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ABSTRACT

Colorectal cancer (CRC) remains one of the leading causes of cancer related 
deaths in the United States. Currently, there are limited therapeutic options for 
patients suffering from CRC, none of which focus on the cell signaling mechanisms 
controlled by the popular kinase family, cyclin dependent kinases (CDKs). Here we 
evaluate a Pfizer developed compound, CP668863, that inhibits cyclin-dependent 
kinase 5 (CDK5) in neurodegenerative disorders. CDK5 has been implicated in a 
number of cancers, most recently as an oncogene in colorectal cancers. Our lab 
synthesized and characterized CP668863 – now called 20-223. In our established 
colorectal cancer xenograft model, 20-223 reduced tumor growth and tumor weight 
indicating its value as a potential anti-CRC agent. We subjected 20-223 to a series 
of cell-free and cell-based studies to understand the mechanism of its anti-tumor 
effects. In our hands, in vitro 20-223 is most potent against CDK2 and CDK5. The 
clinically used CDK inhibitor AT7519 and 20-223 share the aminopyrazole core and we 
used it to benchmark the 20-223 potency. In CDK5 and CDK2 kinase assays, 20-223 
was ~3.5-fold and ~65.3-fold more potent than known clinically used CDK inhibitor, 
AT7519, respectively. Cell-based studies examining phosphorylation of downstream 
substrates revealed 20-223 inhibits the kinase activity of CDK5 and CDK2 in multiple 
CRC cell lines. Consistent with CDK5 inhibition, 20-223 inhibited migration of CRC 
cells in a wound-healing assay. Profiling a panel of CRC cell lines for growth inhibitory 
effects showed that 20-223 has nanomolar potency across multiple CRC cell lines and 
was on an average >2-fold more potent than AT7519. Cell cycle analyses in CRC cells 
revealed that 20-223 phenocopied the effects associated with AT7519. Collectively, 
these findings suggest that 20-223 exerts anti-tumor effects against CRC by targeting 
CDK 2/5 and inducing cell cycle arrest. Our studies also indicate that 20-223 is a 
suitable lead compound for colorectal cancer therapy.
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INTRODUCTION

Colorectal cancer (CRC) continues to be a major 
health concern in the United States where it is currently 
the fourth most commonly diagnosed malignancy and the 
second leading cause of cancer related deaths [1]. Despite 
numerous attempts at developing promising therapies for 
CRC, few have successfully improved patient outcome.

Cyclin-dependent kinases (CDKs) have been 
extensively studied and characterized for their roles in 
cancer. There are 20 members of the CDK family, all 
of which have been linked to cancer. CDKs are often 
categorized into two major groups, those that contribute 
to tumorigenesis through cell cycle control and those 
that regulate transcription [2–4]. One peculiar member of 
the CDK family that does not regulate transcription and 
only recently has been shown to contribute to cell cycle 
progression, is CDK5. Uniquely, CDK5 is not activated in 
typical CDK fashion i.e., through binding of cyclins, but 
instead is activated by regulatory proteins p35 and p39 
[5]. CDK5 is best known for its role in the central nervous 
system where it regulates development, axon elongation, 
synaptogenesis and neuronal migration. Recently, reports 
have identified CDK5 as a key player in non-neuronal 
functions including apoptosis, senescence, angiogenesis, 
insulin secretion, wound healing, and adhesion/migration 
[6]. These functions associated with CDK5 are believed 
to contribute to its role in tumorigenesis. CDK5 has been 
previously implicated in a number of cancers, including 
those of the pancreas [7, 8], thyroid [9, 10], prostate [11, 
12], breast [13], lung [14], liver [15], and most recently as 
a tumor promoter in CRC [16].

CDKs have received a lot of attention as potential 
targets for cancer therapy. The traditional approach to 
targeting CDKs, which still remains popular, is through 
the use of ATP-competitive inhibitors that bind within 
the catalytic sites of CDKs and outcompete the binding 
of ATP. The earliest CDK inhibitors were pan-CDK 
inhibitors that often targeted most, if not all the members 
of the family. While they showed promise in targeting 
CDKs, they often required high doses which resulted in 
off-target effects and significant toxicity in preclinical 
animal trials [17]. To address these issues, substantial 
efforts have been made to improve upon the potency of 
CDK inhibitors. While CDK inhibitors are currently being 
used to treat a variety of malignancies, few are currently 
being tested in CRC [18].

ATP competitive inhibitors typically form hydrogen 
bonds with the residues in the hinge region of the kinase. 
Aminopyrazole is a privileged scaffold that forms a 
network of hydrogen bonds between 3 nitrogen atoms of 
the scaffold and the hinge region of the kinase [19, 20]. 
AT7519, a well-characterized pan-CDK inhibitor built on 
a 4-aminopyrazole core has shown promise in pre-clinical 
and clinical studies [21–23].

Herein, we describe our findings with a 
3-aminopyrazole analog previously reported by Pfizer 

(CP668863 a.k.a 20-223), that was developed to treat 
neurodegenerative disorders [23]. Preliminary xenograft 
studies showed 20-223 reduced tumor growth and tumor 
weight in vivo indicating that 20-223 is a suitable lead 
compound for CRC therapy. We subjected 20-223 and 
AT7519 to a series of cell-free and cell-based assays to 
understand the mechanistic basis of the observed 20-223 
anti-tumor effects. Docking studies suggested both 20-
223 and AT7519 are ATP competitive inhibitors. The two 
aminopyrazole analogs were compared head-to-head in 
cell free kinase assays which demonstrated 20-223 was 
more potent than AT7519. Contrary to a previous report, 
we found 20-223 was equipotent against CDK2 and 
CDK5 compared to other members of the CDK family. 
Examination of downstream substrate phosphorylation 
showed 20-223 inhibited the kinase activity of CDK2 and 
CDK5. Migration studies utilizing a wound-healing assay 
showed that 20-223 decreased CRC cell migration. 20-
223 was a nanomolar inhibitor of cell growth in a panel of 
CRC cell lines and was more potent than AT7519. Finally, 
20-223 phenocopied cell cycle effects associated with 
AT7519. Together, our studies suggest 20-223 is a CDK 
2/5 inhibitor, an effective anti-CRC agent and suitable lead 
for pre-clinical development.

RESULTS

TCGA analyses reveals CDK5 is upregulated 
in primary colorectal tumors as a result of 
increased copy number

With increasing evidence suggesting a role for 
CDK5 in a variety of malignancies, we turned to The 
Cancer Genome Atlas (TCGA – http://cancergenome.nih.
gov/) database to gain insight into CDK5 expression in 
patient populations. We found the colorectal cancer cohort 
in TCGA online database consisted of 50 samples of 
normal mucosa and 347 primary colorectal tumor samples. 
The mRNA profiles of these samples were examined for 
CDK5 expression. As seen in Supplementary Figure 1A, 
CDK5 mRNA levels were significantly higher in primary 
tumor compared to normal colon. Additional analyses 
that compared normal tissue with corresponding primary 
tumor revealed that of the 31 patients examined, all but 
two showed a significant increase in CDK5 levels in 
primary tumors when compared to normal colon tissue 
(Supplementary Figure 1B). Next we examined the CDK5 
copy number to determine whether increased CDK5 
levels correspond to increased copy number. Of the 616 
sequenced CRC samples, few exhibited homozygous 
deletion or heterozygous loss of CDK5 (0.3% and 1.9% 
respectively). Interestingly, 46.0% of individuals were 
diploid for CDK5 while 51.9% of individuals had a copy 
number gain for CDK5 (Supplementary Figure 1C). 
Additionally, we found that across all four groups, there 
is a significant linear trend. As copy number of CDK5 
increases there is a corresponding increase in mRNA 
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expression (Supplementary Figure 1D) thus suggesting 
that copy number is a contributing factor to increased 
mRNA expression that we observed in CRC. Next, we 
investigated whether CDK5 mutation could possibly be 
contributing to its activity in CRC so we examined the 
mutational frequency of CDK5 in all TCGA cancers. We 
found that CDK5 is rarely mutated across cancers and 
more importantly is not mutated in CRC (Supplementary 
Figure 1E). Collectively, this data suggests that CDK5 
activity is a result of increased expression that results 
from an increase in copy number. Furthermore, it is the 
increase in CDK5 expression, not a mutation, which is 
likely responsible for its contributions to CRC. These 
data are consistent with a recent report implicating 
CDK5 as a tumor promoter in CRC and thus warrants 
the investigation into inhibition of CDK5 as a potential 
therapeutic option for CRC [16].

