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ABSTRACT
◥

Cyclin-dependent kinase 2 (CDK2) antagonism inhibits clus-
tering of excessive centrosomes at mitosis, causing multipolar
cell division and apoptotic death. This is called anaphase cata-
strophe. To establish induced anaphase catastrophe as a clinically
tractable antineoplastic mechanism, induced anaphase catastro-
phe was explored in different aneuploid cancers after treatment
with CYC065 (Cyclacel), a CDK2/9 inhibitor. Antineoplastic
activity was studied in preclinical models. CYC065 treatment
augmented anaphase catastrophe in diverse cancers including
lymphoma, lung, colon, and pancreatic cancers, despite KRAS
oncoprotein expression. Anaphase catastrophe was a broadly
active antineoplastic mechanism. Reverse phase protein arrays
(RPPAs) revealed that along with known CDK2/9 targets, focal
adhesion kinase and Src phosphorylation that regulate metastasis

were each repressed by CYC065 treatment. Intriguingly, CYC065
treatment decreased lung cancer metastases in in vivo murine
models. CYC065 treatment also significantly reduced the rate of
lung cancer growth in syngeneic murine and patient-derived
xenograft (PDX) models independent of KRAS oncoprotein
expression. Immunohistochemistry analysis of CYC065-treated
lung cancer PDX models confirmed repression of proteins
highlighted by RPPAs, implicating them as indicators of
CYC065 antitumor response. Phospho-histone H3 staining
detected anaphase catastrophe in CYC065-treated PDXs. Thus,
induced anaphase catastrophe after CYC065 treatment can com-
bat aneuploid cancers despite KRAS oncoprotein expression.
These findings should guide future trials of this novel CDK2/9
inhibitor in the cancer clinic.

Introduction
Genomic instability is a hallmark of cancer (1). Genetically unstable

cancer cells often have supernumerary centrosomes (2–6). At mitosis,
these supernumerary centrosomes are clustered into two poles so that
cancer cells preserve bipolar spindle assembly and undergo mitosis
(7–11). We previously reported that cyclin-dependent kinase 1 or 2

(CDK1 orCDK2) antagonism inhibits centrosome clustering and forces
aneuploid cancer cells with supernumerary centrosomes to undergo
multipolar cell division and chromosomemis-segregation (12–16). This
confers apoptotic death of daughter cells; this proapoptotic mechanism
is called anaphase catastrophe (12, 13). Because anaphase catastrophe is
augmented by preventing the clustering of preexisting supernumerary
centrosomes, this mechanism preferentially affects aneuploid cancer
cells while relatively sparing normal cells with two centrosomes (14).

CDK2 inhibitors such as seliciclib (12), dinaciclib (15), and
CCT68127 (16) elicit antineoplastic effects against lung cancer cells
through induced anaphase catastrophe. Effects by these agents were
not prominently seen in immortalized pulmonary epithelial cells that
had less chromosome instability than aneuploid lung cancer
cells (12, 15, 16). Notably, KRAS oncoprotein-expressing lung cancer
cells were sensitive to CDK2 inhibitors (12, 15, 16). This is because
expression of the centrosome protein CP110, a direct phosphorylation
target of CDK2 and a key mediator of anaphase catastrophe, is
repressed in KRAS-mutant lung cancers as compared with KRAS
wild-type (WT) tumors (14, 17, 18). Because treatment of KRAS
mutant lung cancers is an unmet medical need (19, 20), this finding
has translational implications.

Although pharmacologic inhibition of specific CDK family mem-
bers such as CDK4/6 is FDA approved for a subset of breast can-
cers (21, 22), clinical validation of CDK2 inhibitors for cancer therapy
is not yet established. First-generation pan-CDK and CDK2/7/9
inhibitors including dinaciclib and seliciclib, respectively, exerted
dose-limiting toxicities in the clinic in part due to their relative
lack of CDK2 specificity. To increase specificity for CDK2 inhibition,
CCT68127, a next-generation CDK2/9 inhibitor was examined.
Studies confirmed its antineoplastic efficacy without appreciable
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toxicities in a lung cancer mouse model (16). This is a preclinical tool
compound that was not selected for clinical use (23).

Translational studies using clinically tractable CDK2 inhibitors
were needed. CYC065 is such a next-generation reversible ATP
competitive CDK2/9 inhibitor (Cyclacel; IC50 for CDK2: 5 nmol/L
and CDK9: 26 nmol/L) available for clinical trial use; its structure
appears in Supplementary Fig. S1A (24). CYC065 (Fadraciclib) is
reported having a biochemical IC50 favoring inhibition of CDK2
(IC50 ¼ 4.5 nm � 0.4 nmol/L) over CDK9 (IC50 ¼ 26.2 nmol/L �
1.0 nmol/L). These potencies are 20-fold higher than the first-
generation inhibitor Seliciclib (24). When used in vivo in treating
cancer cells, the IC50 of CYC065 was 0.31 mmol/L versus an IC50

for Seliciclib of 13.3 mmol/L (24). The IC50 for lung cancer cell line
growth-inhibitory effects were comparable with that reported in other
tumor contexts (24). Seliciclib targeted in decreasing order CDK2,
CDK7, and CDK9 (24). CYC065 did not appreciably affect CDK7,
but preferentially inhibited CDK2 over CDK9 (24). Kinome profiling
of 256 kinases (24) found that CYC065 was more selective for CDKs
than for non-CDK enzymes.

