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ABSTRACT
◥

Colorectal cancer is the third most common cancer in the United
States and responsible for over 50,000 deaths each year. Therapeutic
options for advanced colorectal cancer are limited, and there
remains an unmet clinical need to identify new treatments for this
deadly disease. To address this need, we developed a precision
medicine pipeline that integrates high-throughput chemical screens
with matched patient-derived cell lines and patient-derived xeno-
grafts (PDX) to identify new treatments for colorectal cancer. High-
throughput screens of 2,100 compounds were performed across six
low-passage, patient-derived colorectal cancer cell lines. These
screens identified the CDK inhibitor drug class among the most
effective cytotoxic compounds across six colorectal cancer lines.

Among this class, combined targeting of CDK1, 2, and 9 was the
most effective, with IC50s ranging from 110 nmol/L to 1.2 mmol/L.
Knockdown of CDK9 in the presence of a CDK2 inhibitor (CVT-
313) showed that CDK9 knockdown acted synergistically with
CDK2 inhibition.Mechanistically, dual CDK2/9 inhibition induced
significant G2–M arrest and anaphase catastrophe. Combined
CDK2/9 inhibition in vivo synergistically reduced PDX tumor
growth. Our precision medicine pipeline provides a robust screen-
ing and validation platform to identify promising new cancer
therapies. Application of this platform to colorectal cancer pin-
pointed CDK2/9 dual inhibition as a novel combinatorial therapy to
treat colorectal cancer.

Introduction
Colorectal cancer is the third most common cancer in the world,

with approximately 150,000 new cases in the United States each
year and the third leading cause of cancer-related deaths (1). At
initial diagnosis, approximately 20% of patients will have distant
metastasis, and another 25%–30% of patients with stage II/III
disease will develop metastasis (2, 3). Currently, the use of che-
motherapy in the metastatic setting can palliate symptoms and
improve survival, but cannot cure patients. If left untreated, patients
with colorectal cancer metastasis have an overall survival of just 6–
9 months (4), but with combination therapy, survival can be
improved to greater than 24 months (5, 6). However, despite these
improvements, metastatic colorectal cancer remains an incurable
and debilitating disease.

The concept of precision medicine is to apply the most effective
therapeutic strategy to each patient at the right time to improve efficacy
and minimize toxicity for patients. However, prior to the incorpo-
ration of new therapeutic agents in the clinical setting, these drugs
must be assessed for their therapeutic potential in predictive preclinical
models. Patient-derivedmodels of cancer, such as cell lines, organoids,
and patient-derived xenografts (PDX), are increasingly being accepted
as “standard” preclinical models to facilitate the identification and
development of new therapeutics. For example, large-scale drug
screens of cancer patient–derived cell line panels have been used to
identify sensitivity to a large number of potential therapeutics (7).
Similarly, tumor organoid cultures from colorectal cancer specimens
have also been used to perform drug screens (8), and colorectal cancer
PDXs are being used to predict drug response (9) and identify novel
drug combinations (10). Combinations of these patient-derived mod-
els of cancer are also being explored to develop precision medicine
workflows for cancer care (11).

In this study, we developed a precision medicine strategy for
patients with metastatic colorectal cancer. Specifically, we devel-
oped a series of patient-matched early-passage cell lines and PDXs
to identify the most efficacious agents for metastatic colorectal
cancer. In our pipeline, our early passage cell lines were first used
to perform high-throughput drug screens across multiple cell lines
to identify potential therapeutic targets, and the top targets were
subsequently validated in matching PDXs. Using this approach, we
identified the cyclin-dependent kinase (CDK) family as promising
targets in the treatment of metastatic colorectal cancer. Further
interrogation of this class of inhibitors in our screens revealed
combined inhibition of CDK2 and CDK9 as the primary driver
of efficacy.

Our findings suggest that the use of matched low-passage cell
lines and PDXs is a useful platform to identify novel inhibitors. This
platform led to the identification of dual CDK2/9 inhibition as a
promising therapeutic strategy to treat metastatic colorectal cancer.
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Materials and Methods
Development of PDX models of colorectal cancer

Patient tumor samples were collected in partnership with the Duke
BioRepository &Precision PathologyCenter at the time of the patient's
surgical resection. Work was performed under a Duke Institutional
Review Board (IRB)-approved protocol (Pro00002435). Development
of PDXs was performed as described in our previous studies (10, 12).
Briefly, surgically resected tumors were washed with phosphate-
buffered saline (PBS) and minced to small (<2 mm3) fragments.
Tumor fragments were further dissociated with a tissue dissociation
kit (gentleMACS Dissociator). Subsequently, 150 mL of homogenized
tumor tissue suspensions (150 mg/mL concentration) were injected
into the flanks of 8- to 10-week-old severe combined immunodeficient
(SCID) mice (obtained from the Duke University Rodent Genetic and
Breeding Core). Mice were monitored a minimum of thrice weekly.
Upon identification of initial tumor appearance, tumor size was
measured by digital calipers. When tumors reached 1 cm2, tumors
were harvested and used to create matched cell lines. All animal
procedures were performed in accordance with the Duke University
Institutional Animal Care and Use Committee.