20-223 shows anti-tumor activity in human CRC 
xenograft tumors

CP668863, a substituted 3-aminopyrazole analog, 
was first reported by Pfizer as an ATP-competitive 
CDK5 inhibitor that was explored for the treatment 
of neurodegenerative disorders [24]. With increasing 
evidence that CDK5 activity contributes to CRC 
tumorigenesis, we synthesized CP668863 (a.k.a 20-223) 
to screen for its efficacy against CRC. We utilized our well 
established CRC xenograft model [25] to determine the 
effects of 20-223 in vivo. GEO cells were chosen because 
they form primary tumors 100% of the time and frequently 
exhibit metastatic spread (approximately 53%) in animal 
models [26]. As our xenograft model uses GEO cells, 
we performed an initial growth inhibition study to show 
efficacy of 20-223 in this cell line. We found 20-223 to 
have an IC50 value of 79nM in GEO cells (Figure 1A). We 
used a GEO cell line in which GFP is stably expressed, for 
our xenograft model. GEO-GFP cells were subcutaneously 
injected into the flank of athymic nude mice and allowed 
tumors to grow to ~100 mm3. Animals with tumors 
were then randomly divided into two treatment groups 
(I) DMSO or (II) 8mg/kg 20-223. In preliminary PK 
studies, mice were dosed with 8mg/kg of 20-223. The 
plasma concentration was greater than 79nM for 24 hours 
as determined by LC-MS (Supplementary Figure 2A). 
Subcutaneous injections were given in the shoulder area 
of each mouse daily for the first week and every other 
day for the following two weeks (Figure 1B). The mice 
were weighed and tumor volumes were measured every 
other day. At the end of the three-week treatment period 
the mice were euthanized and the tumors excised, weighed 
and imaged (Supplementary Figure 2B).

Average changes in tumor volume for both 
treatment groups are summarized in Figure 1C. At the 
end of the first week of treatment, average tumor volume 
in the DMSO-treated group was approximately 2-fold 

greater than average tumor volume in the 20-223-treated 
group (~429mm3 vs. ~197mm3). The tumor volumes 
of DMSO-treated animals continued to grow rapidly, 
while the tumor progression in 20-223-treated animals 
was slower (Figure 1C). At the conclusion of the study, 
tumors from the DMSO treated mice were significantly 
larger (~3-fold: 1138 mm3 vs. 386 mm3) than the tumors 
from the 20-223-treated mice. We also found a decrease in 
GFP fluorescence in 20-223-treated tumors compared to 
DMSO-treated tumors, which is consistent with the tumor 
volume trends (Figure 1D). The average tumor weights 
from DMSO-treated mice were also ~2-fold greater than 
tumors from 20-223-treated mice (0.7g vs. 0.3g) (Figure 
1E). Of note, 20-223 treated animals did not exhibit any 
overt signs of toxicity, as there was no change in animal 
weight or behavior.

To confirm inhibition of CDK5 in vivo, we 
performed western blot analyses on the tumor lysates 
with tumors from three representative animals from each 
treatment group. 20-223-treated tumors showed a decrease 
in the pFAK levels, a phosphorylation site specific to 
CDK5 [27], (Supplementary Figures 2C) suggesting 
inhibition of CDK5 in vivo. In summary, these studies 
suggest that 20-223 treatment results in anti-tumor activity 
in a CRC xenograft model.

20-223 is an ATP-competitive inhibitor

Our in vivo data suggests 20-223 may be a 
promising therapeutic agent for CRC, therefore we began 
to evaluate and characterize it in cell-free and cell-based 
studies. We started with docking studies that compared 20-
223 to another known CDK inhibitor, AT7519, which is 
currently in clinical trials and shares the aminopyrazole 
core structure with 20-223 [21, 23].

X-ray crystallographic studies of reported 
aminopyrazole analogs and CDKs showed that they 
occupy the ATP binding site in the CDKs [18, 19]. Since 
there is no co-crystal structure of 20-223, we docked 
20-223 into CDK5 using Autodock Vina to explore its 
binding mode. Our docking studies revealed that 20-
223 indeed occupied the ATP binding site of CDK5 and 
the three nitrogen atoms of the 3-aminopyrazole core 
are involved in a donor-acceptor-donor hydrogen bond 
triad with Glu81 and Cys83 of the hinge region. The 
cyclobutyl ring occupied a narrow hydrophobic pocket 
formed by Phe80, Leu55 and Val64 and the naphthalene 
ring of 20-223 is directed towards the solvent-accessible 
region of the kinase (Figure 2A). Since CDK2 and CDK5 
share sequence homology of ~60% (5), we overlaid 
the co-crystal structure of an aminopyrazole analog 
PNU-181227-CDK2 with our docked 20-223-CDK5 
and observed similar binding mode (Figure 2B). X-ray 
crystallographic studies demonstrated AT7519 to be an 
ATP-competitive CDK inhibitor [21]. Overlay of AT7519 
complexed with CDK2 and docked 20-223-CDK5 showed 
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similar mode of binding with similar hydrogen bonding 
interactions anchoring the molecules to the hinge region 
(Figure 2C). The chemical structures of all three of these 
compounds are compared in Figure 2D.

Cell free kinase assays reveal 20-223 is a CDK 
2/5 inhibitor

In order to determine the selectivity profile of 
20-223 for various CDKs we conducted a single dose 

Figure 1: 20-223 exhibits anti-tumor activity in a colorectal cancer xenograft model. (A) Growth Inhibition of GEO cells 
after 72 hour treatment with 20-223. (B) Schematic representation of CRC xenograft model using GEO-GFP cells. (C) Average tumor 
volume comparison of DMSO and 20-223 treated tumors throughout the study. (D) Average GFP Flurorescence in DMSO and 20-223 
treated tumors. (E) Average tumor weight of DMSO and 20-223 treated tumors.
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kinase screen with a panel of CDKs. Members of the 
CDK family bound to their respective activators were 
incubated with 0.1μM of 20-223 and 30μM ATP. The 
percentage remaining enzymatic activity was determined 
for each of the examined CDKs after inhibition by 20-223 
(Figure 2E). Incubation with 20-223 markedly inhibited 
the enzymatic activity CDK2 and CDK5 with only 0.26% 
and 0.39% enzymatic activity remaining. 20-223 was 
less effective against the enzymatic activity of CDK1, 
CDK4, CDK6, CDK7, and CDK9. These results show 
that 20-223 is most effective against CDK2 and CDK5 
in a cell-free system. To determine IC50 values of 20-223 
against CDK2/5 we performed a dose-response study. 
CDK2/CyclinE and CDK5/p35 were incubated with 20-
223 at various concentrations and IC50 values of 6.0nM 
for CDK2 and 8.8nM for CDK5 were derived from curve 
fitting the data (Figure 2F). Similar studies were also 
carried out with AT7519 and IC50 values of 392nM for 
CDK2 and 32.8nM for CDK5 were obtained. Results from 
the dose-response study show that 20-223 is equipotent 
against CDK2 and CDK5 in a cell-free system and is more 
potent than comparable CDK inhibitor, AT7519.