CYC065 had preclinical antineoplastic activity against breast
cancers (25–27) and uterine serous carcinomas (28). CYC065 activity
is being examined in two phase I clinical trials; NCT02552953: a single
agent trial in advanced cancers (not focused on lung cancer cases;
ref. 29). NCT03739554 is a combined regimen with Venetoclax for
relapsed/refractory chronic lymphocytic leukemia (30). CYC065 had
clinical activity with acceptable toxicity (29).

This study advances prior work by exploring antineoplastic effects
of the clinical-lead CDK2/9 inhibitor CYC065 in lung and other
aneuploid cancer models. Anaphase catastrophe increased after
CYC065 treatment of diverse aneuploid cancers. This was a broadly
engaged antineoplastic mechanism observed despite KRAS oncopro-
tein expression. Interestingly, CYC065 treatment exhibited anti-
metastatic activities. Multiple lung cancer patient-derived xenograft
(PDX) models confirmed that CYC065 treatment triggers anaphase
catastrophe and changes in expression of new and previously-known
markers of CYC065 response. Thus, induced anaphase catastrophe
induction is a promising strategy to combat human cancers like lung
cancers that are aneuploid and often driven by the KRAS oncoprotein.
Thus, CYC065 is a clinical-lead compound with promise to confer
antineoplastic effects in the cancer clinic.

Materials and Methods
Cell culture

CYC065 was obtained from Cyclacel. Murine lung cancer cell lines
ED1, LKR13, and KC2 cells were derived from lung cancers arising
from WT cyclin E, KrasLA1/þ, and KrasLA1/þ; Cdkn1a�/� engineered
mice, respectively, and were authenticated, as described previously
(31–35). The 393P and 344SQ lung cancer cells were derived from a
KrasLA1/þ; p53R172HDG engineered mouse (36). The ED1SQ4 cells
were derived from ED1 cells (37). Human lung cancer cell lines
(H522, H1299, Hop62, and A549), colon cancer cell lines (DLD1 and
HCT116), pancreatic cancer cell lines (PSN1 and AsPC1), murine C10
pulmonary epithelial, and human BEAS-2B immortalized bronchial
epithelial cells were purchased and authenticated by ATCC. Cells were
cultured in RPMI1640 media with 10% fetal bovine serum (FBS) at
37�C with 5% CO2 in a humidified incubator.

Proliferation assays
Logarithmically growing cells were seeded at optimized densities

for each examined cell line onto individual wells of 12- or 96-well (for

high-throughput test) tissue culture plates in triplicate. Cells were
treated with CYC065 or vehicle (DMSO) 24 hours later. Proliferation
was measured using the Cell Titer-Glo Luminescent Assay (Promega)
after 48 to 72 hours of indicated drug exposures. Proliferation studies
were independently replicated at least three times. For IC50 and IC70

values, multiple models were fitted on the basis of SE using the R
software. For combination regimens with CYC065, indicated lung
cancer cell lines were independently cultured with CYC065 or vehicle
after Taxol (Paclitaxel) pretreatment at increasing concentrations and
possible cooperative effects were examined (38).

Washout assays
Logarithmically growing cells were treated with CYC065 or

vehicle for 24 hours and seeded at optimized densities onto individual
wells of 24-well tissue culture plates after three washings with PBS.
CYC065 or vehicle (DMSO) was independently added to the CYC065-
treated orwashout group. Proliferationwasmeasured 48 hours later by
Cell Titer-Glo Assay (Promega). Assays was performed in triplicate
and in three independent experiments.

Apoptosis assays
Logarithmically growing cells were seeded at optimized densities

for each examined cell line onto individual wells of 6-well tissue
culture plates. Cells were treated with CYC065 or vehicle (DMSO)
24 hours later. Apoptosis assays were performed using the FITC
Annexin V Apoptosis Detection Kit (BioLegend) after 48 hours of
drug exposure. Independent triplicate replicates were done.

Cell-cycle analyses
Cells were fixed in ice-cold 70% ethanol and stainedwith propidium

iodide/RNase Staining Solution (F10797; Thermo Fisher Scientific)
with RNase A solution (Novagen) added at 100 mg/mL after fixation.
DNA contents were measured using Gallios flow cytometer (Beckman
Coulter) using FlowJo software (FlowJo, LLC) after 24 hours of drug
exposure. G1 phase synchronization was achieved in logarithmically
growing A549 lung cancer cells treated with nocodazole 20 ng/mL
(Sigma-Aldrich) for 4 hours with cells isolated by mitotic shake-off
before seeding onto tissue culture plates for 2 hours before CYC065 or
vehicle treatment. Independent triplicate replicate experiments were
performed.

Multipolar anaphase assays
Cells were fixed, stained with anti–a-tubulin and g-tubulin–specific

antibodies alongwithHoechst, and thenmountedwith Pro-LongGold
antifade reagent (P36934; Invitrogen). Stained cells were scored for
multipolar anaphase cells using an Eclipse TE 2000-E microscope
(Nikon). Primary antibodies were: a-tubulin (for single stain: T6199;
Sigma-Aldrich; 1:1,000, for double staining with g-tubulin: NB600–
506; Novus Biologicals; 1:1,500) and g-tubulin (T5326; Sigma-Aldrich;
1:1,000). Secondary antibodies were Texas red anti-murine IgG (HþL)
(TI-2000; Vector Laboratories; 1:500), Alexa-Fluor 594 anti-rat IgG
(A21209; Invitrogen; 1:1,000), and Fluorescein anti-murine IgG (FI-
2000; Vector Laboratories; 1:100). Hoechst 33342 (62249; Thermo
Fisher Scientific; 1:10,000) stained for DNA. Pro-Long Gold anti-fade
reagent preserved immunofluorescence. Each assay was done in
triplicate. Independent triplicate replicate experiments were
performed.