Development of early-passage colorectal cancer cell lines
As described previously (10), colorectal cancer cell lines were

generated from early-passage PDXs. After harvesting PDXs, homog-
enized single-cell solutions were prepared and grown in 10 cm2 tissue
culture dishes in the presence of complete cell culture media contain-
ing DMEM, 10% FBS, 100 IU/mL penicillin and 100 mg/mL strepto-
mycin at 5% CO2 and 37�C. To acquire pure cell lines for each PDX, a
single colony of cancer cells was isolated within an O ring, trypsinized,
and placed into 24-well plates. A total of six cell lines were established,
including CRC057 (liver metastasis), CRC119 (liver metastasis),
CRC16–159 (primary colon tumor), CRC240 (liver metastasis),
CRC247 (liver metastasis), and CRC401 (primary rectal tumor). Cell
lines were authenticated by theDukeUniversityDNAAnalysis Facility
using polymorphic short tandem repeat (STR) genetic profiling
(GenePrint 10 kit from Promega).

High-throughput chemical screens
High-throughput drug screens were performed in collaboration

with the Duke University Functional Genomics Shared Resource.
Briefly, each of 2,100 compounds from the BioActive small-
molecule library (SelleckChem) was stamped in triplicate onto 384-
well plates for afinal concentration of 1mmol/L using an EchoAcoustic
Dispenser (Labcyte). Next, 500–1,000 cells per well was distributed
using a Well mate (Thermo Fisher Scientific). Cells and compounds
were incubated for three days, after which cell viability was assessed
using the CellTiter-Glo Luminescent Cell Viability Assay (Promega)
on a Clariostar plate reader (BMG Labtech). Percent killing was
quantified using the formula 100 � (1-(average CellTiterGlodrug/
average CellTiterGloDMSO)) where the value average CellTiter-
GloDMSO was the average DMSO CellTiterGlo value across each plate.

In vitro drug sensitivity assay
In vitro drug sensitivity assays were performed by treating each cell

line with a CDK1/2/9 inhibitor (AZD5438), CDK9 inhibitor
(LDC067), CDK2 inhibitor (CVT-313), or a CDK1 inhibitor (RO-
3306). To do this, cells at 70%–80%confluencywere plated into 96-well
plates at 4,000 cells/well and incubated for 24 hours in drug-freemedia.
After 24 hours of incubation, cells were treated with drug at a range of
doses, starting from either 50mmol/L or 100mmol/L, depending on the

cell line, with a serial dilution factor of three and a 10-point dose curve.
A total of five replicates were included for each drug dose. Cells were
incubated in the presence of drug for two days, after which the number
of metabolically viable cells was estimated using CellTiter-Glo Lumi-
nescent Cell Viability Assay kit (Promega). All drugs were purchased
from SelleckChem. All in vitro drug sensitivity assays were performed
at least two independent times. The in vitro drug sensitivity assay
results were reported as half maximal inhibitory concentration (IC50).

Kaplan–Meier survival analysis
Data to create Kaplan–Meier curves were collected the Cancer

Genome Atlas for colorectal adenocarcinoma (COADREAD). The
UCSC Xena browser (13) was used to extract expression data for
CDKs, pathologic stage, days to last fallow up and days to death data.
Data was divided by median or quartiles, and GraphPad Prism
software was used to draw Kaplan–Meier graphs.

Knockdown studies
From a 10 mmol/L working stock, 10 mL of nonsilencing or CDK9

siRNAs (Qiagen) were added to 1 mL of OptiMem (Sigma). In a
separate tube, 20 mL of Lipofectamine RNAiMax (Thermo Fisher
Scientific) was added to 1 mL of OptiMem. The two solutions were
mixed and incubated at room temperature for 20 minutes. During this
time, 1.5mL of cell suspension (333,000 cells/mL) was plated into each
well of a 6-well plate. After 20minutes, 1mLof the siRNAmixtureswas
added to each well of the plate and incubated overnight. The following
day, cells were plated in a 96-well plate, while the media on the
remaining wells was switched to normal DMEM supplemented with
10% FBS and 1% penicillin/streptomycin. After 24 hours, cells were
incubated in triplicate in the presence of vehicle (dimethyl sulfoxide;
DMSO) or a range of drug concentrations serially diluted 1:3 starting
from 50 mmol/L. The dose curves were incubated for 48 hours, after
whichCellTiter-Glo (Promega) was added to thewells and imaged on a
microplate reader (Molecular Devices). Results were uploaded to
Prism, normalized to DMSO treated wells, and plotted using a 4-point
nonlinear regression analysis.

Western blotting analysis
For knockdown validation, siRNA-treated cells were lysed in radio-

immunoprecipitation assay lysis buffer supplemented with phospha-
tase and protease inhibitor (Thermo Fisher Scientific). The concen-
tration of the protein lysates was determined using the BCA Protein
Assay (Bio-Rad). A total of 50 mg of lysate was electrophoretically
separated on 4%–20% SDS polyacrylamide gels using the Bio-Rad
Miniprotean Tetra system and transferred to polyvinylidene difluoride
membranes (Bio-Rad). Subsequent to blocking in StartingBlock T20
(Thermo Fisher Scientific), membranes were incubated with primary
antibodies against CDK9 (Thermo Fisher Scientific; catalog number:
MA5–14912) or b-actin (Santa Cruz Biotechnology), followed by the
appropriate secondary antibodies at manufacturer-recommended
dilutions. Blots were scanned and analyzed using a LI-COR Odyssey
imaging system.