CDK2 and CDK5 expression and 
phosphorylation activity in a panel of human 
CRC cell lines

Having determined that 20-223 targets CDK2 and 
CDK5, we next examined the basal levels of these kinases 
in a cohort of colorectal cancer cell lines which includes 
seven CRC cell lines and one normal human colon 
epithelial cell line (HCEC). All the cell lines expressed 
CDK2 and CDK5, albeit at different levels. HCEC cells 
also expressed CDK2 and CDK5 but at much lower 
levels than many of the CRC cell lines (Figure 3A). This 
observation is consistent with the TCGA data.

As a measure of CDK2 and CDK5 activity we 
examined basal phosphorylation levels of substrates 
specific to CDK2 and CDK5. Phosphorylation levels 
of RB (S807/811) were used as a read-out for CDK2 
kinase activity. While CDK4 has also been shown to 
phosphorylate RB at S807/811 [28, 29], our kinase profile 
screen showed 20-223 targets CDK2/5 more effectively 
than CDK4/6. Phosphorylation levels of FAK (S732) were 
used as a read out for CDK5 kinase activity [27] [28]. We 
observed differential phosphorylation of RB (S807/811) 
and FAK (S732) indicating both CDK2 and CDK5 are 
active in each of the cell lines (Figure 3A).

20-223 disrupts CDK2 and CDK5 kinase activity 
in cell-based studies

Since 20-223 was shown to most potently inhibit 
CDK2 and CDK5 in a cell-free system, we next explored 
the ability of 20-223 to target CDK2 and CDK5 in a 
cellular setting. To characterize the effects of 20-223 on 

substrate phosphorylation, three CRC cell lines were 
chosen: GEO, HCT116 and HT29. CRC cells were 
incubated with DMSO or various concentrations (20μM 
– 2-fold dilutions, 7 doses) of 20-223 for 6 hours prior 
to western blot analyses. In the dose response study, 20-
223 did not affect the total levels of CDK2 or CDK5 
(Figure 3B), nor did it affect the levels of total FAK or 
total RB (Supplementary Figure 3). As expected, 20-223 
induced a dose-dependent decrease in pRB (S807/811) 
and pFAK (S732) levels in each of the three CRC cell 
lines (Figure 3B). Quantification of phosphorylated RB 
and FAK levels was performed to reveal the effect of the 
inhibitor on CDK2 and CDK5 kinase activity, respectively. 
As the concentration of 20-223 increased, there was a 
corresponding increase in % kinase inhibition for CDK2 
and CDK5 (Figure 3C). This pattern was consistent 
for each of the three cell lines. Quantification was also 
used to assess the fold selectivity of 20-223 in each of 
the three cell lines. Figure 3D summarizes the cell-based 
IC50 values for each cell line. 20-223 was ~10 fold more 
selective for CDK5 over CDK2 in GEO cells (1.44μM 
vs 15.79μM) and ~8-fold more selective for CDK5 over 
CDK2 in HCT116 cells (1.08μM vs 8.76μM), However, 
in HT29 cells, 20-223 was equally potent against CDK5 
and CDK2 (2.45μM vs. 2.25μM). While the generated IC50 
values are based on a qualitative observation, these results 
demonstrated that 20-223 effectively blocks the kinase 
activity of CDK2 and CDK5 in multiple CRC cell lines.

20-223 reduces migration of CRC cells

Since 20-223 effectively inhibits CDK2 and CDK5, 
both of which have previously been shown to regulate cell 
motility [27, 30], we next examined its ability to disrupt 
CRC cell migration. Wound-healing scratch assays are 
routinely used to assess the effect of small molecule 
inhibitors on the ability of cells to migrate [31]. EGF-
stimulated wound healing has previously been shown to 
enhance migration of cells; therefore, we used this ligand 
to stimulate CRC cells for migration [32]. We checked 
protein levels of CDK2/5 and their substrates after EGF 
stimulation (100ng/mL) to ensure that treatment with 
EGF would not affect their basal levels or activity. Upon 
treatment with EGF, no changes in the levels of CDK2/5 
or pRB/pFAK were observed, indicating that EGF is 
not affecting the expression or activity of these kinases 
(Supplementary Figure 4A). HCT116 cells were used 
to model cell migration because they have been used 
previously in wound-healing scratch assays [35]. To 
assess the ability of 20-223 to inhibit migration, HCT116 
cells were stimulated with EGF and treated with DMSO 
or 1.5μM of 20-223. Live cell imaging was utilized to 
monitor cell motility through the 24 hour incubation period 
at 15 min intervals (Supplementary Figure 4B & 4C). Still 
images and zoomed in regions of the images emphasize 
the ability of 20-223 to inhibit cell migration (Figure 4A). 
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Figure 2: Structural and cell free analyses of 20-223 and AT7519. (A) Docking of 20-223 into CDK5 using AutoDock Vina 
software. (B) Overlay of 20-223 and PNU181227 in the hinge region of CDK5. (C) Overlay of 20-223 and AT7519 in the ATP binding 
pocket. (D) Chemical structures of 20-223, PNU-181227, and AT7519. (E) % of remaining enzymatic activity of a panel of CDKs after 
incubation with 0.1μM 20-223 and 30μM ATP. (F) IC50 values (nM) of CDK2 and CDK5 after incubation with 20-223 or AT7519 in cell 
free dose-escalation study.
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Figure 3: 20-223 inhibits the kinase activity of CDK5 and CDK2 in vitro. (A) Baseline expression of CDK2 and pRB (S807/811) 
(left), CDK5 and pFAK (S732) (right), in untreated CRC cells. (B) Representative western blots of target substrate pRB and pFAK 
phosphorylation levels in GEO (left), HCT116 (middle) and HT29 (right) cell lines after 6 hour incubation with 20-223. (C) Representative 
quantification of % inhibition of CDK2 and CDK5 kinase activity (based on substrate phosphorylation levels) in GEO cells found in Figure 
3B. (D) Cell-based IC50 values generated from phosphorylation levels in Figure3B of CDK2 and CDK5 in three CRC cell lines.
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HCT116 cells treated with DMSO had greater ability 
to migrate into the open wound areas compared to cells 
treated with 20-223. While cells treated with DMSO were 
able to close approximately 40% of the wound area, cells 
treated with 20-223 only closed approximately 10% of the 
wound (Figure 4B). To confirm that the reduced migration 
was a result of CDK2/5 inhibition, corresponding western 
blots were performed under the same conditions as the 
migration experiment and pFAK and pRB levels were 
determined after treatment with EGF and 1.5μM of 20-
223. Although treatment with 20-223 effectively reduced 
the phosphorylation levels of both FAK (S732) and RB 
(S807/811) (Figure 4C), the effects were more pronounced 
on the FAK phosphorylation over RB phosphorylation. 
Collectively, these results suggest that inhibition of 
CDK2/5 by 20-223 disrupts CRC cell migration.

20-223 reduces cell growth in a panel of human 
CRC cell lines

Since 20-223 effectively targets CDK2 and CDK5, 
we next examined its effect on cell growth. We subjected 
a panel of CRC cell lines to treatment with three CDK 
inhibitors (20-223, AT7519 or Roscovitine). Roscovitine, 
which contains a purine core, was one of the first CDK 
inhibitors to enter clinical trials. CRC cells were treated 
with 20-223, AT7519 and Roscovitine at four-fold 
dilutions starting at 10μM (20-223 and AT7519) or 100μM 
(Roscovitine). Among the three inhibitors, 20-223 had 
lower IC50 values when compared to the clinically used 
CDK inhibitors, AT7519 and Roscovitine (Figure 5A). 
Among the CRC cell lines, SW620, GEO and FET cells 
were the most sensitive to 20-223, whereas HCT116 
and HT29 were more responsive to AT7519 treatment 
as evident by lower IC50 values. It is important to note 
that a ~10-fold higher dose of Roscovitine was required 
to observe similar growth inhibitory effects. Average IC50 
values were calculated across cell lines to determine the 
overall efficacy for each compound (Figure 5B). 20-223 
had an overall average IC50 value of 362nM across seven 
cell lines, while AT7519 and Roscovitine had overall 
average IC50 values of 799nM and 11481nM respectively, 
thus suggesting 20-223 is a more potent inhibitor of 
cell growth compared to the clinical compounds. CRC 
mutational profiles [33–39] (Figure 5C) were examined 
to determine if the presence of any particular mutations 
made any cell line more or less responsive to treatment 
with 20-223. We did not find any obvious correlation 
between IC50 values and the mutational profile. Based 
on these findings, we conclude that 20-223 is a sub-μM 
inhibitor of CRC cell growth. Specifically, these data show 
that 20-223 is ~2.2 fold and ~31.7 fold more potent than 
AT7519 and Roscovitine, respectively. Therefore, 20-223 
is comparable or marginally better than the CDK inhibitors 
advanced to the clinics.