Senescence assays
Senescence wasmeasured using a b-Galactosidase Staining Kit (Cell

Signaling Technologies). For quantification of senescence, cells were

Kawakami et al.

Mol Cancer Ther; 20(3) March 2021 MOLECULAR CANCER THERAPEUTICS478

on June 14, 2021. © 2021 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

Published OnlineFirst December 4, 2020; DOI: 10.1158/1535-7163.MCT-19-0987 

http://mct.aacrjournals.org/


exposed to 100 nmol/L Bafilomycin (No. B1793; Sigma-Aldrich) for 45
minutes, stained with 100 nmol/L C12FDG (Thermo Fisher Scientific)
for 2 hours and analyzed by flow cytometry. Assays were in triplicate
with independent triplicate replicates.

Ki-67 assay
Logarithmically growing cells were seeded on cover slips 24 hours

before vehicle or CYC065 treatments. Cells were fixed in ice-cold
methanol and stained with anti–Ki-67 antibody (No. ab15580;
Abcam). Stained cells were scored using an Axio Observer 7 confocal
microscope (Zeiss). Trypan blue staining was also done. Assays were
performed in triplicate with three independent replicates.

Expression plasmids and transfection
Expression plasmids for CDK2 and CDK9 and the empty vector

were purchased from GeneCopoeia (CDK2: EX-A0035-M95, CDK9:
EX-M0107-M95, empty vector: EX-NEG-M95). Transient transfec-
tion was achieved using jet PRIME (Polyplus transfection).

Immunoblot analyses
Lysates were in RIPA buffer with Halt Protease and Phosphatase

Inhibitor Cocktail (Thermo Fisher Scientific). These were size-
fractionated by SDS-PAGE and transferred to nitrocellulose mem-
branes. Membranes were probed with indicated antibodies and visu-
alized using Clarity Western ECL Substrate (Bio-Rad). Primary anti-
bodies were: CDK2 (No. 2546; Cell Signaling Technology; 1:1,000),
CDK9 (No. 2316; Cell Signaling Technology; 1:1,000), and b-actin
(No. 3700; Cell Signaling Technology; 1:1,000). Secondary antibodies
were goat anti-rabbit IgG (170-6515; Bio-Rad; 1:2,000) and goat anti-
mouse IgG (170-6516; Bio-Rad; 1:5,000).

Reverse phase protein arrays
Lysates were arrayed on nitrocellulose-coated slides and probed

with 305 unique antibodies with analysis done as before (39–41).

Scratch assays
Confluent monolayers of cells were scratched using a sterile 200-mL

pipette tip to produce a wounded area of constant length. Cells were
photographed 6 to 12 hours later. Wounded area filling was measured
using Adobe Photoshop software. Experiments were in triplicate and
with three independent replicates.

Migration and invasion assays
Cells (1 � 105) were cultured without FBS in the upper wells of

Transwell and Matrigel chambers (Corning) and allowed to migrate
and invade with 10% FBS supplemented lower wells. After 18 hours of
incubation, migrating, or invading, cells were stained with 0.5% crystal
violet. Migration and invasion were quantified by the absorbance of
crystal violet stain. Studies were in triplicate with three independent
replicates.

Lung cancer murine syngeneic and PDX models
KRAS mutant murine lung cancer 393P cells and KRAS WT

murine lung cancer ED1SQ4 cells were individually infected with
luciferase lentivirus (Cellomics Technology) and selected with puro-
mycin. The 393P (1� 106) and ED1SQ4 (1� 106) stable transfectants
were each injected subcutaneously into 6- to 8-week-old male immu-
nocompetent 129S2/SVPasCrl mice (Charles River Laboratories) and
female immunocompetent FVB/Nmice (Jackson Laboratory), respec-
tively. Lung cancer PDXs were established from lung cancer clinical
specimens that were surgically resected at the University of Texas MD

AndersonCancerCenter (42, 43). Tumorswere cut and implanted into
the flank subcutaneous space of athymic nude or NSG mice (Jackson
Laboratory); mice were monitored for tumor growth. Correlative
scientific studies were approved by the MD Anderson Cancer Center
Institutional Review Board. All experiments were conducted following
an Institutional Animal Care and Use Committee (IACUC)-approved
protocol.

In vivo tumor growth assays
Mice with palpable tumors were treated with CYC065 (55mg/kg for

129S2/SVPasCrl mice; 75 mg/kg for FVB/N, athymic nude, and NSG
mice) or vehicle (water) daily for 3 to 4weeks by oral gavage (n¼ 10 per
group). Body weights and tumor volumes were measured with tumor
volume (V) calculated as V ¼ (length � width2)/2. Bioluminescence
imaging was by D-Luciferin (Gold Biotechnology) and IVIS Lumina
(Xenogen) and Living Imaging software (Xenogen) under 2% isoflur-
ane. Tumors were excised and weighed from sacrificed mice. Inde-
pendent replicate experiments were performed following an IACUC-
approved protocol.

Metastasis assays
Metastasis-prone murine lung cancer 344SQ cells (4 � 103) were

tail–vein injected into 6- to 8-week-old male immunocompetent
129S2/SVPasCrl mice (Charles River Laboratories). Mice were treated
with CYC065 (55 mg/kg) or vehicle (water) daily for 2 weeks by oral
gavage (n ¼ 10 per group). Lungs were excised from sacrificed mice
and lung metastases were scored. Experiments were conducted fol-
lowing an IACUC-approved protocol.