Cell-cycle arrest analysis
A total of 300,000 cells were plated in 6-well plates and incubated at

37 �C with 5% CO2 until they reached approximately 60% confluence.
Cells were treated with 0.1% DMSO or three times the IC50 dose of
AZD5438 in full growth media. After 24 hours, 2 � 106 cells were
harvested andwashed twicewith PBS,fixed in in 80%ethanol on ice for
30 minutes, washed twice more with PBS, and resuspended in cell
staining buffer [0.1% Triton X-100, 0.1 mmol/L EDTA disodium,
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50 mg/mL Rnase A and 50 ug/mL propidium iodide (PI) in PBS]. Flow
cytometry was performed in conjunction with the Duke University
Flow Cytometry Shared Resource.

Chromosomal stability assay
A total of 100,000 cells were plated in 6-well plates and incubated for

48 hours. Cells were treated for 16 hours as described for the cell-cycle
analysis, after which, cells were fixed in 4% paraformaldehyde for 15
minutes and permeabilized for 30 minutes with 0.1% Triton-100X in
PBS. Subsequent to blocking with normal goat serum, cells were
treated with a 1:5,000 dilution of mouse anti a-tubulin antibody
(Cell Signaling Technology) for 16 hours at 4�C, and stained with
Hoechst dye (1:2,000; Thermo Fisher Scientific) and goat anti-mouse
secondary antibody (1:5,000; LI-COR Biosciences). Cells were ana-
lyzed using an Olympus epifluorescence microscope at 400� total
magnification. Cells were quantified from a total of 10 microscopic
fields per treatment group.

In vivo studies
To evaluate the effect of CDK inhibition on CRC240 PDXs in vivo,

homogenized PDX tissue–PBS suspension (150 mL at 150 mg/mL
concentration) was subcutaneously injected into the right flanks of n¼
20 male mice (JAX NOD.CB17-PrkdcSCID-J, 8–10 weeks) and ran-
domized into four groups (n ¼ 5 per group) to receive either vehicle
(DMSO), CDK2 inhibitor (CVT-313), CDK9 inhibitor (LDC067),
or the combination (CVT-313 þ LDC067). Tumor volumes were

measured regularly, and treatments were started when the tumor
reached a volume of 250mm3. PDXs were treated with intraperitoneal
injections of either CVT-313 (0.625 mg/kg/every other day),
LDC000067 (5 mg/kg/every other day), CVT-313 þ LDC067
(0.625 mg þ 5 mg/kg/every other day, respectively) or vehicle (2%
DMSO every other day). Both drugs were diluted in DMSO according
to company protocol and further diluted in sterile pure water to reduce
the DMSO concentration to less than 2%. Mice were examined
regularly, and tumor volume was charted until endpoint of either
maximal tumor size of 4,000 mm3 or death for 14 days. All mice were
euthanized after completion of experiment. Tumor sizes were mea-
sured using a digital Vernier caliper, and tumor volumes were esti-
mated using the following formula: (length � (width)2)/2.

Statistical analyses
All statistical analyses were performed inGraphPad Prism software.

t tests (two groups) and ANOVA (three or more groups) with Tukey
post hoc correctionwas used to compare differences between groups. A
P < 0.05 was considered statistically significant.

Results
Development of PDXs and patient derived cell lines

In our previous work, we established a series of matched low-
passage cell lines and patient-derived xenografts (PDX) to study the
biology and genomics of colorectal cancer (10). These studies revealed
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Figure 1.

A precision medicine pipeline for the treatment of colorectal cancer. A, To generate the precision medicine pipeline, colorectal cancer samples are processed and
injected into immunodeficient mice to generate PDXs. Low-passage cell lines are generated from PDXs to perform high-throughput chemical screens and identify
promising therapeutic targets and agents. Matched PDXs are then used to validate these candidate therapies. Validation in preclinical models and genomic studies
allow for development of predictive biomarkers that can easily be integrated into clinical trials.B,Histologic features of the patient tumors (top), PDXs (middle), and
matched PDX cell lines (bottom).
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important parallels between patient-derived models and the tumors
fromwhich theywere originally derived (10, 12, 14).Here, we sought to
leverage these valuable patient-derived models to establish a precision
medicine pipeline to identify and validate promising new therapies for
colorectal cancer and other cancers. To do this, we capitalized on the
unique strengths of each component of the pipeline, using the low-
passage cell lines for high-throughput chemical screens and mecha-
nistic studies then using the PDXs to validate efficacy for promising
agents in vivo (Fig. 1A).