Reduced CRC cell growth and tumor growth 
induced by 20-223 is probably not due to the 
induction of apoptosis

To determine if induction of apoptosis was 
responsible for potent CRC cell growth inhibition, we 
examined the effect of 20-223 on Poly(ADP-ribose)
polymerase (PARP) cleavage. PARP cleavage is one of the 
hallmarks of cell death and is widely used as a read-out 
of apoptosis in cancer research. To determine the effect 
of 20-223 on cell death, we evaluated the panel of CRC 
cells treated with 20-223 for PARP cleavage. CRC cell 
lines treated with 20-223 for 24 hours all exhibited PARP 
cleavage (Supplementary Figure 5A). Next, we performed 
a dose-response and a time course study in GEO cells and 
found that μM concentrations of 20-223 and long exposure 
were required to induce apoptosis (Supplementary Figure 
5B and 5C). This suggests that the reduced tumor growth 
observed in the mouse model is not due to induction of 
apoptosis.

Reduced CRC cell growth and tumor growth in 
mice is probably due to the induction of cell cycle 
arrest by 20-223

The CDK family has been extensively studied 
for its regulation of all phases of the cell cycle. This 
kinase family is essential for normal cells to proliferate 
and divide. CDK2 has been shown numerous times to 
be required for progression from G1 and S phase of the 
cell cycle [40]. The role of CDK5 in cell cycle is less 
understood however, recent reports suggest it regulates the 
cell cycle through mitotic control and dysregulation of cell 
cycle inhibitors, p21CIP1 and p27 [41–43]. Having shown 
that 20-223 effectively targets CDK2 and CDK5 and also 
decreases cell growth, we sought out to understand how it 
may alter cell cycle progression. GEO and HCT116 cells 
were treated with either DMSO, AT7519 or 20-223 for 
24 and 48 hours and then analyzed for DNA content by 
flow cytometry. The results from the above experiment 
are summarized in Figure 6A. 20-223 and AT7519 both 
effectively arrested the CRC cells in either the G2 or S 
phase of the cell cycle. GEO cells treated with either 
20-223 or AT7519 arrested in G2 phase of the cell 
cycle (Figure 6B). This is consistent with the previous 
findings that CDK2 regulates the G2/M checkpoint in 
the absence of functional p53 [44]. Profiling the GEO 
cell line indicates that GEO cells carry a p53 mutation, 
therefore the G2/M arrest seen in GEO cells may be due 
to CDK2 inhibition. Alternatively, the G2 arrest could also 
be attributed to CDK1 inhibition as it was the third CDK 
inhibited in our profiling. HCT116 cells treated with either 
20-223 or AT7519 resulted in S-phase arrest at the 24 and 
48 hour time point. Figure 6B shows representative traces 
from the cell cycle analyses. The data clearly shows that 
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Figure 4: 20-223 disrupts migration of CRC cells. (A) Wound gap images taken during the 24 hour incubation of HCT116 cells 
with DMSO or 1.5μM 20-223. 0 and 24 hour images were further evaluated by outlining the wound area (red lines) and zooming in on the 
wound boundaries (yellow box). (B) Quantification of % wound closure after treatment of HCT116 cells with DMSO of 1.5μM 20-223. (C) 
Western blot analyses at 6 and 24 hours after stimulation with EGF and treatment with either DMSO or 1.5μM 20-223.
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20-223 mimics the effects observed with AT7519. This 
data suggests that the observed CRC cell growth inhibition 
and the tumor growth in mice induced by 20-223 were due 
to cell cycle arrest.

DISCUSSION

There is a need for targeted agents with defined 
mechanism of action for CRC therapy. Recent studies 
have validated CDK5 as a tumor promoter and designated 

Figure 5: 20-223 potently inhibits cell growth in a panel of CRC cell lines. (A) IC50 values from growth inhibition studies after 
CRC cells were treated with 20-223, AT7519 or Roscovitine for 72 hours. (B) Average IC50 values across all seven CRC cell lines after 
treatment with 20-223, AT7519, or Roscovitine (P < 0.001). (C) Panel containing the seven CRC cell lines used in this study and mutational 
status of important regulatory genes.



Oncotarget5226www.impactjournals.com/oncotarget

it as a therapeutic target for CRC therapy. In the present 
study, we evaluated 20-223 (CP668863), a previously 
identified CDK5 inhibitor, for its potential as an anti-CRC 
agent. In a proof of concept study, we used an established 
CRC xenograft model to show that 20-223 effectively 

slowed tumor progression. Tumors in mice treated with 
20-223 had reduced tumor volumes and tumor weights 
compared to vehicle-treated mice. Moreover, we observed 
lower levels of phosphorylated FAK, a well-characterized 
target of CDK5, in 20-223 treated tumors as compared to 

Figure 6: 20-223 treatment in CRC cells results in cell cycle arrest in vitro. (A) % of cells in each phase of the cell cycle 
after treatment with DMSO, AT7519, or 20-223 for 24 (top) and 48 (bottom) hours in GEO (left) and HCT116 (right) cells. (B) Traces 
representative of cell cycle analysis in GEO cells after treatment with DMSO, AT7519, or 20-223 after 24 (left) or 48 (right) hours.
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vehicle-treated tumors. These results are consistent with 
the studies reported with the neurodegenerative model 
[24].

Having successfully shown that 20-223 slows tumor 
progression in vivo, we followed up with characterization 
of the mechanistic basis for the observed anti-CRC effects 
in cell-free and cell-bases studies. For these studies, 
we used AT7519 and Roscovitine, both CDK inhibitors 
previously explored as anti-cancer CDK inhibitors 
in clinical trials. AT7519 and 20-223 share the same 
core structure, which makes it an optimal compound to 
benchmark the potency of 20-223.

We performed a series of studies to gain insight 
into the mechanism associated with the anti-tumorigenic 
properties elicited by 20-223. The aminopyrazole core 
found in CDK inhibitors has proven successful due to 
the flat heterocyclic core and a series of hydrogen bond 
donors and acceptors. The positioning of nitrogen atoms 
in the aminopyrazole core enables them to compete with 
ATP. A hydrogen bond donor acceptor donor triad within 
the aminopyrazole core targets the hinge region residues 
of the kinase and blocks the binding of ATP [45]. Docking 
studies suggested that aminopyrazole analogs 20-223 and 
AT7519 interact with Glu81 and Cys83 within the hinge 
region of CDK5. Profiling 20-223 against a panel of CDKs 
revealed that it most potently inhibits CDK2 and CDK5 
over other CDKs. Importantly, 20-223 is more potent than 
the clinically used 4-aminopyrazole analog AT7519 in 
cell-free kinase assays.