TUNEL assays
The in situ TUNEL assay was performed using the TUNEL Detec-

tion Kit (VitroVivo Biotech). Paraffin-embedded sections were
mounted, dewaxed with xylene, and rehydrated. Labeled nick ends
of DNA strands were visualized with 3,30-diaminobenzidine (DAB).
Counterstaining was with hematoxylin. DNase-treated sections were
positive controls.

Immunohistochemistry
The streptavidin–biotin method was used for Immunohistochemis-

try (IHC) detection. Antigen retrieval was by heat treatment with citrate
buffer. Endogenous peroxidase activity was blocked using 2% hydrogen
peroxide in PBS. Nonspecific protein blocking was with 1% BSA and
normal donkey or goat serum. Incubation with primary antibody was
overnight at 4�C and the secondary antibody and streptavidin-HRP
incubations were at room temperature for 40 minutes each. Primary
antibody was replaced with PBS for a negative control. Antigen–
antibody complex was visualized with the DAB chromogen. Antibodies
were: Ki-67 (ab15580; Abcam; 1:1,000), phospho-RB (Ser807/811;
No. 8516; Cell Signaling Technology; 1:200), MCL1 (No. 39224; Cell
Signaling Technology; 1:50), phospho-FAK (Tyr397; No. 700255,
Thermo Fisher Scientific, 1:2,000), and phospho-Src (Tyr418; ab4816;
Abcam; 1:40). IHC scoring was by a pathologist unaware of the prior
treatment arms.

In vivo mitosis analysis
Lung cancer xenografts were fixed with 10% formalin immediately

after resection and were paraffin-embedded. Specimens were probed
with phospho-histone H3 (Ser10) antibody (9701, Cell Signaling
Technology; 1:200) and counterstained with hematoxylin. Stained
cells were scored for multipolar mitotic cells using an Eclipse TE
2000-E microscope (Nikon).
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Statistical analysis
Differences between analyzed groups were assessed by a Student t

or Mann–Whitney U test. To control the overall type I error rate in
multiple comparisons, Tukey method was used for pairwise compar-
isons. Dunnett method was applied for comparing the result of
different drug concentrations with controls. Tumor growth was
analyzed using the mixed model analysis. Kaplan–Meier survivals
were by the log-rank test. Statistical analyses were with SPSS Statistics
software (version 23, SPSS) and GraphPad Prism software (version 8,
GraphPad Software). All statistical tests were two-sided; a P value of
<0.05 was considered statistically significant.

Results
CYC065 effects in lung cancer cells

Antiproliferative effects of CYC065 were independently examined
using multiple murine (ED1, LKR13, 393P, 344SQ, and KC2) and
human (H522, H1299, Hop62, and A549) lung cancer cell lines.
CYC065 treatment decreased proliferation in a dose- and time-
dependent manner (Fig. 1A). Substantial antiproliferative effects of
CYC065 were less evident in C10 murine immortalized pulmonary
epithelial cells and BEAS-2B human immortalized bronchial epithelial
cells than in the examined lung cancer cells (Fig. 1A). At the CYC065
0.5 mmol/L or lower concentrations, growth-inhibitory effects were
modest in immortalized pulmonary epithelial cells (C10 and BEAS-
2B) whereas lung cancer cellular growth profiles were markedly
inhibited (Fig. 1A). Proliferation assay results were confirmed and
extended in a high-throughput screen of 84 human lung cancer cell
lines (Supplementary Table S1). At the CYC065 0.5 mmol/L dosage
(where growth of immortalized epithelial cells was not appreciably
affected), more than half of lung cancer cells were inhibited in their
growth to less than 50% of controls in this high-throughput assay
(Fig. 1B). Notably, KRAS oncoprotein expressing lung cancer cells
were responsive to CYC065 treatment. This was similar to that seen in
KRAS WT lung cancer cells (Fig. 1C). Growth inhibition by CYC065
treatment of lung cancer cells was only partially reversed after drug
washout, indicating irreversible mechanisms were engaged in these
antiproliferative effects (Fig. 1D).

Apoptosis induction and cell-cycle arrest after CYC065 treatments
were examined in lung cancer cells. CYC065 treatment augmented
apoptosis inmurine (ED1, LKR13, 393P, 344SQ, andKC2) and human
(H522, H1299, Hop62, and A549) lung cancer cells without appreci-
able effects observed in immortalized lung epithelial cells (C10 and
BEAS-2B cells; Fig. 1E). CYC065 treatment caused G1 arrest in the
examined lung cancer cells (Fig. 1F).

Anaphase catastrophe as a general antineoplastic mechanism
One antineoplastic mechanism engaged by CDK2 inhibitors

is induced anaphase catastrophe (12–16). To investigate this fur-
ther, multipolar anaphases after CYC065 treatment were scored
in lung cancer cells by respective staining for g-tubulin, a-tubulin,
and DNA in Fig. 2A. CYC065 treatment caused multipolar ana-
phase catastrophe in murine and human lung cancer cells, but not
appreciably in C10 or BEAS-2B immortalized epithelial cells
(Fig. 2B). Anaphase catastrophe occurs via inhibition of supernu-
merary centrosomes clustering after treatment with CDK2 inhibi-
tors (14, 16, 17). To determine CYC065 treatment effects on
centrosome clustering, cell populations with centrosome clustering
were determined. Clustering of supernumerary centrosome appear
in Fig. 2A. CYC065 inhibited clustering of supernumerary centro-
somes (Fig. 2C).

