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ABSTRACT
◥

Oncogenic KIT or PDGFRA receptor tyrosine kinase muta-
tions are compelling therapeutic targets in gastrointestinal stro-
mal tumor (GIST), and treatment with the KIT/PDGFRA inhib-
itor imatinib is the standard of care for patients with advanced
GIST. Polyclonal emergence of KIT/PDGFRA secondary muta-
tions is the main mechanism of imatinib progression, making
it challenging to overcome KIT/PDGFRA-inhibitor resistance.
It is unclear whether there are other therapeutic targets in
advanced GIST. Using genome-wide transcriptomic profiling of
advanced versus early-stage GIST and CRISPR knockout func-
tional screens, we demonstrate that CDK1 is frequently highly
expressed in advanced GIST but not in early-stage GIST across
three patient cohorts. High expression of CDK1 was associated
with malignancy in GIST. CDK1 was critically required for
advanced GIST, including imatinib-resistant GIST. CDK1 abla-
tion led to robust proliferation inhibition. A mass spectrometry-

based proteomics screen further revealed that AKT is a novel
substrate of CDK1 kinase in GIST. CDK1 bound AKT and
regulated its phosphorylation, thereby promoting GIST prolif-
eration and progression. Importantly, a pharmacologic inhibitor
of CDK1, RO-3306, disrupted GIST cell proliferation in CDK1
highly expressed GIST but not in CDK1-negative GIST cells and
nontransformed fibroblast cells. Treatment with RO-3306
reduced tumor growth in both imatinib-resistant and imati-
nib-sensitive GIST xenograft mouse models. Our findings suggest
that CDK1 represents a druggable therapeutic target in GIST and
warrants further testing in clinical trials.

Significance:These findings propose CDK1 as a novel cell-cycle–
independent vulnerability in gastrointestinal stromal tumors,
representing a new therapeutic opportunity for patients with
advanced disease.

Introduction
Gastrointestinal stromal tumor (GIST) is the most common type of

sarcoma that rises from the gastrointestinal tract (1, 2). Activating
mutations of receptor tyrosine kinases KIT or PDGFRA are key to the
pathogenesis of nearly 85% of GIST (1, 3, 4). Most patients with
GIST with a KIT or PDGFRA mutation can be effectively treated
with tyrosine kinase inhibitors (TKI), such as imatinib or other
agents (1, 5–10), but secondary polyclonal mutations conferring drug
resistance frequently emerge, leading to GIST progression (1, 11, 12).
Sunitinib and regorafenib, the approved second-line and third-line

agents for advanced GIST, are effective. Unfortunately, the median
progression-free survival (PFS) with second-line sunitinib is only 6 to
7 months (7). Similarly, regorafenib treatment offers modest clinical
benefit after patients have progressed on imatinib and sunitinib with a
median PFS not exceeding 6 months (5). Therefore, there is a need for
novel therapeutic targets and effective agents to treat patients with
advanced GIST.

GIST spans a biological behavior spectrum that ranges from benign
to a malignant/advanced state, with some low-risk lesions remaining
stable for years whereas others progress rapidly to widespread met-
astatic disease. Most early-stage/benign GISTs already contain KIT or
PDGFRA mutations and yet have exceedingly low potential for
malignant progression (13, 14). There is substantial interest in defining
the genomic and transcriptomic features of advanced GIST to prevent
cancer or identify disease when it is most curable. The evolution of
advanced GIST is a complexmultistep process (1, 15). Deciphering the
molecular changes contribute to the development of advanced GIST
may provide insights into GIST biology and therapeutic target iden-
tification. We previously reported a genomic characterization of
advanced versus early-stage GIST and demonstrated that DMD dele-
tion/inactivation promotes GIST invasion and metastasis (16).

Recent advances in genetic perturbation tools have allowed assess-
ment of wild-type gene function at scale, yielding important insights
into tumor biology (17), drug resistance (18), and signal transduc-
tion (19). In this study, through genome-wide transcriptomic profiling
of advanced versus early-stageGIST andCRISPR functional screening,
we found that CDK1 is frequently highly expressed in advanced GIST
but not in early-stage GIST. Highly expressed CDK1 is oncogenic,
promoting GIST growth and proliferation. We proved evidence that
CDK1 bind to AKT and regulates its phosphorylation, thereby pro-
moting GIST proliferation and progression. The CDK1 chemical
inhibitor, RO-3306 (20, 21), suppresses both imatinib-resistant and
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imatinib-sensitiveGIST growth in various cell linemodels and patient-
derived mouse xenograft models. Our findings provide a preclinical
rationale for targeting CDK1 as a therapeutic strategy for patients with
GIST.

Materials and Methods
Tumor and tissue samples

De-identified snap-frozen tumor biopsies and matched normal
samples were from patients with GIST at Ren Ji Hospital Shanghai
Jiao Tong University School of Medicine. All samples were collected
with institutional review board approval. Informed written consent
was obtained from all human participants.

Lentiviral gRNA library essentiality screens
GIST430/654 was transduced with the GeCKOv2 library at a low

multiplicity of infection (MOI < 1). Seven days postinfection (and
6 days postpuromycin selection), cells were split into two independent
replicate populations of minimum 200-fold library coverage (�25
million cells). A population-doubling 0 (PD0) sample was collected for
genomicDNAextraction. The other replicate populationwas passaged
without selection while maintaining a library fold-coverage of 200�
for an additional 15 doublings. Genomic DNA was purified from PD0
and PD15 cell pellets, and guide sequence PCR was amplified with
sufficient gDNA tomaintain representation and quantified using deep
sequencing.

Data processing and analysis
Sequencing reads were processed by counting the number of unique

reads for each sgRNA in each experimental condition. sgRNAs with
less than 50 counts in the PD0 control sample were removed from
downstream analyses. The log2-fold change in abundance of each
sgRNA was calculated for final population samples for each of the cell
lines after adding a count of one as a pseudocount, and the median of
nontargeting controls in the GeCKOv2 library was subtracted from
each sgRNA to generate a sgRNA score. Gene-based CRISPR scores
(CS) were defined as the median score of all sgRNAs targeting a given
gene.