Cell-based studies corroborated cell-free kinase 
assays as 20-223 effectively disrupted the kinase activity 
of CDK2 and CDK5 in CRC cells. In two of the three cell 
lines profiles 20-223 was selective for CDK5 over CDK2. 
The observed differential sensitivity/selectivity associated 
with 20-223 in three different CRC cell lines suggests that 
the functional misregulation of CDKs is probably not the 
same across the cell lines. The cell free and cell-based 
IC50 values were approximately two-orders of magnitude 
apart. This loss of potency when going from a cell free to 
cell-based activity assay is commonly observed in drug 
discovery programs. For example, Palbociclib the recently 
approved CDK4/6 inhibitor has single digit nM potency 
in cell free assays and has a single digit μM potency in 
cell based assays [46]. One possible explanation for this 
observed difference is the emerging view that kinases are 
part of larger protein complexes and evaluating selectivity 
in cell-free conditions does not always reflect the effects 
observed in the cellular context [47].

Since 20-223 showed ~8-fold selectivity for CDK5 
over CDK2 in HCT116 cells we evaluated its efficacy 
in inhibiting migration of HCT116 cells in a wound-
healing scratch assay. 20-223 treated HCT116 cells 
showed reduced cell migration when compared to vehicle 
treated HCT116 cells. This is consistent with reported 
literature that shows that CDK5 plays an important role 
in regulating the migration of cells by phosphorylation of 

Ser732 on FAK [27]. Studies with a CDK2 inhibitor also 
showed it blocked EMT and subsequent cell migration, 
however in that study the effect of the inhibitor on CDK5 
was not determined [30].

As CDK2/5 have been known to drive proliferation 
of cancer cells, we investigated the effect of 20-223 on cell 
growth in a larger panel of CRC cell lines. Among these 
CRC cell lines, 20-223 not only proved to be a nanomolar 
inhibitor of cell growth across the panel, but it was also 
more potent when compared to AT7519 and Roscovitine. 
These results suggest that 20-223 is comparable or in 
some cases more potent than the benchmarked clinical 
aminopyrazole analog AT7519.

Broadly the cause of CRC cell growth inhibition or 
tumor growth inhibition could be either due to induction 
of apoptosis or due cell growth arrest. A dose and time 
dependent study with 20-223 revealed that CRC cells 
required μM concentrations to induce PARP cleavage a 
hallmark for the induction of apoptosis. However at high 
nM to low μM concentrations of AT7519 or 20-223 we 
observed cell cycle arrest. Together our data shows that 
20-223 phenocopies the cell cycle effects of AT7519 in 
CRC cell lines. The observed CRC growth inhibition can 
be largely attributed to inhibition of proliferation and to a 
lesser extent on the induction of apoptosis.

In summary, our study argues for the continued 
preclinical development of 20-223 for CRC therapy. 
Collectively, our results reveal that 20-223 exhibits anti-
cancer properties in a CRC mouse model. Mechanism 
studies indicate that it inhibits CDK2/5 both in vitro and 
in CRC cell lines. Migration of CRC cells was inhibited 
by 20-223, which targeted CDK5 and as a consequence 
inhibited Ser732 phosphorylation a key event in the 
migration of cells. 20-223 inhibits proliferation of CRC 
cell lines by inducing cell cycle arrest. A recent review 
article outlined in detail the contributions of CDK5 to 
many types of cancer, supporting its potential as a novel 
target for cancer therapy across many tumor types [48]. 
While we demonstrated 20-223 is not selective for CDK5, 
it does indeed inhibit CDK5 in vitro and in vivo. 20-223 
had comparable or in several assays better potency than 
the clinically used aminopyrazole CDK inhibitor AT7519, 
which is a good benchmark for advancing a compound 
through development. In order to explore this core for 
improved selectivity, structure activity relationship studies 
are currently underway in our lab and will be reported in 
due course.

MATERIALS AND METHODS

Chemical inhibitors

20-223 was originally designed and synthesized 
by Pfizer (CP668863) and resynthesized in our 
laboratory (20-223) (Supplementary Figure 6). Chemical 
structure was confirmed using proton and carbon NMR 
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(Supplementary Figure 7) and HRMS (Supplementary 
Figure 8A). The purity of the compound was analyzed 
by analytical HPLC (Supplementary Figure 8B). AT7519 
(SelleckChem S1524) and Roscovitine (Apex BioTech 
#A1723) were used in head-to-head comparison studies 
with 20-223. All three inhibitors were dissolved in 100% 
DMSO to a final stock concentration of 10mM.

CRC cell lines and reagents

Cell lines used in this study are colorectal cancer 
(CRC) cell lines. FET, CBS, and GEO cells were cultured 
in serum free medium (McCoy’s 5A medium with sodium 
bicarbonate, L-serine, asparagine, sodium pyruvate, 
MEM vitamins, growth factors (4μg/mL transferrin, 
20μg/mL insulin, and 10ng/mL EGF), and 1x Penicillin-
Streptomycin. SW620, DLD1, and HT29 cells were 
cultured in DMEM high glucose medium (HyClone 
#SH30022.01) supplemented with 10% FBS (Gibco 
by Life Technologies #26140-079) and 1x Penicillin-
Streptomycin (HyClone # SV30010). HCT116 cells were 
cultured in RPMI-1640 Medium (HyClone #SH30027.01) 
supplemented with 10% FBS and 1x Penicillin-
Streptomycin. All CRC cell lines were cultured in 5% 
CO2 at 37°C. Cell lines were validated by STR profiling at 
the University of Nebraska Medical Center Human DNA 
Identification Laboratory (Supplementary Figure 9A). 
Cell lines exceeding an 80% match with the online ATCC 
database were considered valid [49, 50].

Human colon epithelial cell line

Immortalized non-transformed human colonic 
epithelial cell lines (HCEC) were a gift from J. Shay 
(UT Southwestern)[51]. HCECs were grown in medium 
composed of 4 parts DMEM to 1 part media 199 (Sigma-
Aldrich) with 2% cosmic calf serum (GE Healthcare), 25 
ng/mL EGF, 1 μg/mL hydrocortisone, 10 μg/mL insulin, 
2 μg/mL transferrin, 5 nM sodium selenite, and 50 μg/
mL gentamycin sulfate. HCECs were grown in a hypoxia 
chamber with 2% O2 and 5% CO2 at 37°C.

Xenograft studies

All animal studies were carried out following 
approval of the Institutional Animal Care and Use 
Committee. This xenograft study has been used previously 
in our lab [27]. Briefly, GEO-GFP cells (7x106) were 
subcutaneously injected into the flank of athymic nude 
mice. Xenograft tumors were allowed to grow until 
reaching a volume of 100-200mm3 at which point they 
were separated into two treatment groups: DMSO 
vehicle control or 8mg/kg 20-223. Each group contained 
7 animals (n=7). Drug or vehicle injections were given 
subcutaneously daily for the first week and every other 
day for two more weeks for a total of 14 injections. 
Throughout the study, animal weight and tumor volume 

were measured. Tumor volume was measured with 
calipers and calculated using the l2 × h × π/6 equation. 
The study was concluded when control tumors reached 
maximum size according to facility guidelines. Mice were 
euthanized and then full body and excised tumor images 
were taken using Near-IR enhanced Macro Imaging 
System Plus Cooled with the LT-99D2 with the Dual Tool 
excitation upgrade. Tumor samples were preserved in 
liquid nitrogen prior to western blot analyses (see below 
for Western Blot protocol).

The cancer genome atlas (TCGA) analyses

TCGA provisional data was retrieved from 
cBioPortal on January 19, 2017. CRC sample type and 
mRNA expression (RNA-seq) was downloaded from 
UCSC Xena (https://genome-cancer.soe.ucsc.edu/proj/
site/xena/heatmap/). All provisional cancer datasets 
were analyzed for CDK5 mutation. The genomic profile 
of CDK5 was further analyzed in the CRC (Colorectal 
Adenocarcinoma - TCGA Provisional) dataset for putative 
somatic copy-number alterations from GISTIC, using 
Onco Query Language (OQL), and mRNA expression 
(RNA-seq). GISTIC predicts copy number alterations 
according to sample specific thresholds generated 
by comparing chromosomal segments with median 
chromosomal arm copy numbers. All parameters were set 
at default.