To assess whether anaphase catastrophe occurred in other cancers,
colon and pancreatic cancer cells were treated with CYC065. CYC065
treatment substantially inhibited proliferation (Fig. 2D) and induced
apoptosis (Fig. 2E) in colon (DLD1 andHCT116) and pancreatic (PSN1
and AsPC1) cancer cells. The less evident effects in AsPC1 cells versus
other examined cancer cells on days 2 and 3 were more prominent on
day 4 of treatment. This was likely due to AsPC1 cells having much
longer doubling times than the other studied cell lines (Supplementary
Figs. S1B and S1C). Multipolar anaphase occurred after CYC065 treat-
ment of colon (DLD1 and HCT116) and pancreatic (PSN1 and AsPC1)
cancer cells (Fig. 2F). CYC065 treatment had analogous effects in
lymphoma cells (Supplementary Fig. S2), indicating anaphase catastro-
phe induction by CDK2 inhibition is a broadly active mechanism.

Mechanisms of CYC065 actions
To determine how CDK2 and CDK9 contribute to the antineo-

plastic effects of CYC065, CDK2 and CDK9 were transfected indi-
vidually into lung cancer cells (Fig. 3A). Gain of expression ofCDK2or
CDK9 partially antagonized growth-inhibitory effects and apoptosis-
induction after CYC065 treatment (Fig. 3B and C), indicating that
CDK2 and CDK9 contribute to CYC065 antineoplastic effects. Yet,
anaphase catastrophe-induction by CYC065 treatment was antago-
nized only after gain of CDK2 expression (Fig. 3D). Anaphase
catastrophewas preferentially conferred byCDK2 inhibition following
CYC065 treatment. This is consistent with work reporting that
anaphase catastrophe was engaged by inhibition of CDK1 or CDK2,
but not by CDK5 or CDK9 (15).

Protein expression profiles after CYC065 treatment
To elucidate mechanisms that engage antineoplastic effects of

CYC065 in addition to induced-anaphase catastrophe, protein expres-
sion profiles were comprehensively explored following CYC065 treat-
ment using Reverse phase protein arrays (RPPAs). Expression profiles
of more than 300 growth regulatory proteins were independently
interrogated after 6, 12, 24, and 48 hours of CYC065 relative to vehicle
treatments ofmurine (344SQ andKC2) and human (H1299 andA549)
lung cancer cells. When proteins were clustered according to the
expression changes after CYC065 treatment, specific species were
highlighted as statistically significantly upregulated or downregulated
(or unchanged) across the studied lung cancer cells and time points.
Upregulated proteins included those involved in DNA damage or
apoptosis induction. Along with known CDK2 or CDK9 targets like
RB protein phosphorylation (Ser807/811) and MCL1, proteins that
were downregulated included FAK phosphorylation (Tyr397) and Src
phosphorylation (Tyr416) that regulate metastasis (Supplementary
Fig. S3; refs. 44, 45). Downregulation of these proteins by CYC065
treatment was confirmed by IHC (Fig. 6). Individually engineered gain
of MCL-1 expression in HOP62 and H1299 lung cancer cells had
minimal effects on induced apoptosis or growth inhibition following
CYC065 treatment (Supplementary Fig. S4).

CYC065 treatment and lung cancer cell migration, invasion, and
proliferation

On the basis of the RPPA results, it was hypothesized that CYC065
treatment inhibited metastatic properties of lung cancer cells. CYC065
effects on cell migration and invasion were explored using the metas-
tasis-prone murine (344SQ and KC2; ref. 36) and human (H1299 and
A549) lung cancer cells. Scratch and transwell migration assays,
respectively, revealed that CYC065 treatment inhibited migration of
these lung cancer cells (Fig. 4A and B). Matrigel invasion chamber
assays showed that invasive properties of these lung cancer cells were
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Figure 1.

Antineoplastic effects of CYC065 treatment in murine and human lung cancer cells. A, Dose-response consequences of CYC065 treatment in murine (ED1, LKR13,
393P, 344SQ, and KC2) and human (H522, H1299, Hop62, and A549) lung cancer cells. Effects on murine immortalized pulmonary epithelial cells (C10) and human
immortalized bronchial epithelial cells (BEAS-2B) are shown. B, Relative proliferation is shown for 84 lung cancer cells in a high-throughput screen after CYC065
0.5 mmol/L treatment versus vehicle controls. Each bar displays an individual lung cancer cell line. The pie chart shows that the cell population was stratified by
relative viability after CYC065 0.5 mmol/L treatment (vs. vehicle controls) among 84 lung cancer cell lines. C, Comparison of growth inhibitory effects of CYC065
treatment in KRASwild-type versusmutant lung cancer cells were displayed using a high-throughput screen of 84 human lung cancer cells. Each symbol displays an
individual cell line. D, Comparisons of CYC065 effects on growth of lung cancer cells versus vehicle controls, washout (CYC065 washout after 24 hours treatment),
and CYC065 continuously-treated groups. Fold-growth versus day0 are shown. E, Percentages of apoptotic cells are displayed after individual CYC065 treatment in
murine and human lung cancer cells. Effects in C10 and BEAS-2B cells are displayed. F, Cell-cycle analysis after CYC065 treatment appear for murine and human
lung cancer cells. Error bars are standard deviations with �, P < 0.05 and �� , P < 0.01 by Tukey's multiple comparison test (D) and Dunnett multiple comparison t test
(vs. controls; E and F).
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Figure 2.