To implement our colorectal cancer precisionmedicine pipeline, we
first developed patient-derivedmodels of cancer including low passage
cell lines and patient-derived xenografts (PDX). Samples were
obtained from patients undergoing resection of their colorectal cancer
(either metastatic or primary disease) at Duke University under an
Institutional Review Board (IRB)- and Institutional Animal Care and
Use Committee (IACUC)-approved protocol. For each patient,
matching cell lines and PDXs (CRC057, CRC119, CRC240, CRC247,
CRC401 and CRC16–159) were developed as described previous-
ly (12, 14) for this project. Patient demographics are described
in Table 1, and Fig. 1B shows the histologic features of PDXs and
thematching cell lines. There were two primary samples (CRC401 and
CRC16–159) and four samples from colorectal cancer liver metastasis
(CRC057, CRC119, CRC240, and CRC247; Table 1; Fig. 1B). Three
samples were from patients self-reported to be of African ancestry
(CRC119, CRC247, and CRC16–159) and three were from patients
self-reported to be of European ancestry (CRC057, CRC240, and
CRC401). There were four female patients (CRC057, CRC119,
CRC401, and CRC16–159) and two male patients (CRC240 and
CRC247). All were diagnosed with adenocarcinoma of the colon, with
two found to be poorly differentiated (CRC240 and CRC401). One
patient (CRC16–159) had a tumor with microsatellite instability that
also had a BRAF mutation, and 4 had KRAS-mutated tumors
(CRC057, CRC119, CRC248, and CRC401). Overall, this set of models
represents a diverse population of colorectal cancer specimens.

High-throughput drug screening identifies cyclin-dependent
kinase inhibitors as promising therapeutic agents in colorectal
cancer

To identify potential therapeutic agents, a high-throughput chem-
ical screen was performed using the BioActives compound library
(SelleckChem). This library contains 2,100 compounds and is com-
prised of both FDA-approved andnon-FDA–approved bioactive small
molecules. The BioActives library is fully annotated by target and
pathway, enabling interrogation of single agents, rational combination
therapies, and efficacious targets or pathways. High-throughput

screens were performed on six early-passage colorectal cancer cell
lines (CRC057, CRC119, CRC16–159, CRC240, CRC 247, and
CRC401; Supplementary Fig. S1). Overall, across the entire panel of
drugs, CRC16–159 and CRC119 were most broadly sensitive while
CRC247 and CRC401 were the most resistant (Supplementary
Fig. S1A). In addition, the vast majority of drugs had no effect on
colorectal cancer cells, with over 90% of compounds showing lower
than 25% cytotoxicity among all six cell lines and only 7.9% (n¼ 116)
of drugs with average cytotoxicity of more than 50% (Supplementary
Fig. S1B).We next utilized the annotations available for the BioActives
library to interrogate the pathways for which multiple drugs demon-
strated efficacy. To pinpoint drugs with broad efficacy across multiple
patient-derived models, we focused on compounds in which at least
five out of six cell lines were inhibited bymore than 50% (Fig. 2A). This
analysis produced 94 compounds, and to further understand the
targets and pathways that may potentially represent the most effica-
cious therapeutic strategies for colorectal cancer, the drugs were
categorized by their mechanisms of action and pathway-level annota-
tions. At the pathway level, drugs targeting histone deacetylases
(HDAC), heat shock proteins (HSPs), the MEK pathway, the protea-
some, PI3K/mTOR pathway, and cyclin-dependent kinases (CDK)
had the highest average percent killing across the entire panel
(Fig. 2B). Several of these pathways have been previously identified
as promising targets for colorectal cancer, such as MEK (15, 16)
and the PI3K/mTOR pathway (17–19), while others remain
investigational, such as the CDKs (20, 21).

Although CDK inhibitors have been studied extensively in breast
and other cancers and are currently considered standard-of-care
therapy in breast cancer, their use in colorectal cancer remains
investigational (22–25). To validate the utility of targeting CDKs in
colorectal cancer, we first compared the efficacy of CDK inhibitors
against other pathway-specific inhibitors studied in colorectal can-
cer, such as mTOR/PI3K inhibitors, STAT inhibitors, and Wnt/
b-catenin inhibitors (Fig. 2C), as well as standard-of-care therapy
in metastatic colorectal cancer, including oxaliplatin, irinotecan,
5-FU/Xeloda, lonsurf and regorafenib (Fig. 2D). These analyses
revealed that, in general, CDK inhibitors have higher antitumor
activity in comparison with other pathway-specific inhibitors and
even many standard-of-care therapies.

CDKs are a protein family of 21 genes, several of which exhibit
functional redundancies with other members of the gene family (26).
As such, inhibition of a single CDK could be compensated for by
others, especially in the context of the ever-evolving landscape of
metastatic colorectal cancer. Therefore, it was not surprising to find
that almost all potent CDK inhibitors target multiple CDKs. We

Table 1. Patient demographics are described in Table 1.