Cell lines and reagents
HEK293T was obtained from the ATCC. GIST-T1 (KIT exon 11:

V560_Y578del primary mutation) was generously provided by
Dr. Takahiro Taguchi. GIST882, GIST48, GIST430/654, and GIST48B
cell lines (RRID:CVCL_M441) were generously provided by professor
Jonathan Fletcher at Harvard Medical School. GIST882 (KIT exon 13:
K642E primary mutation) was derived from a TKI-na€�ve metastatic
GIST. GIST48 (KIT exon 11: V560D primary mutation þ exon 17:
D820V activation loop secondary imatinib-resistance mutation)
and GIST430/654 (KIT exon 11: V560_L576del primary mutation
þ exon 13: V654AATP-binding pocket secondary imatinib-resistance
mutation) were established from patients progressing clinically
on imatinib. GIST48B was derived from GIST48, cultured with
500 nmol/L 17-AAG (HSP90 inhibitor). The GIST cells were cultured
in an IMDMmedium (Hyclone, #SH30228.01)with 10%FBS (Thermo
Fisher Scientific, #10099141) and penicillin/streptomycin (GIBCO,
#15140122). HEK293T was maintained in RPMI1640 medium
(Hyclone, #SH30027.01) with 10% FBS and penicillin/streptomycin.
All theKIT genotype was confirmedwith Sanger sequencing. Cell lines
were routinely tested for microbial contamination (including
Mycoplasma) and authenticated with KIT sanger sequencing, whole
exome sequencing and whole transcriptome sequencing assays. All

cells were cultured in a 5% CO2 humidified atmosphere at 37�C. For
in vitro cell culture studies, imatinib (Selleck, #S1026), RO-3306
(Selleck, #S7747), BEZ235 (Selleck, #S1009), and MK-2206 (Sigma,
#A6730) were dissolved with DMSO. Imatinib was dissolved in saline
for in vivo animal studies.

Transcriptome sequencing
The transcriptome sequencing data have been reported previously

from our group (22).

Primary tumor cell culture
Tumor tissues were obtained from surgical resection of the patient

with GIST tumor samples. Tumor tissues were collected in serum-free
IMDM medium and cut into small fragments (5 mm3) with a sterile
scalpel or scissors. Add collagenase type I (Gibco, #17100-017) to 50 to
200 U/mL with 3 mmol/L CaCl2 and incubate at 37�C for 6 hours.
Disperse cells by passing through a cell strainer. Wash dispersed cells
several times by centrifugation in PBS. Seed cells into culture dish
containing IMDMmedia. After then, the cells were cultured in IMDM
containing 10% FBS and penicillin–streptomycin mixed solution.

Plasmid constructs and lentivirus production
Two short hairpin RNAs (shRNA) that target human CDK1

or PDK1 were designed using the GPP Web Portal (https://portals.
broadinstitute.org/gpp/public/). CDK1 shRNA-1 and shRNA-2 vector
`were generated by cloning these two shRNAs into the pLKO.1
vector (Sigma plasmid, #SHC001) individually. ShRandom control
was constructed by cloning a shRNA with a random sequence into
the pLKO.1 vector. Lentivirus particles were generated by cotrans-
fecting these shRNA constructs with helper virus packaging plas-
mids pCMVD8.9 and pHCMV-VSV-G into HEK293T cells using
Lipofectamine 3000 (Invitrogen, #L3000015). Lentivirus were
harvested after 24, 36, 48, and 60 hours, and frozen at �80�C in
aliquots at appropriate amounts for infection. GIST-T1 and
GIST430/654 cells were infected with lentivirus for 16 hours in
the supernatant containing 8 mg/mL polybrene (Sigma, #107689),
and then treated with puromycin (Millipore, #540411) 1 day after
infection.

Cell viability assays
Cells were plated at 1 to 2�104 cells per well in a 96-well flat-

bottomed plate. Imatinib and RO-3306 with seven concentrations, 0,
10, 25, 50, 100, 250, 500, and 1,000 nmol/L were respectively added to
96-well plates after 48 hours. Viability studies were performed using
the CellTiter-Glo luminescent assay (Promega) after 72 hours (for
GIST-T1,GIST48, andGIST48B) or 144h (forGIST430/654, GIST882,
GIST-1 primary, and BJ) drug treatment. GIST cell lines transduced
with shRNA lentivirus were plated at 2,500 to 10,000 cells per well in
96-well plate. Viability studies were performed once every 3 days.
Luminescence was analyzed using a BioTek Gen5 Microplate Readers
(BioTek, #H1210-018).

Soft agar assay
Six-well plates were first layered with 0.6% bottom Noble agar (BD

Difco, #214220) containing RPMI1640 medium with 10% FBS and
penicillin/streptomycin. GIST-T1 cells (5,000 cells per well) and
GIST430/654 cells (10,000 cells per well) were transduced with shCtrl
and shCDk1 lentivirus and seeded in 0.35% top agar containing 10%
FBS and penicillin/streptomycin. Cells were allowed to grow for
4 weeks and then stained with 1 mL of 1 mg/mL methyl thiazol
tetrazolium (MTT; Sigma, #M5655) for 3 hours. Colonies were
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Figure 1.

Genome-wide CRISPR screening identifies CDK1 as a vulnerability of advanced GIST cells.A,Volcano plot of RNA-seq data displaying the pattern of differential gene
expression between early-stage and advanced GIST. Significantly higher expressed genes are highlighted in black, with the dashed lines showing thresholds of fold
change > 2 and P <0.05. The CDK1 gene is indicated by the red point.B,Design of the genome-wide CRISPR screen to identify essential genes in advanced GIST cells.
C, Box plot showing the distribution of sgRNA frequencies at different population doublings. Median, upper, and lower quartiles are shown. D, Ranked CS for each
gene from genome-wide CRISPR screen in GIST430/654 cells. All genes analyzed in the CRISPR screen are plotted in gray, and the 568 genes identified in the whole
transcriptome sequencing are plotted in black. CDK1 gene is indicated by the red point.
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Figure 2.

Frequent high expression of CDK1 in advanced GIST. A, Results from the RNA-seq on the discovery GIST cohort to detect CDK1, CDK4, CDK6 and CDK9 expression
(early-stage GIST n ¼ 11, advanced n ¼ 32). B, High expression of CDK1 found in one metastasis was also detected in all other metastases from a particular GIST
individual.C, Protein blotting of the validation GIST cohort demonstrated no-to-low expression in early-stage/benignGIST but frequent high expression in advanced
GIST.D,CDK1 immunohistochemistry in a larger GIST cohort (early-stageGISTn¼ 325, advancedn¼ 177). Immunohistochemical detection in formalin-fixedparaffin-
embedded surgical clinical samples shows robust CDK1 expression in advanced GIST, whereas CDK1 expression is inhibited in early-stage GIST. E, Contingency table
summarizing CDK1 expression assessed by immunohistochemistry in 325 early-stage and 177 advanced GISTs in a tissue microarray. High expression of CDK1
correlates with malignancy in GIST (P < 0.0001, two-tailed Fisher test). F, Correlation of RNA expression between MKI67 and CDK1 on the discovery GIST cohort.
GISTs with TKI treatment have been removed from the analyses. �� , P < 0.01; ns, not significant.

Lu et al.