Anaphase catastrophe is a broadly active antineoplastic mechanism. A, Representative immunofluorescent images of spindles from bipolar cells with two
centrosomes (left), cells with clustered supernumerary centrosomes (middle), and cells with supernumerary centrosomes (right). The blue signal is Hoechst staining
of DNA, red signal is a-tubulin staining, and green signal is g-tubulin staining. B, Percentages of cells undergoing multipolar anaphase among anaphase cells after
CYC065 treatment are displayed for murine (ED1, LKR13, 393P, 344SQ, and KC2) and human (H522, H1299, Hop62, and A549) lung cancer cells as well as for
immortalized (C10 andBEAS-2B) lungepithelial cells.C,Percentages of cellswith centrosome clustering amonganaphase cells after CYC065 treatment are shown.D,
Dose-responsive consequences of CYC065 treatment in colon (DLD1 and HCT116) and pancreatic (PSN1 and AsPC1) cancer cells. E, Percentages of apoptotic cells
after CYC065 treatment are displayed in colon and pancreatic cancer cells. F, Percentages of cells undergoing multipolar anaphase after CYC065 treatment are
shown in colon and pancreatic cancer cells. Error bars are SDs with � , P < 0.05 and �� , P < 0.01 by Dunnett multiple comparison t test (vs. controls).
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reduced by CYC065 treatment (Fig. 4C). Independently engineered
gain of FAK or Src expression in A549 and H1299 lung cancer cells
partially rescued the consequences of CYC065 treatment onmigration
and invasion with effects of gain of FAK expression more evident than
for Src (Supplementary Fig. S5).

In vivo tumorigenicity after CYC065 treatment
CYC065 antitumorigenicity effects were studied in murine lung

cancer models. The KRAS oncoprotein-driven 393P and ED1SQ4
KRAS WT murine lung cancer cell lines were each engineered to
express luciferase. Cells were subcutaneously injected into
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Figure 3.

Consequences of engineered gain of CDK2 or CDK9 expression on CYC065 treatment effects are shown in lung cancer cells. A, Immunoblot analyses after
transfection of CDK2 or CDK9 expressing plasmids. B, CYC065 treatment effects are shown for lung cancer cell proliferation after engineered gain of CDK2 or CDK9
expression.C,Effects of CYC065 treatment on apoptosis induction after engineered gain of CDK2 or CDK9 expression in lung cancer cells are presented.D, Effects of
CYC065 treatment on anaphase catastrophe after independent gain of CDK2 or CDK9 expression in lung cancer cells are displayed. Error bars are SDswith � ,P <0.05
and �� , P < 0.01 by the Dunnett multiple comparison t test (vs. controls).
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Figure 4.

CYC065 effects on lung cancer cell migration and invasion. A, Percentages of wounded area filled by migrating cells after 6 to 12 hours of independent
vehicle or CYC065 treatment of murine (344SQ and KC2) and human (H1299 and A549) lung cancer cells are displayed. Representative images of wounded areas
before and after treatment with vehicle or CYC065 treatments are provided. B, Percentages of migrated cells after independent vehicle or CYC065 treatment of
murine and human lung cancer cells are presented. Representative images of migrating cells after vehicle or CYC065 treatment are shown. C, Percentages of
lung cancer cell invasion after independent vehicle or CYC065 treatment are displayed. Representative images of invading cells after vehicle or CYC065 treatment
are shown. Error bars display SDs with � , P < 0.05 and �� , P < 0.01 by Dunnett multiple comparison t test (vs. controls).
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immunocompetent syngeneic mice. Mice were treated with vehicle or
CYC065. In 393P and ED1SQ4 syngeneic murine lung cancer models,
tumor growthwas repressed, and the excised tumor weights after these
treatments were significantly (P < 0.01) reduced in CYC065-treated
versus vehicle controls (Fig. 5A andB). Tumor burdenswere evaluated
by bioluminescent imaging. There was a statistically significant lower
increase in bioluminescence in CYC065-treated mice than syngeneic
lung cancer controls (Fig. 5C). These mice were treated with
well-tolerated CYC065 dosages (55 mg/kg for 129S2/SVPasCrl and
75 mg/kg for FVB/Nmice). To examine even higher CYC065 dosages,
antitumorigenic effects were studied at 90 mg/kg for murine 393P and
at 110 mg/kg dosages for ED1SQ4 murine cancer cells after subcu-
taneous injection into syngeneic mice. Enhanced antitumorigenic
effects occurred at these CYC065 treatment dosages (Supplementary
Fig. S6A), but with toxicity (weight loss).

These findings indicate a need for examining CYC065 in a com-
bination regimen. Pretreatment with taxol augmented CYC065 treat-
ment effects in Supplementary Fig. S6B. To elucidate mechanisms
responsible for CYC065 antineoplastic effects, kinetic studies were
done in A549 human lung cancer cells. Studies revealed minimal
changes in senescence, but prominent induction of growth inhibition,
G1 arrest, apoptosis, and anaphase multipolarity. G1-arrested cell
progression was not fully blocked by treatment with the reversible
CDK2/9 inhibitor CYC065; induced anaphase multipolarity was
evident (Supplementary Figs. S6C and S7). Nocadozole-induced
growth arrest did not prevent CYC065 response (Supplementary
Fig. S7).

To assess the antineoplastic effects of CYC065 treatment, multiple
lung cancer PDX models were examined (Supplementary Table S2).
CYC065 treatment inhibited lung cancer xenograft growth in these
PDXmodels, independent ofKRAS oncoprotein expression (Fig. 5D).
Final tumor weights after treatment were significantly reduced (P <
0.05) in CYC065-treated versus vehicle-treated mouse models
(Fig. 5E).