Sample ID Gender Race Histology Grade
Microsatellite
status KRAS BRAF

Site of
tissue

CRC057 F W Adenocarcinoma Moderately
differentiated

MSS G12C WT Liver

CRC119 F AA Adenocarcinoma Moderately
differentiated

MSS G12V WT Liver

CRC240 M W Adenocarcinoma Poorly differentiated MSS WT WT Liver
CRC247 M AA Adenocarcinoma Moderately

differentiated
MSS G12D WT Liver

CRC401 F W Adenocarcinoma Poorly differentiated MSS G12D WT Rectal
CRC16–159 F AA Adenocarcinoma Moderately

differentiated
MSI WT V600E Colon
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therefore sought to determine the CDK combination with the highest
efficacy. To do this, the CDK inhibitors and their targets were sorted
from highest to lowest percent killing (Fig. 2E). These analyses
revealed that drugs targeting combinations of CDK 1, 2, and 9 were
among the most potent CDK inhibitors across the six patient-derived
cell lines. Both CDK 1 and 2 are involved in cell-cycle regulation:
CDK1 is involved in G2–Mprogression while CDK2 promotes G1 and
S-phase progression (27, 28). CDK9, on the other hand, serves an
independent function in transcription and can inhibit cancer cell
proliferation beyond disruption of the cell cycle (29). As studies have
shownmechanistic synergy between these classes of CDKs (30, 31), we

concluded that the combination of CDK1, 2, and 9 may be an effective
combination strategy in the treatment of metastatic colorectal cancer.

Consistent with our drug screen results, which pinpointed CDK1, 2,
and 9 as being novel targets for colorectal cancer, analysis of CDK1, 2,
and 9 expression in colorectal cancer from The Cancer Genome Atlas
suggests that, while the individual expression of most of these CDKs is
not a prognostic marker for early-stage disease (stages I–III, Supple-
mentary Fig. 2), increased expression of these three CDKs in combi-
nation is correlated with poor prognosis for overall survival in
advanced (stage IV) colorectal cancer (Fig. 2F), reinforcing the
potential utility of targeting these CDKs in colorectal cancer.
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Figure 2.

Patient-derived models to identify therapeutic agents in colorectal cancer. A, High-throughput drug screen results for six early-passage colorectal cancer cell lines
identified compounds (n¼ 94) forwhich at least five out of six cell line showed >50% inhibition.B, The proteasome, histone deacetylases (HDACs), cyclin-dependent
kinases (CDKs), theMEKpathway, PI3K/mTORpathway, topoisomerase, HSPs, andmicrotubule involvedpathways had the highest averagepercent killing across the
entire cell line panel. Each dot represents a single compound in each pathway (lines represent the median; boxes represent the 25th–75th percentile; whiskers
represent the minimum and maximum values). C, CDK inhibitors had the highest antitumor activity compared with other signaling pathway inhibitors. Each dot
represents a single compound with the mean and standard deviation shown for each group. D, A heatmap comparing CDK inhibitors to standard-of-care drugs in
each cell line. E, CDK 1,2 and 9 are the most repetitive targets among the most effective CDK inhibitors for all six cell lines. CDK inhibitors and their targets are sorted
from highest to lowest percent killing. Targeted CDKs are depicted by red squares for each compound. F, Kaplan–Meier gene expression analysis shows that
combined increased expression of CDK1,2 and 9, confer a poorer prognosis in colorectal cancer (stages IV); P¼ 0.005. Samples are divided into groups based on the
median expression value for the cohort.
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Combining CDK1/2/9 inhibition significantly enhances the
antitumor effect in vitro

Next, to determine the efficacy of CDK1, 2, and 9 inhibition on
colorectal cancer both as single agents and in combination, we
performed IC50 dose–response curves on our early-passage colorectal
cancer cell lines (CRC057, CRC119, CRC16–159, CRC240, CRC 247,
and CRC401) with a CDK1 inhibitor (RO-3306), CDK2 inhibitor
(CVT-313), CDK9 inhibitor (LDC067), and a CDK1,2,9 inhibitor
(AZD5438; Fig. 3A–F). Single-agent inhibition by RO-336, CVT-313
or LDC067 showed minimal efficacy, with estimated IC50 values
ranging from 1.7 mmol/L (CDK9 inhibitor, LDC067) to 7.6 mmol/L
(CDK2 inhibitor, CVT-313). In contrast, we observed that the CDK1/
2/9 inhibitor, AZD5438, had significantly lower IC50 values ranging
from 110 nmol/L to 3 mmol/L (P < 0.001). Specifically, CRC057
(Fig. 3A) and CRC119 (Fig. 3B), both with IC50 of 110 nmol/L, were

found to be most sensitive to AZD5438, whereas CRC16–159
(Fig. 3C), with IC50 of 1.2 mmol/L, and CRC401 (Fig. 3F) with an
IC50 of 3.0mmol/L, were found to be themost resistant. Together, these
results showed that combined CDK1, 2, and 9 inhibition could be an
efficacious treatment strategy for patients with metastatic colorectal
cancer.

CDK1/2/9 inhibition induces cell-cycle arrest and anaphase
catastrophe in colorectal cancer cell lines

Inhibition of CDK 1 or 2 induces potent cell-cycle arrest (32).
Therefore, to confirm target-specificity of AZD5438, we analyzed cell-
cycle progression for CRC057, CRC119, CRC16–159, and CRC240
cells treated with vehicle or AZD5438 (Fig. 4). Specifically, CDK2
promotes S-phase progression while CDK1 promotes G2 progression
and entry into mitosis (33, 34). Consistent with the known
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Figure 3.