Cell-free system analyses

Kinase profiling with 20-223 was carried out with 
a panel of CDKs (CDK1, CDK2, CDK4, CDK5, CDK6, 
CDK7, and CDK9) at a single dose (0.1μM) with 30μM 
ATP in duplicates. The enzymatic activity was determined 
for each of the CDKs and follow-up dose response studies 
were carried out with CDK2 and CDK5. A 10-point dose 
response starting at 5 μM of 20-223 or AT7519 with 
3-fold dilution was carried out. IC50 values were generated 
through fitting the dose response curves.

Western blot analyses

Cells were lysed using a buffer containing 
50mM Tris, 100mM NaCl, 1% NP-40, 2mM EDTA, 
20%SDS combined with 20xPPI (Na3VO4, NAF, 
β-glycerophosphate), and 1 mmol/L PMSF. Samples were 
kept on ice and vortexed prior to centrifugation at 4°C. 
Supernatant was collected and protein was quantified 
using BCA Protein Assay (Pierce # 23225). 40μg of 
protein were run on 4-15% gradient gels (BioRad) in 
1x TRIS-Glycine SDS (Research Products International 
Corporation #T32080) at 120V for ~90 minutes and 
separated by SDS-PAGE electrophoresis prior to being 
transferred to a PVDF membrane using a Semi-dry 
transfer (ThermoScienctific, #35035) at 18V for 35 
minutes. The membrane was blocked in 5% milk in 1X 



Oncotarget5229www.impactjournals.com/oncotarget

Tris Buffered Saline with 0.1%Tween (1xTBST) for 1 
hour at room temperature while gently rocking. Primary 
antibodies (Supplementary Figure 9B) were incubated 
in 5% milk in 1x TBST and rocked overnight at 4°C. 
Appropriate HRP-conjugated secondary antibodies were 
incubated in 5% milk in 1xTBST and rocked for 1 hour at 
room temperature. Protein expression was detected using 
ECL Prime (GE Healthcare #RPN2236). Kinase activity 
was measured by changes in substrate phosphorylation. 
Quantification of phosphorylation levels representative 
of the western blots shown were generated using ImageJ. 
Blots were performed in triplicate (n=3).

Wound healing migration

HCT116 cells were plated at 1.25x106 cells in 2mL 
medium in a 6-well plate and allowed to adhere overnight 
and reach 90% confluency. Cells were scratched using a 
sterile 10μL pipette tip down the middle of the well to 
create a “wound”. Scratched cells were washed gently with 
PBS before being stimulated with a final concentration 
of 100ng/mL of EGF (Invitrogen # PHG0311L) and 
immediately treated with either 1.5μM 20-223 or DMSO 
control. Directly after the start of treatment, cells were 
taken to the live cell imaging facility where they were 
imaged every 15 minutes over a 36 hour time course (only 
the first 24 hours were considered for migration purposes). 
Migration assays were performed in triplicate (n=3).

Cell viability

CRC cells were plated at 4000 cells/well in a 96 
well plate. Cells were treated with 20-223, AT7519 or 
Roscovitine at 4-fold dilutions starting at 10μM (20-223 
and AT7519) or 100μM (Roscovitine) and incubated at 
37°C for 72 hours. The ability of these compounds to 
inhibit cell growth was assessed using the dye PrestoBlue. 
Following a 15 minute incubation with PrestoBlue 
reagent (Invitrogen #A13262), fluorescence was 
measured at 560nM excitation and 590nM emission using 
SpectraMax M5e. Growth Inhibition was calculated using 
100-[100*(Sample – T0)/(T100-T0)] equation, where T0 
is the control reading immediately following treatment 
and T100 is the control reading at the end of a 72 hour 
incubation. Each assay was performed in triplicate (n=3).

DNA-cell cycle analyses

CRC cells were plated at 1x106 cells in a 10cm plate 
and allowed to adhere overnight. Cells were starved for 24 
hours prior to treatments at 2x the growth inhibition IC50 
values with 20-223, AT7519 or DMSO and were incubated 
for 24 and 48 hours prior to cell cycle analyses. 1x106 cells 
were collected and pelleted by centrifugation at 2000 rpm 
for 1 minute at 4°C. Supernatant was decanted and pellets 
were resuspended in 1mL of 70% Ethanol and incubated 
at 4°C for 1 hour. Samples were centrifuged at 2000 rpm 

for 1 minute at 4°C and ethanol was removed. Pellets were 
washed 1x with 1mL of 1xPBS then centrifuged. PBS was 
removed and samples were resuspended in 1mL of Telford 
Reagent (115uM EDTA, 27μg/mL RNAseA, 50μg/mL 
Propidium Iodide, 0.1% Triton X-100, made in 1xPBS) 
and incubated at 4°C for 1 hr. Cells were analyzed for 
DNA content by flow cytometry. % of cells in the G1, G2, 
and S phases were determined for each treatment. (n=2).

Statistical analyses

Graphs and figures were generated using SigmaPlot 
11.0 and Graphpad Prism statistical software (GraphPad 
Software, Inc). Student’s t-test was used to compare 
differences between means between two groups. One-
way analyses of variance (ANOVA) with a post-test for 
linear trends was used to compare two or more groups. 
For all analyses, significance was inferred at P < 0.05 and 
P values were two-sided.

ACKNOWLEDGMENTS

We would like to thank the members of the Brattain 
and Natarajan laboratory for helpful discussions and 
critical review of the manuscript.

CONFLICTS OF INTEREST

No potential conflicts of interest were disclosed.

FUNDING

This work was supported in part by CA054807 
(MGB and JB), CA009467 (MGB and JB), CA036727 
(Cancer Center Support Grant), CA127297 (AN and 
MAH), CA212470 (CJB), CA009476 (CJB and BC) and 
UNMC fellowship for JIC.

REFERENCES

1. American Cancer Society. (2017). Cancer Facts & Figures 
2017. (Atlanta: American Cancer Society).

2. Peyressatre M, Prevel C, Pellerano M, Morris MC. 
Targeting cyclin-dependent kinases in human cancers: 
from small molecules to peptide inhibitors. Cancers (Basel). 
2015; 7: 179-237. https://doi.org/cancers7010179.

3. Sonawane YA, Taylor MA, Napoleon JV, Rana S, Contreras 
JI, Natarajan A. Cyclin dependent kinase 9 inhibitors for 
cancer therapy. J Med Chem. 2016; 59: 8667-84. https://doi.
org/10.1021/acs.jmedchem.6b00150.

4. Robb CM, Contreras JI, Kour S, Taylor MA, Abid M, 
Sonawane YA, Zahid M, Murry DJ, Natarajan A, Rana S. 
Chemically induced degradation of CDK9 by a proteolysis 
targeting chimera (PROTAC). Chem Commun (Camb). 
2017; 53: 7577-80. https://doi.org/10.1039/c7cc03879h.



Oncotarget5230www.impactjournals.com/oncotarget

5. Lalioti V, Pulido D, Sandoval IV. Cdk5, the multifunctional 
surveyor. Cell Cycle. 2010; 9: 284-311. https://doi.
org/10466.

6. Arif A. Extraneuronal activities and regulatory mechanisms 
of the atypical cyclin-dependent kinase Cdk5. Biochem 
Pharmacol. 2012; 84: 985-93. https://doi.org/10.1016/j.
bcp.2012.06.027.

7. Eggers JP, Grandgenett PM, Collisson EC, Lewallen 
ME, Tremayne J, Singh PK, Swanson BJ, Andersen JM, 
Caffrey TC, High RR, Ouellette M, Hollingsworth MA. 
Cyclin-dependent kinase 5 is amplified and overexpressed 
in pancreatic cancer and activated by mutant K-Ras. 
Clin Cancer Res. 2011; 17: 6140-50. https://doi.
org/10.1158/1078-0432.CCR-10-2288.