In vivo effects of CYC065 treatment on lung cancer metastasis were
analyzed using a syngeneic tail–vein injection lung cancer model.
Metastasis-prone 344SQ cells were injected into the indicated mice;
lung tumors were scored. Representative images of excised lungs
harboring lung cancers appear in Fig. 5F. CYC065 treatment signif-
icantly (P < 0.01) reduced metastasis of 344SQ lung cancer cells
(Fig. 5F). Histopathologic analysis of hematoxylin-eosin–stained
sections of resected lung tissues were performed. Representative
images inFig. 5G reveal the decreased number and size ofmetastasized
tumors after CYC065 treatment.

Changes in CYC065-treated lung cancer PDXs
In vivo expression profiles of candidate CYC065-regulated markers

of response were analyzed immunohistochemically in lung cancer
PDXmodels (TC464 andTC494). CYC065 treatment reduced staining
of the proliferative marker Ki-67 and increased apoptosis scored by
TUNEL assays in these PDX models (Fig. 6A).

Expression levels of RB phosphorylation (Ser807/811) (a CDK2
target), MCL1(a CDK9 target), FAK phosphorylation (Tyr397), and
Src phosphorylation (Tyr416), which were highlighted by RPPAs as
downregulated after CYC065 treatment, were each investigated by
IHC assays in these PDX models (TC464 and TC494). Representative
immunostained images appear in Fig. 6B. CYC065-regulated proteins
were repressed by CYC065 treatment (Fig. 6B).

To examine in vivo CYC065 treatment effects on mitosis, lung
cancer xenografts were stained with phospho-histone H3 after vehicle
or CYC065 treatment in Fig. 6C. Percentages of aberrant mitoses with

multipolar segregation of chromosomes (indicating presence of ana-
phase catastrophe) increased in CYC065-treated lung tumors versus
vehicle controls (Fig. 6C). Thus, in vitro CYC065 treatment effects
were confirmed in the in vivo setting.

Discussion
The clinical-lead CDK2/9 inhibitor CYC065 exerts antineoplastic

effects against diverse aneuploid cancers, including lung cancer. One
notable mechanism engaged by CYC065 treatment was anaphase
catastrophe after CDK1 or CDK2 antagonism (12–17). This study
advances prior work by showing that anaphase catastrophe occurred
in vivo in lung cancer PDXmodels following CYC065 treatment. Prior
work using siRNAs targeting individual CDKs revealed that anaphase
catastrophe was enhanced by inhibition of CDK1 or CDK2, but not by
CDK5 or CDK9 (15). Consistent with this, anaphase catastrophe
induction by CYC065 treatment was antagonized by engineered gain
of CDK2 but not by CDK9 expression (Fig. 3).

Because anaphase catastrophe occurs preferentially in cells with
supernumerary centrosomes, engaging this pathway is away to combat
cancers with supernumerary centrosomes (13, 14, 46). CYC065 treat-
ment effects were minimal in immortalized murine pulmonary and
human bronchial epithelial cells. CDK2 inhibitors augmented ana-
phase catastrophe in lung cancer cells (12, 15, 16). That work was
extended here by confirming that anaphase catastrophe increased after
CYC065 treatment of lung and other aneuploid cancers including
lymphoma, colon, and pancreatic cancers. Anaphase catastrophe is a
broadly active induced pharmacologic mechanism.

Induced anaphase catastrophe engages multipolar chromosome
mis-segregation. Hence, combination CYC065 treatments with other
chromosome segregation regulators are appealing. The microtubule-
targeting agent taxol promotes improper chromosome alignment
and chromosome mis-segregation (47). CDK2 inhibitors (seliciclib
and dinaciclib) conferred synergistic or additive antineoplastic
effects against lung cancer when combined with a taxane (12, 15).
Pretreatment with taxol increased CYC065 antineoplastic effects in
lung cancer cells (Supplementary Fig. S6B). Cooperative antineo-
plastic effects occurred with PLK4 inhibition (48). Consistent with
this, the CDK2 inhibitor seliciclib augmented antineoplastic effects
of a PLK4 inhibitor that promotes centriole duplication (49). Similar
cooperation might occur with CYC065 treatment and should be
explored.

RPPA profiles performed in lung cancer cells after CYC065 treat-
ment versus controls highlighted species that could mediate antineo-
plastic effects of CYC065 beyond induced-anaphase catastrophe.
These include the knownCDK2 inhibition target, RBphosphorylation,
and the CDK9 inhibition target, MCL1. Inhibition of RB phosphor-
ylation and MCL1 protein expression might individually or cooper-
atively affect CYC065 antineoplastic activity.

FAK phosphorylation and Src phosphorylation profiles were
repressed. These species regulate metastasis (44, 45). This prompted
studies of the antimetastatic effects of CYC065. CYC065 treatment
inhibited lung cancer metastasis, a major cause of lung cancer mor-
tality (50, 51). Future work should learn if CDK2 directly affects FAK
or Src proteins. Notably, individually engineered gain of FAK or Src
expression partially reversed CYC065 inhibitory effects on migration
and invasion in lung cancer cells (Supplementary Fig. S4). Future work
will determine if CDK2 inhibition represses lung cancer metastases in
other models.

Antineoplastic effects of CYC065were extended usingmultiple lung
cancer PDX models. These informative models could predict clinical
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Figure 5.