Drug sensitivity studies validate the synergistic efficacy of CDK1/2/9 inhibition. Drug sensitivity studies were performed on six early passage colorectal cancer cell
lines [CRC057 (A), CRC119 (B), CRC16–159 (C), CRC240 (D), CRC 247 (E) and CRC401 (F)]. Across all cell lines, IC50 of AZD5438 (CDK1, 2, and 9 inhibitor) were lower
than RO-3306 (CDK1 inhibitor), CVT-313 (CKD2 inhibitor), and LDC000067 (CDK9 inhibitor); �P < 0.01.
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mechanisms of CDK1 and 2 inhibition, treatment of CRC057 and
CRC16–159 with AZD5438 led to a significant, dose-dependent
increase in S and G2–M phase arrest (Fig. 4A and B). There was also
a significant increase in S and G2–M phase arrest in CRC119 and
CRC240 upon treatment with AZD5438 (Fig. 4C and D). These
analyses confirm target specificity for AZD5428 in our cell lines.

To further examine the mechanism of action of AZD5438 in
promoting cell death, we tested whether AZD5438 was inducing
anaphase catastrophe. Anaphase catastrophe is a pro-apoptotic path-

way that has been shown to be the mechanism of action upon CDK2
inhibition (35). Because the inhibitory effect of AZD5438 is, in part,
due to CDK2 inhibition, we investigated whether the same antitumor
activity could be seen in our colorectal cancer cell lines. To do this,
CRC057 cells were treated with two different doses of AZD5438 (the
IC50 dose and three times the IC50) for 12 hours. Treatment with
AZD5438 induced anaphase catastrophe as observed by multipolar
spindles during anaphase (Fig. 4E). AZD5438 treatment led to a
significant increase in the number of cells undergoing anaphase
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Figure 4.

AZD5438 induces cell-cycle arrest and anaphase catastrophe in colorectal cancer cells. Cell-cycle analysis was performed to determine whether AZD5438
inhibits proliferation of colorectal cancer cells via disruption of the cell cycle. Cells were treated with vehicle (0.1% DMSO), the IC50 dose of AZD5438, or three
times the IC50 dose of AZD5438 for 24 hours, stained with propidium iodide, and analyzed by flow cytometry. AZD5438 interfered with the cell cycle by
significantly increasing arrest in S and G2–M in a dose-dependent manner in CRC057 (A) and CRC16–159 (B). A significant increase in S and G2–M arrest was
observed in CRC119 (C) and CRC240 cells (D; � , P < 0.001, �� , P > 0.05). E, CRC057 cells treated with vehicle (DMSO) exhibit normal bipolar mitosis (left) while
treatment with AZD5438 led to anaphase catastrophe, with cells exhibiting multipolar mitosis (right). F, Quantification of anaphase catastrophe in vehicle-
and AZD5438-treated cells (� , P < 0.05).
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catastrophe in the treatment group compared with vehicle-treated
control cells (Fig. 4F).

RNAi-mediated knockdown of CDK9 pinpoints combined
CDK2/9 inhibition as the most effective combination therapy

Our data suggest combined inhibition of CDKs 1, 2, and 9 outper-
forms single-agent inhibition of any one of these CDKs in isolation.
However, because CDK1 and 2 have partially-redundant functions in
cell-cycle regulation, it was unclear which of the CDKs is responsible
for the synergistic activity of the CDK1/2/9 inhibitor, AZD5438. To
further dissect the relative importance of CDK1 or CDK2 inhibition in
combination with CDK9 inhibition we performed siRNA-mediated
knockdowns of CDK9 in combination with inhibition of either CDK1
or 2. We first assessed the efficacy of three independent siRNAs
targeting CDK9 by western blots in CRC057 (Fig. 5A), CRC16–159
(Fig. 5B), and CRC119 (Fig. 5C). Among these three siRNAs,
siRNA_8 provided the most complete knockdown of CDK9 all
three cell lines (Fig. 5A–C). We next performed siRNA-mediated
knockdowns of CDK9 with or without drug-mediated inhibition of
CDK1 (RO-3306) or CDK2 (CVT-313). Interestingly, while there
was no synergistic effect between CDK9 knockdown and treatment
with the CDK1 inhibitor, R0–3306 (positive delta score) (Fig. 5D–F),
we observed a synergistic effect of CDK9 knockdown upon CDK2

inhibition (CVT-313) for all cell lines (Fig. 5G–I). These results
suggest that CDK1 inhibition is dispensable for the efficacy of
AZD5438 and that the mechanism of action for AZD5438 is likely
due predominantly to combined CDK2 and CDK9 inhibition.

Dual inhibition of CDK2/9 synergistically inhibits tumor growth
compared with single-agent CDK inhibitors in vivo

To validate the efficacy of dual inhibition of CDK2 and 9, we tested
whether combined inhibition of CDK2 and 9 was capable of reducing
tumor growth in vivo. To do this, matched PDXs of CRC240 were
treated with either vehicle (DMSO), the CDK2 inhibitor, CVT-313,
(5 mg/kg), the CDK9 inhibitor, LDC000067 (0.625 mg/kg) or in
combination. Figure 6A shows that treatment with CVT-313 or
LDC000067 resulted in minimal tumor growth inhibition; however,
consistent with our in vitro observations using both small molecules
and siRNAs, the combined inhibition of both CDK2 and 9 led to
synergistic and significant tumor growth inhibition. Importantly,
no additional toxicities, such as weight loss, diarrhea, limb weak-
ness, anxiety/restlessness, or hair loss, were observed in the mice
treated with the combination therapy (Fig. 6B). Collectively, these
in vitro and in vivo results indicate that dual CDK2 and 9 inhibition
could be a promising and tolerable therapy for patients with
metastatic colorectal cancer.
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Figure 5.