Cancer Res; 81(9) May 1, 2021 CANCER RESEARCH2484

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/9/2481/3094370/2481.pdf by guest on 19 M

ay 2023



GIST430/654 GIST-T1

CDK1

AKT

pAKTSer473

PARP

PCNA

b-Actin

GIST-T1GIST460/654
A B

C

D

E

F

G

H

150

100

50

0
Ctrl

Ctrl

Time (days)
0 2 4 6 8

CDK1-KD-1

CDK1-KD-1

C
D

K
1 

m
R

N
A 

re
la

tiv
e 

ex
pr

es
si

on

5

4

3

2

1

0

R
el

at
iv

e 
ce

ll 
vi

ab
ili

ty

Time (days)

33% 27%

14%

59% 57%

15%

28% 20%

11%

69%
80%

6%

14% 15%

7%

78%

19%

48%

0 5 10 15 20 25 30 35 40

1,500

1,000

500

0

Tu
m

or
 v

ol
um

e 
(m

m
3 )

100

50

0%
 o

f c
el

ls
 in

 c
el

l c
yc

le
 s

ta
ge

100

50

0%
 o

f c
el

ls
 in

 c
el

l c
yc

le
 s

ta
ge

Time (days)
0 5 10 15 20 25 30 35

1,500

1,000

500

0

Tu
m

or
 v

ol
um

e 
(m

m
3 )

50

40

30

20

10

0

A
re

a%

150

100

50

0C
D

K
1 

m
R

N
A 

re
la

tiv
e 

ex
pr

es
si

on

CDK1-KD-2

Ctrl CDK1-KD-1 CDK1-KD-2

200

150

100

50

0

C
ol

on
y 

nu
m

be
r

150

100

50

0

C
ol

on
y 

nu
m

be
r

Ctrl CDK1-KD-1 CDK1-KD-2

Ctrl

CDK1-K
D-1

CDK1-K
D-2 Ctrl

CDK1-K
D-1

CDK1-K
D-2

Ctrl CDK1-KD-1 CDK1-KD-2
Ctrl CDK1-KD-1 CDK1-KD-2

Ctrl CDK1-KD-1

GIST-T1

GIST430/654

CDK1-KD-2

Ctrl

FL

Cleaved

1.00 0.30 0.19 1.00 0.31 0.21

1.00 0.33 0.221.00 0.38 0.39

1.00 0.87 0.891.00 0.90 0.98

1.00 2.16 2.501.00 2.40 3.52

1.00 0.65 0.681.00 0.59 0.44

1.00 0.87 0.831.00 1.10 1.01

CDK1-KD-1 CDK1-KD-2

50

40

30

20

10

0

A
re

a%

Ctrl CDK1-KD-1 CDK1-KD-2

CDK1-KD-2

Ctrl
CDK1-KD-1
CDK1-KD-2

Ctrl
CDK1-KD-1
CDK1-KD-2

Ctrl

Time (days)
0 1 2 43

CDK1-KD-1

5

4

3

2

1

0

R
el

at
iv

e 
ce

ll 
vi

ab
ili

ty

CDK1-KD-2

P < 0.0001
P < 0.0001

P < 0.0001
P < 0.0001

P = 0.0107

P = 0.0107

P = 0.0052

P = 0.0128

P = 0.001

P = 0.0003

1.0

0.8

0.6

0.4

0.2

0.0

%
 S

A
-b

-G
al

 p
os

iti
ve

0.5

0.4

0.3

0.2

0.1

0.0

%
 S

A
-b

-G
al

 p
os

iti
ve

Ctrl CDK1-KD-1 CDK1-KD-2

P = 0.0023
P = 0.0021

G2–M

G0–G1
S

G2–M

G0–G1

S

P = 0.0004

P = 0.0027

P = 0.0061

P = 0.022

Ctrl CDK1-KD-1 CDK1-KD-2

Ctrl CDK1-K
D-1

CDK1-K
D-2

Ctrl CDK1-K
D-1

CDK1-K
D-2

Figure 3.

CDK1 ablation inhibits tumor growth and proliferation in advanced GIST. A, The level of CDK1 knockdown in imatinib-resistant GIST430/654 and imatinib-sensitive
GIST-T1 cell lines was measured by qRT-PCR. B, GIST430/654 and GIST-T1 cells were treated with scrambled shRNA (Ctrl) or shRNA (CDK1-KD-1 and CDK1-KD-2)
against CDK1.Western blot analysis detected the indicated protein levels. Arrows, full length and cleavedPARP.C, Lentivirus-mediated CDK1 knockdown reduces the
viability of GIST430/654 and GIST-T1 cells, as assessed by the CellTiter-Glo viability assay. D, Crystal violet staining assays show that CDK1 knockdown suppresses
GIST cell proliferation. Mean percentage areas are shown. E, CDK1 knockdown suppresses anchorage-independent growth of GIST430/654 and GIST-T1 cells. Mean
colony numbers are shown. F, CDK1 knockdown inhibits the growth of GIST430/654 and GIST-T1 xenografts in nudemice. Growth curves of transplanted tumors are
shown. Error bars,mean�SEMof six replicates.G,Cell cycle analyses demonstrating that CDK1 knockdowndecreases the cell cycle in bothGIST430/654andGIST-T1
cells, reducing the proportion of cells in S phase and G2–M phase and increasing the proportion of cells in G0–G1 phase. Experiments were performed in triplicate.
H, Cellular senescence analyses demonstrating that CDK1 knockdown increases cellular senescence in both GIST430/654 and GIST-T1 cells. Top, representative
images of GIST cell senescence by SA-b-Gal staining. Bottom, SA-b-Gal staining statistics of cells in the individual groups. Data obtained from counting of at least 200
cells per independent experiment and analyzed using Student t test. � ,P<0.05; �� ,P <0.01; ��� ,P<0.001 (P <0.05 byunpaired t test, two-sided). TheP values refer to
the comparisons with the controls. The data represent the mean � SE.
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Figure 4.

CDK1 interacts with AKT and phosphorylates AKT. A, Identification of CDK1-interacting proteins through co-IP followed by mass spectrometry–based
proteomics. GIST430/654 cells were transduced with FLAG-CDK1 lentivirus and a pull-down assay was carried out using anti-FLAG antibody. The table shows
high-confidence hits in the mass spectrum. B, Confirmation of AKT-FLAG-CDK1 interaction in PDK1-WT GIST430/654 cells or PDK1-deficient GIST430/654
cells. The GIST430/654 cells were transduced with FLAG-CDK1, and cell lysates were subjected to a co-IP assay using anti-Flag antibody, followed by
immunoblotting with anti-AKT antibody. (Continued on the following page.)
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counted by ImageJ software (NIH, RRID:SCR_003070). All assays
were performed in triplicate wells, with the entire study replicated
three times.

Colony formation assay
Colony formation assay was conducted by seeding GIST-T1 and

GIST430/654 cells (500 cells per well) transduced with the shCtrl,
shCDK1-1, shCDK1-2 lentivirus into 6-well plates and allowed to
grow for 4 weeks. Then, the cells were fixedwith 4% paraformaldehyde
for 15 minutes and stained with crystal violet solution (Shanghai
Sangon Biotechnology Co., #E607309-0100) for 15 minutes. After
rinse with distilled water, the colony images were obtained using a
scanner (Microtek, Scannermarker 1000XL) and counted by ImageJ
software. All assays were carried out in in triplicate wells, with the
entire study replicated three times.