8. Feldmann G, Mishra A, Hong SM, Bisht S, Strock CJ, 
Ball DW, Goggins M, Maitra A, Nelkin BD. Inhibiting the 
cyclin-dependent kinase CDK5 blocks pancreatic cancer 
formation and progression through the suppression of Ras-
Ral signaling. Cancer Res. 2010; 70: 4460-9. https://doi.
org/0008-5472.CAN-09-1107.

9. Pozo K, Castro-Rivera E, Tan C, Plattner F, Schwach 
G, Siegl V, Meyer D, Guo A, Gundara J, Mettlach G, 
Richer E, Guevara JA, Ning L, et al. The role of Cdk5 in 
neuroendocrine thyroid cancer. Cancer Cell. 2013; 24: 499-
511. https://doi.org/10.1016/j.ccr.2013.08.027.

10. Pozo K, Hillmann A, Augustyn A, Plattner F, Hai T, Singh 
T, Ramezani S, Sun X, Pfragner R, Minna JD, Cote GJ, 
Chen H, Bibb JA, et al. Differential expression of cell 
cycle regulators in CDK5-dependent medullary thyroid 
carcinoma tumorigenesis. Oncotarget. 2015; 6: 12080-93. 
https://doi.org/10.18632/oncotarget.3813.

11. Lindqvist J, Imanishi SY, Torvaldson E, Malinen M, Remes 
M, Orn F, Palvimo JJ, Eriksson JE. Cyclin-dependent 
kinase 5 acts as a critical determinant of AKT-dependent 
proliferation and regulates differential gene expression by 
the androgen receptor in prostate cancer cells. Mol Biol 
Cell. 2015; 26: 1971-84. https://doi.org/10.1091/mbc.
E14-12-1634.

12. Strock CJ, Park JI, Nakakura EK, Bova GS, Isaacs JT, 
Ball DW, Nelkin BD. Cyclin-dependent kinase 5 activity 
controls cell motility and metastatic potential of prostate 
cancer cells. Cancer Res. 2006; 66: 7509-15. https://doi.
org/10.1158/0008-5472.CAN-05-3048.

13. Liang Q. CDK5 is essential for TGF-B-induced epithelial-
mesenchymal transition and breast cancer progression. Sci 
Rep. 2013; 3: 2932.

14. Liu JL, Wang XY, Huang BX, Zhu F, Zhang RG, Wu 
G. Expression of CDK5/p35 in resected patients with 
non-small cell lung cancer: relation to prognosis. 
Med Oncol. 2015; 28: 673-8. https://doi.org/10.1007/
s12032-010-9510-7.

15. Ehrlich SM, Liebl J, Ardelt MA, Lehr T, De Toni EN, Mayr 
D, Brandl L, Kirchner T, Zahler S, Gerbes AL, Vollmar 
AM. Targeting cyclin dependent kinase 5 in hepatocellular 

carcinoma—a novel therapeutic approach. J Hepatol. 2015; 
63: 102-13. https://doi.org/10.1016/j.jhep.2015.01.031.

16. Zhuang K, Zhang J, Xiong M, Wang X, Luo X, Han L, 
Meng Y, Zhang Y, Liao W, Liu S. CDK5 functions as a 
tumor promoter in human colorectal cancer via modulating 
the ERK5-AP-1 axis. Cell Death Dis. 2016; 7: e2415. 
https://doi.org/10.1038/cddis.2016.333.

17. Asghar U, Witkiewicz AK, Turner NC, Knudsen ES. The 
history and future of targeting cyclin-dependent kinases in 
cancer therapy. Nat Rev Drug Discov. 2015; 14: 130-46. 
https://doi.org/10.1038/nrd4504.

18. Balakrishnan A, Vyas A, Deshpande K, Vyas D. 
Pharmacological cyclin dependent kinase inhibitors: 
implications for colorectal cancer. World J Gastroenterol. 
2016; 22: 2159-64. https://doi.org/10.3748/wjg.v22.i7.2159.

19. Pevarello P. 3-Aminopyrazole inhibitors of CDK2/cyclin A 
as antitumor agents. 1. Lead finding. J Med Chem. 2004; 
47: 3367-80.

20. Pevarello P, Brasca MG, Orsini P, Traquandi G, Longo A, 
Nesi M, Orzi F, Piutti C, Sansonna P, Varasi M, Cameron A, 
Vulpetti A, Roletto F, et al. 3-Aminopyrazole inhibitors of 
CDK2/cyclin A as antitumor agents. 2. Lead optimization. 
J Med Chem. 2005; 48: 2944-56. https://doi.org/10.1021/
jm0408870.

21. Wyatt PG, Woodhead AJ, Berdini V, Boulstridge JA, 
Carr MG, Cross DM, Davis DJ, Devine LA, Early 
TR, Feltell RE, Lewis EJ, McMenamin RL, Navarro 
EF, et al. Identification of N-(4-piperidinyl)-4-(2,6-
dichlorobenzoylamino)-1H-pyrazole-3-carboxamide 
(AT7519), a novel cyclin dependent kinase inhibitor using 
fragment-based X-ray crystallography and structure based 
drug design. J Med Chem. 2008; 51: 4986-99. https://doi.
org/10.1021/jm800382h.

22. Squires MS, Feltell RE, Wallis NG, Lewis EJ, Smith 
DM, Cross DM, Lyons JF, Thompson NT. Biological 
characterization of AT7519, a small-molecule inhibitor 
of cyclin-dependent kinases, in human tumor cell 
lines. Mol Cancer Ther. 2009; 8: 324-32. https://doi.
org/110.1158/1535-7163.MCT-08-0890.

23. Mahadevan D, Plummer R, Squires MS, Rensvold D, Kurtin 
S, Pretzinger C, Dragovich T, Adams J, Lock V, Smith DM, 
Von Hoff D, Calvert H. A phase I pharmacokinetic and 
pharmacodynamic study of AT7519, a cyclin-dependent 
kinase inhibitor in patients with refractory solid tumors. 
Ann Oncol. 2011; 22: 2137-43. https://doi.org/10.1093/
annonc/mdq734.

24. Karran E, Palmer AM. Nuerodegenerative disorders and 
their treatments. Drug News Perspect. 2007; 20: 407-12.

25. Rajput A, Agarwal E, Leiphrakpam P, Brattain MG, 
Chowdhury S. Establishment and validation of an orthotopic 
metastatic mouse model of colorectal cancer. ISRN Hepatol. 
2013; 2013: 206875. https://doi.org/10.1155/2013/206875.

26. Chowdhury S, Howell GM, Rajput A, Teggart CA, Brattain 
LE, Weber HR, Chowdhury A, Brattain MG. Identification 



Oncotarget5231www.impactjournals.com/oncotarget

of a novel TGFbeta/PKA signaling transduceome in 
mediating control of cell survival and metastasis in colon 
cancer. PLoS One. 2011; 6: e19335. https://doi.org/10.1371/
journal.pone.0019335.

27. Xie Z, Sanada K, Samuels BA, Shih H, Tsai LH. Serine 
732 phosphorylation of FAK by Cdk5 is important for 
microtubule organization, nuclear movement, and neuronal 
migration. Cell. 2003; 114: 469-82. https://doi.org/
S0092867403006056.

28. Siemeister G, Lucking U, Wengner AM, Lienau P, Steinke 
W, Schatz C, Mumberg D, Ziegelbauer K. BAY 1000394, 
a novel cyclin-dependent kinase inhibitor, with potent 
antitumor activity in mono- and in combination treatment 
upon oral application. Mol Cancer Ther. 2012; 11: 2265-73. 
https://doi.org/10.1158/1535-7163.MCT-12-0286.