In vivo CYC065 antitumorigenic effects. A, Comparison of tumor growth in syngeneic murine lung cancer xenograft models treatedwith vehicle or CYC065. Day 0 is
the treatment start date. Error bars are standard deviationswith �� , P < 0.01 by themixedmodel analysis. B, Comparisons of tumor weights in syngeneicmurine lung
cancermodels aftertreatments. Each symbol represents a singlemouse. Bars representmean values and SDswith �� , P <0.01 by the Student t test.C,Bioluminescent
signals are shown from tumors arising from syngeneic murine lung cancer models treated with vehicle or CYC065. Representative bioluminescence images from
these mice appear over time. Error bars represent standard deviations with �� , P < 0.01 by the mixed model analysis. D, Comparisons are shown for tumor growth in
lung cancer PDX models treated with vehicle or CYC065. Day 0 is the treatment start date. Error bars represent SDs with �� , P < 0.01 by the Student t test.
E, Comparisons of tumor weights are presented for lung cancer PDXmodels after treatments with vehicle or CYC065. Each symbol represents a single mouse. Bars
represent mean values and SDs with � , P < 0.05 and �� , P < 0.01 by the Student t test. F, Lung tumor formation is provided for a syngeneic tail–vein injection model
using metastasis-prone 344SQ cells after treatments with vehicle or CYC065. Representative images of lung tissues are shown. Yellow arrows highlight metastatic
tumors. Bars represent mean values and SDs with �� , P < 0.01 by the Student t test. G, Representative hematoxylin-eosin–stained photomicrographs of resected
lung tissues after treatments with vehicle or CYC065 are provided.
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Figure 6.

In vivo protein expression profiles after CYC065 treatment. A, Comparisons appear for Ki-67 staining and TUNEL assay for scoring of apoptotic cells in lung cancer
PDX models after independent treatments with vehicle or CYC065. Each symbol is a single mouse. Representative immunostained images comparing vehicle and
CYC065-treated groups are displayed (left). Bars represent mean values and SDswith � , P < 0.05 by the Student t test.B, Comparisons of profiles in lung cancer PDX
models after treatments with vehicle or CYC065. Each symbol is a single mouse. Representative immunostained images of each species from vehicle or CYC065-
treated groups are shown. Bars represent mean values and SDs with � , P < 0.05 and �� , P < 0.01 by the Student t test. C, Analysis of mitosis is shown by phospho-
histone H3 Ser10 immunostaining of lung cancer PDX models after treatments with vehicle or CYC065. Representative phospho-histone H3 Ser10 immunostained
images that indicate bipolar mitosis in the vehicle-treated group and multipolar mitosis in the CYC065-treated group are displayed. Percentages of cells with
multipolar mitosis in lung cancer PDX models after vehicle or CYC065 treatments are shown. Bars represent mean values and SDs � , P < 0.05 by the Student t test.
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activities of CYC065. CYC065 treatment elicited antitumor effects in
these PDX models, despite KRAS oncoprotein expression. Treatment
of lung cancers that harbor KRAS oncoprotein expression is an unmet
medical need (20). CYC065 is a CDK2/9 inhibitor in two phase I
clinical trials (29, 30). In one trial, durable stable disease followed
CYC065 administration (29). Lung cancer cases were not appreciably
accrued to this trial and should be in future ones.

CYC065 exerted antineoplastic effects on lung cancers in diverse
preclinical models, including PDX models. These studies provide a
rationale for treating human lung cancer cases with CYC065. TCGA
data revealed that expression profiles of CDK2 or its partner cyclin E
are statistically significantly higher in diverse cancers including lung
cancers versus adjacent histopathologically normal lung. This was
associated with an unfavorable clinical survival (Supplementary Figs.
S8 and S9), indicating the clinical relevance of CDK2 and cyclin E
profiles in human lung and perhaps other cancers to guide clinical use
of CYC065. Engagement of CDK2-dependent phosphorylation of RB
can mediate resistance to inhibition of CDK4 and CDK6 in a lung
cancer mousemodel, implying that CDK2 antagonism is a lung cancer
therapeutic target (52, 53). These findings provide a rationale for use of
CYC065 treatment for lung and other cancers, perhaps when com-
bined with agents like taxol (Supplementary Fig. S6B).

Syngeneic and PDX tumor growth assays showed CYC065 reduced
tumor growth (Fig. 5). Higher CYC065 treatment dosages exerted
greater antitumorigenic effects (Supplementary Fig. S6A). Differences
in CYC065 toxicity profiles exist between mouse models and clinical
trials in patients. Kinetic studies in human lung cancer cells indicate
that induced anaphase catastrophe is prominent after CYC065 treat-
ment. Interestingly when G1 arrest occurred, it did not confer CYC065
resistance (Supplementary Fig. S7).

IHC analysis of lung cancer PDXs following CYC065 treatment
confirmed the downregulation of key growth regulatory proteins (RB
phosphorylation, MCL1, FAK phosphorylation, and Src phosphory-
lation), as predicted by the RPPA findings (Supplementary Fig. S3).
These species are potential clinical markers of CYC065 response.
CYC065 treatment effects are likely due to cooperative mechanisms
in concert with engaged anaphase catastrophe. Antineoplastic effects
of CYC065 were antagonized by the engineered gain of CDK2 or
CDK9 expression, indicating that CDK2 and CDK9 contribute to
aspects of CYC065 treatment effects. Yet, only CDK2-antagonism
caused anaphase catastrophe. Future work should precisely determine
the single cell fates after CYC065 treatment.

The next-generation CDK2/9 inhibitor CYC065 confers antineo-
plastic effects including antimetastatic activities that collectively were
independent of KRAS oncoprotein expression in the studied tumors.
Findings presented here reveal that CDK2 antagonism mediates the
induction of anaphase catastrophe. This is a broadly activemechanism
that can be engaged to eradicate aneuploid cancers even when KRAS
mutations are present. These findings should guide the design of future
clinical trials using this novel CDK2/9 antagonist.
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