Western blotting analysis
Whole cell lysates from cell lines were prepared using lysis

buffer (1% NP-40, 50 mmol/L Tris-HCl pH 8.0, 100 mmol/L sodium
fluoride, 30mmol/L sodiumpyrophosphate, 2mmol/L sodiummolyb-
date, 5mmol/L EDTA, and 2mmol/L sodiumorthovanadate) contain-
ing protease inhibitors (10 mg/mL aprotinin, 10 mg/mL leupeptin,
and 1 mmol/L phenylmethylsulfonyl fluoride). The lysates were then
rocked overnight at 4�C and cleared by centrifugation at 14,000 rpm
for 30 minutes at 4�C. The lysate protein concentrations were
determined using a Quick Start Bradford 1� Dye Reagent (Bio-Rad,
#5000205). Electrophoresis and Western blotting were performed
using standard techniques. The hybridization signals were detected
by chemiluminescence (Immobilon Western; Millipore Corporation)
and captured using anAmersham Imager 600 imagers (GEHealthcare;
#29083461, RRID:SCR_000004). The primary antibodies were list
as follows: CDK1 for WB (Santa Cruz Technology, #sc-54, RRID:
AB_627224), CDK1 for IHC (Santa Cruz Technology, #sc-54),
pAKTS473 [Cell Signaling Technology (CST), #9271, RRID:
AB_329825], pAKTT308 (CST, #9275, RRID:AB_329828), AKT (CST,
#9272), AKT2 (CST, #2962, RRID:AB_329872), PCNA (Santa Cruz
Technology, #sc-56, RRID:AB_628110), PARP (CST, #9542, RRID:
AB_2160739), PDK1 (CST, #3062, RRID:AB_2236832), and b-actin
(Sigma, #A4700, RRID:AB_476730). Relative protein quantification
was performed with ImageJ software.

qRT-PCR
Genomic DNAwas isolated using QIAampDNAMini Kit (Qiagen,

#51306). qPCR was performed for target-gene-expression analysis
or exon detection of CDK1 using the iQ SYBR Green Supermix
(Bio-Rad, #170-8882). Samples were run in triplicate with nontem-
plate control. Amplification accuracy was verified by melting curve
analysis.

SA-b-gal staining
GIST-T1 and GIST430/654 cells were transduced with the Ctrl,

CDK1-KD-1, CDK1-KD-2 lentivirus in six-well plates and allowed to
grow for 6 days. Cells were fixed in 4% paraformaldehyde and
subjected to SA-b-gal staining with Cell Senescence SA-b-Gal Staining
Kit (Beyotime, C0602). Random fields were chosen to show SA-b-gal
positivity.

Immunoprecipitation and mass spectrometry
Cells were lysed by IP buffer containing protease inhibitors

(10 mg/mL leupeptin, 10 mg/mL aprotinin, and 1 mmol/L phenyl-
methylsulfonyl fluoride),mixedwith 1mg anti-FLAGantibody (Sigma,
#F1804, RRID:AB_262044) and 20 mL protein G-sepharose (Thermo
Fisher Scientific, #101242), incubated overnight and eluted by boiling
with SDS loading buffer. The eluted samples were detected by SDS-
PAGE followed by Coomassie staining (Colloidal Blue Staining Kit;
Invitrogen, #LC6025). For mass spectrometry, IP samples were eluted
by shaking with 8 mol/L urea and 100 mmol/L Tris-Cl (pH 8.0) and
analyzed by mass spectrometry.

Coimmunoprecipitation
Cells were lysed by IP buffer containing protease inhibitors

(10 mg/mL leupeptin, 10 mg/mL aprotinin, and 1 mmol/L phenyl-
methylsulfonyl fluoride), mixed with 2 mg anti-Flag antibody and 20
mL protein G-sepharose and incubated overnight. Immunoprecipi-
tates were eluted by boiling with SDS loading buffer. IP samples and
whole cell lysates were analyzed by Western blotting.

In vitro binding assay
We first immobilized 0.5 mol/L recombinant AKT1 onto gluta-

thione-Sepharose 4B beads for 60 minutes at 4�C. The immobilized
AKT1 with beads was incubated with coimmunoprecipitation
(co-IP) lysate for 120 minutes at 4�C. After removal of the super-
natant, the beads were washed three times with PEM buffer
(100 mmol/L PIPES at pH 6.8, 1 mmol/L EDTA, 0.5 mmol/L
MgSO4). Then the samples were boiled in SDS sample buffer and
subjected to SDS-PAGE and immunoblot analysis with the indi-
cated antibodies.

Xenograft tumor models
Female BALB/c nude mice (5–6-weeks old; weight 18–25 g) were

obtained from Shanghai Lingchang BioTech Co. Ltd. All animals
were maintained in the specific pathogen free (SPF) facility of
Shanghai Institutes for Biological Sciences, Chinese Academy of
Sciences according to the international, national and institutional
guidelines for humane animal treatment and complied with relevant
legislation. The mouse studies were approved by the Institutional
Animal Care and Use Committee (IACUC) of the Shanghai

(Continued.) C, The GIST430/654 cells were transduced with FLAG-CDK1, followed by AKT inhibitor, MK-2206 (3 mmol/L), treatment for 24 hours and cell
lysates were subjected to a co-IP assay using anti-Flag antibody, followed by immunoblotting with anti-AKT antibody. D, Endogenous CDK1 interacts strongly
with AKT in GIST430/654 and GIST-T1 cell lines. CDK1 and AKT IP immunoblot of cells treated with vehicle or CDK1 inhibitor (RO-3306, 1 mmol/L) for 24 hours.
Left, cell lysates were immunoprecipitated with anti-CDK1 antibody and immunoblotted with anti-AKT antibody. Right, cell lysates were immunoprecipitated
with anti-AKT antibody and immunoblotted with anti-CDK1 antibody. E, Immunoblots depicting the binding of recombinant AKT to CDK1 after CDK1 IP.
RO-3306 was used to show CDK1-dependent interaction. GIST cells were treated with RO-3306 (1 mmol/L) for 24 hours. F, HEK293T cells were transfected
with FLAG-CDK1 or HA-AKT plasmids as indicated. Two days posttransfection, whole-cell lysates were assessed for CDK1 and AKT expression
and accumulation of phosphorylated AKT as indicated. G, PDK1-deficient GIST430/654 cells were transduced with FLAG-CDK1 or HA-AKT lentivirus as
indicated. Two days after infection, whole-cell lysates were assessed for CDK1 and AKT expression and accumulation of phosphorylated AKT as indicated.
H, GIST430/654 and GIST-T1 cells were treated with RO-3306 (1 mmol/L) for 24 hours. Western blot analysis detected the indicated protein levels. Arrows, full
length and cleaved PARP.
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Institutes for Biological Sciences. Prior to implantation, GIST cells
were harvested during exponential growth. GIST cells (3 � 106)
were formulated as a 1:1 mixture with Matrigel (BD Biosciences)
and were subcutaneously injected into BALB/c nude mice. The
resulting tumors were measured once per 3 days. Tumor volume
was calculated using the formula: tumor volume (mm3) ¼ [(W2 �
L)/2] in which width (W) is defined as the smaller of the two
measurements and length (L) is defined as the larger of the two
measurements. For drug treated mouse, when the average tumor
volume reached approximately 75 mm3, the mice were randomized
into treatment groups with eight mice per group. For GIST-T1
xenograft tumor mice, the dose of imatinib was 25 mg/kg twice daily
and RO-3306 was 4 mg/kg every 2 days by oral gavage for 30 days.
And for GIST PDX xenograft tumor mice, the dose of imatinib was
50 mg/kg twice daily and RO-3306 was 4 mg/kg every two days by
oral gavage for 30 days. After 30 days treatment, all mice were killed
and tumors were collected. Tumor volume and tumor weight was
used to evaluate antitumor activity.