29. Byth KF, Thomas A, Hughes G, Forder C, McGregor A, 
Geh C, Oakes S, Green C, Walker M, Newcombe N, Green 
S, Growcott J, Barker A, et al. AZD5438, a potent oral 
inhibitor of cyclin-dependent kinases 1, 2, and 9, leads to 
pharmacodynamic changes and potent antitumor effects in 
human tumor xenografts. Mol Cancer Ther. 2009; 8: 1856-
66. https://doi.org/10.1158/1535-7163.MCT-08-0836.

30. Arai K, Eguchi T, Rahman MM, Sakamoto R, Masuda N, 
Nakatsura T, Calderwood SK, Kozaki K, Itoh M. A novel 
high-throughput 3D screening system for EMT inhibitors: 
a pilot screening discovered the EMT inhibitory activity of 
CDK2 inhibitor SU9516. PLoS One. 2016; 11: e0162394. 
https://doi.org/10.1371/journal.pone.0162394.

31. Liang CC, Park AY, Guan JL. In vitro scratch assay: a 
convenient and inexpensive method for analysis of cell 
migration in vitro. Nat Protoc. 2007; 2: 329-33. https://doi.
org/10.1038/nprot.2007.30.

32. Lauand C, Rezende-Teixeira P, Cortez BA, Niero EL, 
Machado-Santelli GM. Independent of ErbB1 gene copy 
number, EGF stimulates migration but is not associated with 
cell proliferation in non-small cell lung cancer. Cancer Cell 
Int. 2013; 13: 38. https://doi.org/10.1186/1475-2867-13-38.

33. Wu W, Yang J, Feng X, Wang H, Ye S, Yang P, Tan 
W, Wei G, Zhou Y. MicroRNA-32 (miR-32) regulates 
phosphatase and tensin homologue (PTEN) expression and 
promotes growth, migration, and invasion in colorectal 
carcinoma cells. Mol Cancer. 2013; 12: 30. https://doi.
org/10.1186/1476-4598-12-30.

34. Wang J, Kuropatwinski K, Hauser J, Rossi MR, Zhou Y, 
Conway A, Kan JL, Gibson NW, Willson JK, Cowell JK, 
Brattain MG. Colon carcinoma cells harboring PIK3CA 
mutations display resistance to growth factor deprivation 
induced apoptosis. Mol Cancer Ther. 2007; 6: 1143-50. 
https://doi.org/10.1158/1535-7163.MCT-06-0555.

35. Ahmed D, Eide PW, Eilertsen IA, Danielsen SA, Eknaes 
M, Hektoen M, Lind GE, Lothe RA. Epigenetic and genetic 
features of 24 colon cancer cell lines. Oncogenesis. 2013; 2: 
e71. https://doi.org/10.1038/oncsis.2013.35.

36. Ilyas M, Tomlinson IP, Rowan A, Pignatelli M, Bodmer WF. 
Beta-catenin mutations in cell lines established from human 

colorectal cancers. Proc Natl Acad Sci U S A. 1997; 94: 
10330-4.

37. El-Bahrawy M, Poulsom R, Rowan AJ, Tomlinson 
IT, Alison MR. Characterization of the E-cadherin/
catenin complex in colorectal carcinoma cell lines. 
Int J Exp Pathol. 2004; 85: 65-74. https://doi.
org/10.1111/j.0959-9673.2004.0371.x.

38. Pysz MA, Leontieva OV, Bateman NW, Uronis JM, 
Curry KJ, Threadgill DW, Janssen KP, Robine S, Velcich 
A, Augenlicht LH, Black AR, Black JD. PKCalpha 
tumor suppression in the intestine is associated with 
transcriptional and translational inhibition of cyclin D1. 
Exp Cell Res. 2009; 315: 1415-28. https://doi.org/10.1016/j.
yexcr.2009.02.002.

39. Buard A, Zipfel PA, Frey RS, Mulder KM. Maintenance 
of growth factor signaling through Ras in human colon 
carcinoma cells containing K-ras mutations. Int J Cancer. 
1996; 67: 539-46. https://doi.org/10.1002/10.1002/
(SICI)1097-0215(19960807)67:4<539::AID-IJC13>3.0.CO; 
2-2.

40. Otto T, Sicinski P. Cell cycle proteins as promising targets 
in cancer therapy. Nat Rev Cancer. 2017; 17: 93-115. 
https://doi.org/10.1038/nrc.2016.138.

41. Rea K, Sensi M, Anichini A, Canevari S, Tomassetti A. 
EGFR/MEK/ERK/CDK5-dependent integrin-independent 
FAK phosphorylated on serine 732 contributes to 
microtubule depolymerization and mitosis in tumor cells. 
Cell Death Dis. 2013; 4: e815. https://doi.org/10.1038/
cddis.2013.353.

42. Huang PH, Chen MC, Peng YT, Kao WH, Chang CH, Wang 
YC, Lai CH, Hsieh JT, Wang JH, Lee YT, Lin E, Yue CH, 
Wang HY, et al. Cdk5 directly targets nuclear p21CIP1 and 
promotes cancer cell growth. Cancer Res. 2016; 76: 6888-
900. https://doi.org/10.1158/0008-5472.CAN-15-3253.

43. Veas-Perez de Tudela M, Maestre C, Delgado-Esteban 
M, Bolanos JP, Almeida A. Cdk5-mediated inhibition of 
APC/C-Cdh1 switches on the cyclin D1-Cdk4-pRb pathway 
causing aberrant S-phase entry of postmitotic neurons. Sci 
Rep. 2015; 5: 18180. https://doi.org/10.1038/srep18180.

44. Chung JH, Bunz F. Cdk2 is required for p53-independent 
G2/M checkpoint control. PLoS Genet. 2010; 6: e1000863. 
https://doi.org/10.1371/journal.pgen.1000863.

45. Krystof V, Cankar P, Frysova I, Slouka J, Kontopidis G, 
Dzubak P, Hajduch M, Srovnal J, de Azevedo WF Jr, Orsag 
M, Paprskarova M, Rolcik J, Latr A, et al. 4-arylazo-3,5-
diamino-1H-pyrazole CDK inhibitors: SAR study, crystal 
structure in complex with CDK2, selectivity, and cellular 
effects. J Med Chem. 2006; 49: 6500-9. https://doi.
org/10.1021/jm0605740.

46. Sumi NJ, Kuenzi BM, Knezevic CE, Remsing Rix LL, 
Rix U. Chemoproteomics reveals novel protein and lipid 
kinase targets of clinical CDK4/6 inhibitors in lung cancer. 
ACS Chem Biol. 2015; 10: 2680-6. https://doi.org/10.1021/
acschembio.5b00368.



Oncotarget5232www.impactjournals.com/oncotarget

47. Smyth LA, Collins I. Measuring and interpreting the 
selectivity of protein kinase inhibitors. J Chem Biol. 2009; 
2: 131-51. https://doi.org/10.1007/s12154-009-0023-9.

48. Pozo K, Bibb JA. The emerging role of Cdk5 in cancer. 
Trends Cancer. 2016; 2: 606-18. https://doi.org/10.1016/j.
trecan.2016.09.001.

49. Eltonsy N, Gabisi V, Li X, Russe KB, Mills GB, Stemke-
Hale K. Detection algorithm for the validation of human 
cell lines. Int J Cancer. 2012; 131: E1024-30. https://doi.
org/10.1002/ijc.27533.

50. Reid Y, Storts D, Riss T, Minor L. Authentication of human 
cell lines by STR DNA profiling analysis. 2004. https://doi.
org/NBK144066.

51. Roig AI, Eskiocak U, Hight SK, Kim SB, Delgado O, 
Souza RF, Spechler SJ, Wright WE, Shay JW. Immortalized 
epithelial cells derived from human colon biopsies 
express stem cell markers and differentiate in vitro. 
Gastroenterology. 2010; 138: 1012-21 e1-5. https://doi.
org/10.1053/j.gastro.2009.11.052.


