represent a first-line 
therapy for CC-RCC [3].

mTOR inhibitors represent a second-line ther-
apy for CC-RCC [3]. It has been recently reported 
that CC-RCC cells that developed resistance to 
mTOR inhibitors upregulate CDK2 and Cyclin 
A expression [54], indicating the need for 
a CDK2 inhibitor as part of a combination ther-
apy. Although a specific CDK2 inhibitor is not 
currently available [55], Dinaciclib inhibits CDK2 
[27], as does Fadraciclib, a recently developed 
CDK2/9 inhibitor [55,56]. Thus, a combination 
treatment consisting of an mTOR inhibitor and 
Dinaciclib or Fadraciclib might represent a -
powerful second-line regimen.

CC-RCC cells are notoriously resistant to apop-
tosis due to impairments in intrinsic and extrinsic 
apoptotic pathways, making them difficult to tar-
get (reviewed in [57]). The mechanisms of resis-
tance include the HIF pathway (e.g. ARC [58], 
VEGF), NFκB, Bcl2 family, and immune check-
point proteins, among others. Since Dinaciclib 
induced apoptotic cell death in CC-RCC, it repre-
sents a potential cytotoxic therapeutic for this 

disease. In this study we did not investigate the 
mechanism of Dinaciclib-mediated sensitization of 
CC-RCC to apoptosis, and it is likely complex. 
Dinaciclib causes robust downregulation of MCL- 
1 as seen in this study and by others [20,59]. 
Although genetic and pharmacological studies 
have shown that MCL-1 inhibition leads to 
tumor growth inhibition in some animal models, 
mainly hematological malignancies [60–63], most 
of the studies suggest combining MCL-1 inhibitors 
with other therapeutic agents, mainly BCL-family 
inhibitors, for achieving cancer cell death 
(reviewed in [64]). At the same time, MCL-1 was 
not systematically evaluated as a therapeutic target 
in CC-RCC on its own. Interestingly, one of the 
studies investigating Dinaciclib-induced cell death 
concluded that genetic inhibition of MCL-1 in 
lung adenocarcinoma did not phenocopy 
Dinaciclib-mediated apoptosis [65], but genetic 
inhibition of survivin (CDK1 phosphorylation tar-
get [66] and possible CDK9 target [65,67]) did, 
making it another candidate protein to study.

Although our in vitro and in vivo data clearly 
show that c-Myc expression goes down upon long- 
term Dinaciclib treatment, it is unlikely that c-Myc 
downregulation causes Dinaciclib-mediated apop-
tosis of CC-RCC cells. The experiments involving 
switching on and off c-Myc expression in c-Myc- 
driven transgenic mouse models of RCC, show 
that turning c-Myc off does not induce apoptosis 
in vivo [52]; however, loss of c-Myc does have 
a potent anti-proliferative effect. Since c-Myc is 
a master-regulator of the cell cycle and has been 
reported to directly regulate transcription of multi-
ple cyclins and CDKs (including 1, 2, 4, and 6) 
[68], it is likely that its downregulation by 
Dinaciclib blocks CC-RCC proliferation.

Since this study shows synthetic lethality of 
Dinaciclib treatment with VHL loss, and the 
main consequence of VHL loss is an upregula-
tion of the HIF transcriptional program 
(reviewed in [2,69]), it would be important to 
conduct studies manipulating HIF activity in 
CC-RCC and compare sensitivity to Dinaciclib. 
VHL loss causes upregulation of a positive 
(HIF2) and a negative (HIF1) regulator of c- 
Myc [25,26], thus genetic studies manipulating 
HIF1α and HIF2α expression and also compar-
ing CC-RCC naturally expressing both isoforms 
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or just HIF2α in terms of Dinaciclib sensitivity 
need to be conducted. Interestingly, several stu-
dies suggest that the mechanism of synthetic 
lethality shown here might be HIF-dependent. 
First, CDK1 was reported to phosphorylate and 
enhance the formation of EZH2/ZMYND8 com-
plex in CC-RCC, where ZMYND8 is upregulated 
by hypoxia mimetics and by VHL loss, contri-
buting to gene expression changes and tumor 
progression [70]. Second, CDK1 and CDK4/6 
were reported to stabilize HIF1α by a VHL- 
independent mechanism [71]. Accordingly, our 
data in Figure 3(d) shows that Dinaciclib treat-
ment leads to lower HIF2α expression. Also, the 
VHL interactor database [72] suggests that VHL 
forms a complex with a subset of CDKs and 
their regulators: CDK inhibitors 2A and 1B, 
CDK2, CDK4, CDK6, and Cyclin-A1, which 
provides a direct link between the VHL and 
CDK pathways.

In summary, this study shows preclinical effi-
cacy of Dinaciclib in CC-RCC in vivo, targeting 
both CSCs and non-CSCs, and discusses the 
rationale for combining Dinaciclib with first- 
and second-line treatments.
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