IHC
IHC was performed on tissue and tumor sections using CDK1

antibody (Santa Cruz Technology, #sc-54) or Ki67 antibody (Leica
Biosystems, #NCL-L-KI67-MIB1). 4 mmol/L slides were deparaffi-
nized in xylene and hydrated in a graded series of alcohol. Slides were
then boiled by microwave for 12 minutes in citrate buffer (pH 6). IHC
reactions were visualized by diaminobenzidine staining, using an
EnVisionþ system (Dako).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 8

(GraphPad Software, RRID:SCR_002798). The difference between
two groups was analyzed by one-tailed or two-tailed unpaired
sample t test. IC50 of imatinib or RO-3306 in each group was
analyzed using nonlinear regression model.

Results
Genes highly expressed in advanced GIST

According to the well-established clinicopathological crite-
ria (23), primary GIST is classified as low-risk, intermediate-risk,
and high-risk. Low-risk and intermediate-risk are stages of GIST
development that precede transition to clinically aggressive “high-
risk” GIST. Herein, GIST with low risk or intermediate risk is
collectively called early-stage GIST. In contrast, GIST with high risk
or metastasis is called advanced GIST. We first performed and
analyzed whole transcriptome sequencing (RNA sequencing) data
on 43 GIST samples from 43 patients, including 11 early-stage GIST
and 32 advanced GIST samples, as we reported recently (Supple-
mentary Table S1; ref. 22). This analysis identified 568 genes with a
higher expression level in advanced GIST than in early-stage GIST
(Fig. 1A; Supplementary Tables S2 and S3, P < 0.05, FDR <0.25,
unpaired t test, two-sided, log2-fold change >1).

Genome-wide CRISPR screen identifies CDK1 as a vulnerability
of advanced GIST cells

The CRISPR-Cas9 knockout screen is a powerful approach in
identifying genes that are essential for tumor growth and prolifer-
ation (18). To functionally screen for genes that are essential
in imatinib-resistant GIST cells, a genome-scale CRISPR knockout
screen was performed in imatinib-resistant/advanced GIST430/654
cells (Fig. 1B), established from an advanced/metastatic GIST

patient refractory to imatinib, harboring the primary KIT exon 11
mutation (V560_L576del) and the secondary exon 13 V654A
missense mutation (24). We introduced a lentiviral genome-
wide CRISPR-Cas9 knockout (GeCKO v2) library (25) into
GIST430/654 cells, which contained 123,411 unique sgRNAs tar-
geting 19,050 genes (6 sgRNAs per gene) and 1,000 nontargeting
negative control sgRNAs. Transduced cells were purified by selec-
tion with puromycin and then passaged with an average represen-
tation of 200 cells per sgRNA. We monitored evolving cell popula-
tions over �15 doublings by deep sequencing of sgRNAs. After 15
population doublings (PD), the sgRNA distribution was signifi-
cantly shifted compared with PD0 cells, indicating that the screen
functioned as designed (Fig. 1C). For each sgRNA, we first calcu-
lated the log2-fold change in abundance from the screen endpoint
compared with the initial point, followed by subtraction of the
median score of the negative control sgRNAs. We defined a CS as
the median score of all sgRNAs targeting the gene after 15 PDs. To
identify genes essential for viability in GIST430/654 cells, we rank-
ordered genes by CS from most negative to positive (Supplementary
Table S4). Among the 568 genes identified in the whole transcrip-
tome sequencing that were expressed at higher levels in advanced
GIST, CDK1 had the second lowest CS, ranking as the top two
essential hits in imatinib-resistant GIST cells, showing that CDK1
perturbation causes a decrease in the fitness of advanced GIST
(Fig. 1D). We decided to investigate CDK1 rather than the other top
candidates because CDK1 is more druggable, and hence might have
more translational potential.

Frequent high expression of CDK1 in advanced GIST
Frequent high expression of CDK1 in advanced GISTwas identified

in the discovery GIST cohort (Supplementary Table S1; Fig. 2A).
Interestingly, CDK1 high expression found in one metastasis was also
detected in all other metastases from a particular GIST individual
(Fig. 2B), consistent with a biological advantage of CDK1 overexpres-
sion.HighCDK1 expressionwas not found in benign/early-stage GIST
but rather was remarkably frequent in advanced GIST (Fig. 2A;
Supplementary Table S1). In contrast, the other CDK familymembers,
such as CDK4, CDK6, and CDK9 were uniformly expressed in early-
stage and advanced GIST (Fig. 2A), suggesting the unique expression
pattern of CDK1 was biologically selected. Next, the expression of
CDK1 was validated in another GIST cohort containing 40 early-stage
GISTs and 52 advanced GISTs by immunoblotting. CDK1 expression
was demonstrated in 38 of 52 (73%) advanced GISTs, whereas no-to-
low expression was demonstrated in 40 of 40 (100%) early-stage GISTs
(Fig. 2C). High CDK1 expression was detected in advanced GISTs
irrespective of whether they had KIT or PDGFRA mutations or wide
type genotype (Supplementary Table S5; Supplementary Table S1).
Then, we investigated in a tissue microarray (TMA) consisting of 502
GIST samples using CDK1 IHC. In line with the RNA-seq analysis,
CDK1 was highly expressed in advanced GIST (Fig. 2D and E).
Furthermore, the high expression level of CDK1 was associated with
malignancy inGIST (P< 0.0001, two-tailed Fisher test; Fig. 2E). CDK1
expression level is positively associated with CCNB1, CDC25A, or
CDC25B expression level, but is not positively associated with c-Myc
expression level in GIST (Supplementary Figs. S1A–S1D). CDK1
expression level is also positively associated with Ki-67, a hallmark
of proliferation (26), expression in GIST (Fig. 2F; Supplementary Figs.
S2A and S2B). In conclusion, CDK1 was highly expressed in advanced
GIST, whereas no-to-low expressionwas observed in early-stage GIST.