RNAi-mediated knockdown of CDK9 sensitizes colorectal cancer cells to CDK2 inhibition.A–C,Validation of three independent siRNAs targeting CDK9 (6, 7, 8) were
used for CDK9 knockdown byWestern blotting in CRC057 (A), CRC119 (B), and CRC16–159 (C).D–F, The siRNA-mediated knockdown of CDK9with siRNA 6,7 and 8
showed no change in IC50 for CRC057 (D), CRC119 (E), and CRC16–159 (F). G–I, siRNA knockdown of CDK9 with siCDK9_6, 7, and 8 showed synergy with CDK2
inhibition, with significantly decreased IC50 for CRC057 (G), CRC119 (H), and CRC16–159 (I); �� , P < 0.05.
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Discussion
Patient-derived models of cancer, such as early passage cell lines,

patient-derived organoids, and PDXs are being accepted as efficient
tools for the development of the cancer therapeutics and development
of precision medicine pipelines (36, 37). Specifically, morphologic and
molecular similarity between these models and the original patient
tumors facilitates the evaluation of anticancer drug responses and the
identification of mechanisms of resistance. Indeed, previous studies
have demonstrated that PDXs can recapitulate the patient response to
therapy (38, 39) and major efforts by both commercial and academic
institutions are being developed to determine how patient-derived
models of cancer can be best used to guide patient care. In our study, we
have developed a novel precision medicine strategy for patients with
colorectal cancer usingmatched early-passage cell lines and PDXs.We
coupled these matched patient-derived models with high-throughput
drug screens as a reliable means to identify (i) response to standard-of-
care agents, (ii) patient specific target and pathway vulnerabilities, (iii)
effective single-agent therapies, and (iv) rational combination thera-
pies. These analyses led to the discovery of a novel combination of
cyclin-dependent kinases (CDK2/9) as a treatment of colorectal
cancer. Although a small dataset, we feel that this combination is
potentially applicable across the general colorectal cancer population
as Table 1 showed that our samples consisted of males and females,
European and African ancestry, mostly MSS tumors, but contained
both KRAS WT and mutant samples, although it must be noted that
one KRAS WT sample (CRC16–159) had a BRAF-mutant tumor.
Indeed, the CDK2/9 combination was effective even in CRC-247 and
CRC-401, both of which were broadly resistant to standard-of-care
agents and were among the most resistant in the drug screen (Fig. 2).
While themechanisms of resistance to standard-of-care agents in these
lines are unknown, both of these lines harbor a KRAS G12Dmutation,
which has been shown to promote therapy resistance in non–small cell
lung cancer (40, 41). It is also worth noting other cell lines in the screen
were also KRAS mutant, suggesting additional mechanisms of resis-
tance in CRC-247 and CRC-401.

There has been considerable progress in our understanding about
specific function of CDKs, which are involved in cell-cycle regulation
and transcription. CDKs can be divided into two subgroups that
directly or indirectly regulate the cell cycle, including CDKs1–6, 11
and 14–18, or transcription, including CDKs7–13, 19, and 20 (42).

CDK1, CDK2, CDK4, and CDK6 and their associated Cyclins (A, B, D,
and E) are considered fundamental cell-cycle regulators. CDK2, 4, and
6 promote expression of genes essential for G1 completion and
progression through S-phase, while CDK 1 promotes G2 progression
and entry into mitosis (28). In contrast, CDK7/cyclin H and CDK9/
cyclin T promote phosphorylation of the carboxy-terminal domain of
RNA polymerase II, facilitating initiation and elongation of RNA
transcription (28).

CDKs are best known for their remedial effect in breast cancer
therapy, as FDA has approved three CDK4/6 inhibitors, including
palbociclib, ribociclib, and abemaciclib, for the treatment of hormone
receptor–positive andHER2-negative breast cancer (23–26). Although
clinical benefit of other combinations of CDK inhibitors in various
cancers has been studied in clinical trials (43–46), concerns have
always been raised in terms of toxicity and tolerability (47). Unfor-
tunately, few studies evaluating CDKs in colorectal cancer have been
performed; however, these have shown minimal efficacy in colorectal
cancer (48) and overall, the efficacy of CDK inhibitors in colorectal
cancer remains unknown.

Similar to clinical trials in colorectal cancer that showed limited
activity for single-agent CDKs, our data also suggest minimal activity
for any of the CDKs as single agents. However, we observed signif-
icantly improved efficacy as combinatorial therapy. This is in agree-
ment with studies that showed flavopiridol (CDK1, 2, 4 and 9
inhibitor) had promising antitumor activity in colorectal cancer
xenografts (49). However, flavopiridol showed no activity in a phase
II study in advanced colorectal cancer when used as a single agent (50).
This lack of activity of flavopiriol was due to its toxicity in humans
and the inability to achieve a therapeutic dose. Therefore, in our
study we attempted to determine the minimal combination of CDK
inhibition needed, while minimizing the toxicity to determine the
most efficacious combination. The results of our study suggested
that the combination of CDK2/9 inhibition, which targets both the
cell cycle and transcription, is potentially the most optimal and
minimal combination of CDK inhibition needed for the treatment
of colorectal cancer.