To understand the basis for the increase in CDK1 expression, we
examined the copy number of theCDK1 locus using quantitative PCR.
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The analysis revealed increasedCDK1 copy number (�8 copies) in two
GISTs as compared with nonneoplastic cells from the same patients
(�2 copies), demonstrating the tumor restricted nature of CDK1
amplification (Supplementary Fig. S3; Supplementary Table S5). Alto-
gether, the data are consistent with a genomic amplification in the
CDK1 locus in the advanced GIST with high expression of CDK1.

CDK1 promotes GIST tumor proliferation and progression
The biological function of CDK1 was investigated using various

human GIST models. CDK1 biological function was evaluated by
CDK1 ablation in GIST cells with high CDK1 expression. Lentivirus-
mediated shRNA transduction into CDK1 highly expressed imatinib-
resistant GIST430/654 cells decreased endogenous CDK1 expression
(Fig. 3A and B). CDK1 knockdown with two CDK1 shRNAs induced
strong proliferation inhibition in both short-term (Fig. 3C) and long-
term (Fig. 3D) proliferation assays and increased cell apoptosis
(Fig. 3B). CDK1 knockdown also inhibited three-dimensional (3D)
anchorage-independent growth in GIST cells (Fig. 3E). To determine
whether the inhibition of cell proliferation manifested in vivo, we
generated both control and CDK1-ablated GIST430/654 xenografts in
nude mice. CDK1 inhibition dramatically attenuated tumor growth
(Fig. 3F). To further test the oncogenic role of CDK1 in GIST
tumorigenesis, we extended these findings to a second human GIST
cell line (GIST-T1, established from an advanced/metastatic GIST
harboring the KIT exon 11 deletion, V560_L576del) with high CDK1
expression. Consistent with the above data, CDK1 knockdown
reduced the cell growth and proliferation in vitro and in vivo
(Fig. 3C–F). Flow cytometric analysis showed that CDK1 knockdown
inhibited cell-cycle progression at the G1–S checkpoint, reducing the
proportion of cells in S phase and increasing the proportion of cells in
G0–G1 phase (Fig. 3G), which cannot be explained by CDK1’s role as a
regulator of cell-cycle driving G2–M cell-cycle progression (27, 28).
CDK1 knockdown caused evident cellular senescence, as indicated by
positive SA-b-Gal staining (Fig. 3H), which is consistent with the
increased proportion of cells in G0–G1 phase after CDK1 ablation.
Collectively, these results demonstrate that highly expressed CDK1 is
oncogenic, promoting GIST tumorigenesis and progression.

CDK1 interacts with and phosphorylates AKT
High CDK1 expression was demonstrated in some but not all

advanced GISTs, whereas no-to-low expression was demonstrated in
all early-stage GISTs (Fig. 2D), which strongly suggests that CDK1 is
not absolutely essential for cell proliferation in GIST. What are the
molecular mechanisms underlying CDK1 oncogenic role in advanced
GIST? CDK1 is the founding member of the cyclin-dependent
protein kinase (CDK) family (29). To identify the potential substrates
for CDK1 in the GIST context. FLAG-tagged CDK1 was transduced
into imatinib-resistant GIST430/654 cells as bait. CDK1 was recov-
ered along with proteins that potentially formed complexes with
CDK1 through co-IP with anti-FLAG beads, and the samples were
subjected to mass spectrometry-based proteomics screening. Top
protein hits included known CDK1 interaction proteins, including
HNRNPUL1 (30) and CCNB1 (Fig. 4A; ref. 31). Strikingly, AKT1
protein emerged as one of the top hits with the highest confidence.
This result was validated in a co-IP assay (Fig. 4B). AKT2 does not
interact with CDK1 in GIST (Supplementary Fig. S4). CDK1 can
activate PDK1, which could then phosphorylate AKT in embryonic
stem cells (32). Interestingly, AKT1-CDK1 interaction was con-
firmed in both PDK1-wild-type GIST430/654 cells and PDK1-
deficient GIST430/654 cells (Fig. 4B; Supplementary Fig. S5). These
data indicate that CDK1 can interact with AKT independently of
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CDK1 promotes GIST tumor growth and proliferation largely through AKT. A,
Viability of engineered GIST430/654 cells was assessed by the CellTiter-Glo
viability assay. B, Engineered GIST430/654 cell proliferation was assessed by
crystal violet staining assays. Mean percentage areas are shown. C, Anchorage-
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assays. Mean colony numbers are shown.D,Growth of xenografts of engineered
GIST430/654 cells in nude mice. Growth curves of transplanted tumors are
shown. Error bars, mean � SEM of six replicates. � , P < 0.05; �� , P < 0.01.
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the PDK1 collaboration in the GIST context. AKT1–CDK1 inter-
action decreases in the face of pharmacologic inactivation of the
AKT (Fig. 4C). The interaction between endogenous CDK1 and
AKT1 was confirmed with co-IP with anti-CDK1 antibody and
anti-AKT antibody, respectively (Fig. 4D). When GIST cells were
treated with CDK1 inhibitor RO-3306, co-IP of CDK1 with AKT1
(detection of AKT with CDK1 IP) was decreased in GIST430/654
and GIST-T1 cell lines (Fig. 4D, left). Co-IP of AKT with CDK1
(CDK1 immunoblot bands with AKT IP) was also decreased in
GIST430/654 cells (Fig. 4D, right). In line with these findings,
in vitro binding assays demonstrated a direct binding of CDK1 to
AKT, which was dramatically inhibited by RO-3306 treatment
(Fig. 4E). With HEK293T cell model and the PDK1-deficient
GIST430/654 model, we further demonstrate that CDK1 induces
AKT activation loop (T308) and hydrophobic motif (S473) phos-
phorylation in the absence of PDK1 (Fig. 4F and G). These
observations indicate that CDK1 is sufficient to induce AKT
activation/phosphorylation independently of the canonical PDK1
collaboration in GIST.

Because CDK1 is a kinase that catalyzes the transfer of phosphate
groups from ATP to target substrate proteins, we hypothesized that
CDK1 may phosphorylate AKT while interacting with this protein.
Consistent with our hypothesis, knocking down CDK1 using two
shRNAs showed a reduction in AKT phosphorylation in GIST430/654
and GIST-T1 cells (Fig. 3B). Although we observed differences in
the phosphorylation of AKT, we did not see the effects of CDK1
knockdown on AKT protein expression. Similar to these findings,
RO-3306 treatments led to a decrease in AKT phosphorylation
in GIST430/654 and GIST-T1 cells without affecting total AKT levels
(Fig. 4H). Together, these results demonstrate a CDK1–AKT inter-
action and subsequent phosphorylation of AKT in GIST cells.