Mechanistically, we showed that dual CDK2/9 inhibition led to
cell cycle arrest and anaphase catastrophe. The degree of cell cycle
arrest did not correlate with the degree of sensitivity to CDK2/9
inhibition, which may be due to the fact that CDK2 and CDK9 play
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Dual inhibition of CDK2/9 synergistically inhibits tumor growth in colorectal cancer PDXs.A,CRC240 PDXswere treated with either vehicle (DMSO), CVT-313 (CDK2
inhibitor), LDC000067 (CDK9 inhibitor) or combined CDK2 and CDK9 inhibitors. After 14 days of treatment, combination of CVT-313 and LDC000067 resulted in
significant tumor growth inhibition as compared to CVT-313 or LDC000067 alone; � , P <0.05. B,Mice showed no difference inweight between all four groups during
the course of study; P > 0.05.
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different functional roles, with CDK2 inhibition inducing cell-cycle
arrest (51, 52), and CDK9 inhibition preventing transcription elon-
gation (53). In addition to cell-cycle arrest, CDK2/9 inhibition also
induced anaphase catastrophe. This is consistent with a previous study
showing that the combination of CKD2/9 inhibition by CCT068127
exhibited antiproliferative activity by decreasing retinoblastoma pro-
tein (RB1) phosphorylation, reducing phosphorylation of RNA poly-
merase II, and inducing cell-cycle arrest and apoptosis in colorectal
cancer and melanoma cell lines (54). Given that similar results were
also observed in lung cancer (55), this suggests that targeting these two
independent pathways of CDK inhibition could have synergistic
effects in several cancers. The presence of supernumerary centrosomes
is a common characteristic of many cancers (56). Normally, an
increased centrosome number would lead to multipolar cell division
and trigger cell death. Cancer cells overcome this problem by active
clustering of supernumerary centrosomes at two poles, which ensures
bipolar mitosis (57, 58). CDK2 inhibition has been shown to antag-
onize supernumerary centrosome clustering in lung cancer, which can
lead to multipolar cell division and subsequent apoptosis (59, 35).
Consistence with these observations, our data showed that CDK2
inhibition led to anaphase catastrophe in colorectal cancer cells.

However, as described above, a major concern of combinatorial
CDK inhibition and potentially the combination of CDK2/9 inhibition
is drug toxicity. Despite their efficacy, common adverse effects of CDK
inhibitors include hematologic abnormalities, fatigue, and gastroin-
testinal symptoms, such as diarrhea, which can limit their clinical use.
However, as our vivo PDX study showed that combined CDK2/9
inhibition acted synergistically, we were able to reduce the dose of both
CDK2 and 9 inhibitors while maintaining improved efficacy and
simultaneously minimizing drug toxicity. These encouraging proper-
ties of the CDK2/9 combination in vivowill allow us to further explore
this combination as a viable clinical combination.

Finally, our models will also now allow us to study additional
therapies that can be combined with CDK inhibitors to improve
efficacy and overcome resistance both in vitro and in vivo. Indeed,
studies have shown that CDK inhibitors can enhance apoptosis when
combined with chemotherapy to overcome resistance in various
cancers, including colorectal cancer (60, 61). Other studies have shown
that potentiation of the p53 tumor suppressor by 5-fluorouracil had a
synergic killing effect with a CDK7 inhibitor in colorectal cancer (62).
Similarly, the BRAFV600E mutation in colorectal cancer is associated
with therapeutic resistance secondary to reactivation of MEK/ERK
signaling cascade, and Zhang and colleagues, showed that dual inhi-
bition of multiple CDKs by dinaciclib (CDK1, 2, 5, 9 inhibitors) with
MEK inhibition by cobimetinib (MEK inhibitor) can overcome resis-
tance in BRAF-mutant colorectal cancer (63).

One limitation of the use of matched patient-derived cell lines and
PDXs is the considerable time and resources needed to develop and
apply these systems to drug discovery efforts. To address these
limitations, researchers have turned to organoid systems that reca-

pitulate the biology of patient tumors. These systems have been
developed across a range of solid tumors, including colorectal
cancer (8), pancreatic cancer (64), prostate cancer (65), liver
cancer (66), breast cancer (67), and lung cancer (68). Advances in
organoid culture technology have the potential to substantially
increase the speed with which novel candidate therapies can be
identified and translated into real-time clinical decision-making
(reviewed in Kondo and colleagues; ref. 69).

In summary, the generation of our colorectal cancer precision
medicine pipeline provides a robust platform to identify and validate
potential new therapies with several advantages. First, a standardized
workflow that combines matched patient-derived cell lines and PDXs
provides maximal benefit by enabling a rapid screening and mecha-
nistic validation tool. Second, capitalizing on the matched in vivo
models facilitates validation of candidate therapies andmechanisms of
response/resistance in matched PDXs in vivo. Studies from these
models will pave the way to more rapidly identify, characterize, and
validate new drugs for translation into the clinic.
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