AKT phosphorylation has been shown to play an important role in
cancer progression by mediating a variety of biological responses
including cell growth, proliferation, and survival (33). To determine
whether CDK1 promotes GIST tumor growth and proliferation by
phosphorylation of AKT, a series of rescue experiments were per-
formed in various GIST models. Endogenous CDK1 was knocked
down in GIST430/654 cells. CDK1 knockdown reduced the GIST
growth and proliferation, whereas enforced active myristoyl-AKT
expression (34) in CDK1-ablated GIST cells significantly attenuated
growth and proliferation inhibition properties in vitro and in vivo

(Fig. 5A–D). These data show that CDK1 oncogenic roles in GIST
largely through AKT phosphorylation.

Effect of CDK1 on GIST cell signaling
We next compared the signal transduction pathways regulated by

oncogenic CDK1. CDK1 ablation suppressed phosphorylation of AKT
(see above, Fig. 3B), but not KIT kinase (Supplementary Fig. S6).
Apoptotic responses to CDK1 ablation were assessed by measuring
cleaved PARP, which has been well correlated with a commitment to
programmed cell death (35). CDK1 ablation resulted in the induction
of PARP cleavage (Fig. 3B). CDK1 ablation with shRNAs decreased
proliferating cell nuclear antigen (PCNA) expression (Fig. 3B), which
is consistent with CDK1 promoting GIST proliferation (Fig. 3C–F). In
summary, the growth inhibitory, cellular senescence and apoptotic
effects seen upon CDK1 ablation reflect a specific requirement for
CDK1 in advanced GIST and highly expressed CDK1 confers “onco-
gene addiction” in advanced GIST.

Chemical inhibition of CDK1 disrupts GIST cell proliferation
The above functional data suggest that inhibition of oncogenic

CDK1 may have therapeutic potential. To assess the therapeutic
potential of the above observations, we assessed the sensitivity of
GIST models to small molecule inhibitors of CDK1. Pharmacologic
inhibition ofCDK1byRO-3306 (21) and ablation ofCDK1by shRNAs
showed similar consequent decreases in AKT phosphorylation and an
increase in apoptosis (Fig. 3B). Next, the CDK1 inhibitor RO-3306
was tested against a range of GIST cell lines with different activating
and secondary resistance mutations (Fig. 6A). RO-3306 was shown
to inhibit the viability of both imatinib-resistant (GIST430/654,
GIST48, and GIST48B) and imatinib-sensitive (GIST-T1 and
GIST882) lines with CDK1 high expression with sub-200 nmol/L
potencies (Fig. 6A–D; Supplementary Fig. S7). Interestingly, GIST-
1 (established from a metastatic GIST with no CDK1 expression)
primary cultured cells displayed no sensitivity to RO-3306
(Fig. 6A–D; Supplementary Fig. S7). Similarly, there is no evidence
for viability inhibition in RO-3306-treated nontransformed fibro-
blast cell line (Fig. 6A–D; Supplementary Fig. S7). BEZ235 (PI3K
inhibitor; ref. 36) or MK-2206 (AKT inhibitor; ref. 37) was shown
to inhibit the viability of both imatinib-resistant (GIST430/654
and GIST48) and imatinib-sensitive (GIST-T1 and GIST882)
lines (Supplementary Figs. S8A–S8C). CDK1-AKT1 interaction

Figure 6.
Antitumor activities of CDK1 inhibition against imatinib-resistant and imatinib-sensitive GIST models. A, CellTiter-Glo growth inhibition assay of CDK1 inhibitor
RO-3306 in the panel of GIST cell lines and GIST primary cells. GIST-1, established from a metastatic GIST with no CDK1 expression, is a primary GIST cell
culture. BJ is a nontransformed fibroblast cell line. B, IC50 values (nmol/L) for inhibition of cell proliferation in imatinib-resistant and imatinib-sensitive
GIST cells. C, Protein blotting to show the CDK1 expression levels in the panel of GIST cell lines and GIST primary cells. D, GIST cells were treated with RO-3306
(1 mmol/L) for 24 hours. Western blot analysis detected the indicated protein levels. E–G, Antitumor activities of CDK1 inhibition against imatinib-resistant
GIST xenografts. Mice bearing patient-derived xenograft GIST tumors (ex 11þ ex 17) were treated with RO-3306 at 4 mg/kg every 2 days or imatinib at
50 mg/kg twice a day orally. Control tumor-bearing animals received vehicle. Relative tumor volume is shown. All data points include 8 animals per group.
E, Growth curves of tumor volume changes in the GIST PDX models in various treatment groups. The data represent the means� SEM. F, The tumor weights of
the indicated groups corresponding to E. The data represent the means � SD. G, Body weight changes in the GIST xenograft study. The data represent the
means � SEM. � , P < 0.05; �� , P < 0.01; ���� , P < 0.0001 (P < 0.05 by unpaired t test, two-sided). The P values refer to the comparisons with the controls. H, Cell
viability assay reveals the synergistic effect of RO-3306 and imatinib in GIST-T1. Light gray bars, control values. “Multiplication” indicates expected effect of
combined treatment if single-treatment effects are multiplied; gray arrow, actual effect of combination. I–K, Antitumor activities of CDK1 inhibition against
imatinib-sensitive GIST xenografts. Mice bearing GIST-T1 tumors were treated with RO-3306 at 4 mg/kg every 2 days or imatinib at low dose (25 mg/kg) twice
a day orally as single agents and in combination. Control tumor-bearing animals received vehicle. Relative tumor volume is shown. All data points include 8
animals per group. I, Growth curves of tumor volume changes in the GIST-T1 xenograft models in various treatment groups. The data represent the means �
SEM. J, The tumor weights of the indicated groups corresponding to I. The data represent means � SD. K, Body weight changes in the GIST xenograft study.
The data represent the means � SEM. � , P < 0.05; �� , P < 0.01; ���� , P < 0.0001 (P < 0.05 by unpaired t test, two-sided). The P values refer to the comparisons
with the controls.
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decreases in the face of pharmacologic inactivation of the AKT
(Fig. 4C).

Antitumor activities of a CDK1 inhibitor against imatinib-
resistant and imatinib-sensitive GIST xenografts

The antitumor effects of the CDK1 inhibitor RO-3306were assessed
in a GIST patient-derived xenograft (PDX)mousemodel (bearingKIT
exon 11/17, deletion/N822K, alterations). As expected, this xenograft
model was refractory to imatinib even at a high dose of 50 mg/kg
(Fig. 6E and F). The results correlated well with the clinical observa-
tions because patients with this KIT exon 11/17 aberration often show
resistance to imatinib therapies. In contrast, RO-3306 at a dose of
4 mg/kg led to GIST PDX regression (Fig. 6E and F) and was well
tolerated (Fig. 6G). In thismodel, RO-3306 reduced the tumor volume
by 72% after 28 days of therapy and was more effective than imatinib
(Fig. 6E and F).

Finally, the synergistic effects of RO-3306 and imatinib were
observed in GIST-T1 cells harboring the exon 11 (V560_Y578del)
mutation (Fig. 6H). Another GIST xenograft model using GIST-T1
cells was investigated. In the GIST-T1 xenograft model, imatinib (at a
low dose of 25 mg/kg) and RO-3306 (4 mg/kg) stabilized the tumor
growth when each was given as a single agent, but their combination
reduced the tumor volume by 81% after 28 days of therapy (Fig. 6I–K),
showing the synergistic effects of RO-3306 and imatinib in vivo.

Discussion
GISTs are life-threatening when advanced/metastatic or not ame-

nable to surgical removal. In a few patients with advanced GISTs
refractory to imatinib, treatment with sunitinib followed by regora-
fenib has provided limited tumor control (1, 38). In this year, ava-
pritinib and ripretinib were approved by the FDA as novel TKIs.
However, avapritinib was only approved for GIST with PDGFRA
mutations in exon 18, which benefits a small fraction of patients with
GIST (�5%; refs. 8, 10). Some patients with PDGFRA mutations
treated within the recent phase I trial have progressed following an
initial response to avapritinib (10). Ripretinib is a switch-control TKI
active against a broad spectrum of KIT and PDGFRA mutations (39).
According to a recent phase III trial data, the median PFS in the
ripretinib group was only 6.3 months and the objective response rate
was 9% (40). In addition, ripretinib probably does not benefit KIT/
PDGFRA wide type GIST. Hence, additional active treatments are
needed for advanced GIST patients.

CDK1 is the founding member of the cyclin-dependent protein
kinase (CDK) family (29). Its precise functions in the context of the
dividing cell are poorly understood (41). Unrestricted cell prolifera-
tion, one of the hallmarks of malignant tumors, is often driven by
alterations in CDK activity. Altered CDK expression and/or activity is
observed in many human cancers (42, 43). Given that CDKs are often
overactive inmany human cancers, inhibitors targeting CDKs are used
to treat cancers in clinic by preventing unregulated proliferation of
cancer cells. The US FDA have approved several CDK4/6 inhibitors
(palbociclib, ribociclib, and abemaciclib) for the treatment of certain
type of breast cancer (44–46). A priori, the essential nature of CDK1
might be predicted to preclude its selection as a potential target for
cancer treatment. However, in GIST context, CDK1 inhibitor RO-
3306, dramatically disrupts GIST cell proliferation in CDK1 highly
expressed advanced GIST, but not in CDK1-negative GIST cells or
nontransformed fibroblast cells. Therefore, with appropriate selection
of the cellular context, its unique expression pattern may offer
opportunities for therapeutic exploitation. In addition, the validation

of CDK1 as a clinical target has been accelerated by the CDK1 selective
tool compound RO-3306 as one example. RO-3306 remains one of
only a few inhibitors that have shown selectivity for CDK1 over other
members of the CDK family.

CDK1 inhibitionmight be useful in the treatment of human tumors
overexpressing MYC (47). CDK1 inhibition has also been proposed as
a route to causing chemosensitivity, enhancing the effects of PARP
inhibitors (48). Oncogenic CDK1 expression found in one metastasis
was also detected in all other metastases from a particular GIST
individual. High expression of CDK1 was not found in benign/
early-stage GIST but rather was remarkably frequent in advanced
GIST, suggesting a biological advantage for CDK1 overexpression.

CDKN2A is frequently inactivated in advanced GIST, and this can
result in a dysregulated regulation of RB, which is known to interact
with CDK1. All the CDK1 highly expressed GIST cell lines were
sensitive to RO-3306 or CDK1 ablation no matter CDKN2A or RB is
inactivated or not. We explored the CDK1 inhibitor RO-3306 to
determine the efficacy of treatment in GIST PDX tumor models. PDX
models have unique advantages for conducting preclinical trials, as
they mostly mimic the molecular, histologic, and genomic character-
istics of the tumors. This tendency reveals an increased acceptance for
its predictive value and a high degree of representation of the clinical
outcome, which could increase the overall success of transitioning to a
new clinically approved treatment and delivery to patients. They are a
precious approach to integrating preclinical and clinical drug devel-
opment. A CDK1 inhibitor (RO-3306) acts on advanced GIST with an
antitumor growth effect on PDX tumor models, which may be due to
its effects. The in vivo tumorigenicity analysis showed the antitumor
effect of the CDK1 inhibitor on GIST PDX models. We also explored
the CDK1 inhibitor RO-3306 alone or in combination with imatinib to
determine the efficacy of treatment in GIST-T1 xenograft mouse
model. Notably, we demonstrated that the adverse effects of RO-
3306, even plus imatinib were well tolerated and that RO-3306 is a
bearable drug with a similar body weight curve to the vehicle-treated
group (Fig. 6). On the basis of the anticancer evidence of the PDX
models, the high expression activation level of CDK1 has a more
dramatic response to CDK1 inhibition treatment compared with the
corresponding controls. With the GIST xenograft data, our study has
pointed to CDK1 as a potential new therapeutic target for clinical
translation to treat patients with advanced GISTs, especially imatinib-
resistant GISTs, which is urgently needed.

We provided the evidence that CDK1 plays an oncogenic role in
GIST progression. Here, we confirmed the hypothesis of the essential
role of CDK1 in advanced GIST and that pharmacological inhibition
could suppress GIST progression. We explored the molecular mech-
anism of the oncogenic role of CDK1 and identified AKT as a novel
substrate of CDK1. CDK1 inhibition decreases AKT phosphorylation.
AKT phosphorylation has been shown to play an important role in
cancer progression by mediating a variety of biological responses
including cell growth, proliferation, and survival (33). Constitutive
activation of PI3K/AKT pathway is indispensable for GIST develop-
ment andmaintenance. Accordingly, several studies based on targeted
inhibition of PI3K or AKT with GIST xenograft models (36, 37)
highlighted PI3K/AKT pathway essentiality in GIST (49). Our studies
further established a regulation between CDK1 and PI3K/AKT path-
way, providing the preclinical rationale that triggered the clinical
development of CDK1–AKT pathway inhibitors.

In summary, we report, for the first time, that CDK1 is frequently
overexpressed in advanced GIST and promotes GIST growth and
proliferation. CDK1 kinase binds to AKT and regulates its phosphor-
ylation, thereby promoting GIST proliferation and progression. The
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CDK1 inhibitor RO-3306 shows antitumor activities against imatinib-
sensitive and imatinib-resistant GIST xenografts. Together, this evi-
dence supports a personalized therapeutic option for a novelmolecular
subgroup of patients with CDK1-aberrant GIST receiving CDK1
inhibitor treatment.
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