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CDK15 promotes colorectal cancer progression via
phosphorylating PAK4 and regulating β-catenin/ MEK-ERK
signaling pathway
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Colorectal cancer (CRC) is the third most diagnosed cancer and the second leading cause of cancer-related deaths. However, there
are few effective therapeutic targets for CRC patients. Here, we found that CDK15 was highly expressed in human CRC and
negatively correlated with patient prognosis and overall survival in tissue microarray. Knockdown of CDK15 suppressed cell
proliferation and anchorage-independent growth of CRC cells and inhibited tumor growth in cell line-derived xenograft (CDX)
model. Importantly, knockout of CDK15 in mice retarded AOM/DSS-induced tumorigenesis and CDK15 silencing by lentivirus
significantly suppressed tumor progression in patient-derived xenograft (PDX) model. Mechanistically, CDK15 could bind PAK4 and
phosphorylate PAK4 at S291 site. Phosphorylation of PAK4 at the S291 residue promoted cell proliferation and anchorage-
independent growth through β-catenin/c-Myc, MEK/ERK signaling pathway in CRC. Moreover, inhibition of PAK4 reversed the
tumorigenic function of CDK15 in CRC cells and pharmacological targeting PAK4 suppressed tumor growth in PDX models. Thus,
our data reveal the pivotal role of CDK15 in CRC progression and demonstrate CDK15 promotes CRC tumorigenesis by
phosphorylating PAK4. Hence, the CDK15-PAK4 axis may serve as a novel therapeutic target for CRC.
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INTRODUCTION
Colorectal cancer (CRC) is a leading cause of cancer-related deaths
worldwide [1]. CRC incidence and death rate have continued to
rise in adults under 50 in recent years [2]. However, only few
available therapeutic targets are effective in a subset of patients
due to molecular heterogeneity and acquired resistance [3]. There
remains an unmet need to exploit oncogenic divers and identify
novel effective therapeutic targets for CRC.
Cell-cycle regulation resides at the core of tumor initiation

and progression. CDKs (cyclin-dependent kinases) are critical
regulators of the cell cycle and closely associated with cancer.
CDKs, comprising CDK 1–20, involved in numerous critical
cellular processes including cell cycle (CDK 1–4, 6), transcription
(CDK 7–10), translation (CDK 1, 11), and mRNA processing (CDK
10–13) as well as differentiation of neurons (CDK5) [4].
Dysregulation of CDKs promotes the occurrence and develop-
ment of tumors. Several CDK inhibitors have been developed
and achieved good clinical efficacy [5, 6]. Meanwhile, the newly
proposed family members PFTAIRE (CDK14–CDK15) and PCTAIRE
(CDK16–CDK18) have attracted increasing attention as they have

been shown to promote progression of various cancers
including colon cancer [7–9]. CDK15 is a highly conserved
homologous gene present in PFTAIRE and PCTAIRE family [10]
and closely associated with cancer [11, 12]. However, the study
of CDK15 in CRC cancer is few and unclear, thus, the role of
CDK15 and potential of CDK15 as therapeutic target in CRC is
worthy of further investigation.
Herein, we report that CDK15 is a critical oncogenic

factor capable of predicting adverse CRC prognosis. CDK15
promotes proliferation and colony formation of cells in vitro;
CDK15 knockout suppresses AOM/DSS-induced tumorigenesis
in mice and CDK15 silencing by lentivirus inhibits tumor
growth in patient-derived xenograft (PDX) models. Mechan-
istically, CDK15 exerts its oncogenic function by binding
PAK4 and phosphorylating PAK4 at the S291 site, which
subsequently is demonstrated to play an important role in
CRC. Taken together, this study systematically demonstrates
that CDK15 promotes CRC tumorigenesis through phosphor-
ylating PAK4 at the S291 residue, and provides a novel
therapeutic target for CRC.
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METHODS
Reagents and antibodies
PF-3758309 (purity ≥ 98% from HPLC and NMR analysis) was purchased
from Shanghai Rechem Science Co., Ltd. (Shanghai, China). The following
antibodies were used in our study: anti-CDK15 (Cat#PA5-28595, Invitro-
gen), anti-CDK15 (Cat#TA811934, ORIGENE), anti-PAK4 (Cat#sc-390507,
Santa Cruz), anti- phospho-β-catenin (Ser675) (Cat#4176, Cell Signaling
Technology), anti-β-catenin (Cat # 8480, Cell Signaling Technology), anti-
phospho-ERK1/2 (Thr202/Tyr204)(Cat# 4370, Cell Signaling Technology),
Anti-ERK1/2 (Cat#4695, Cell Signaling Technology), anti-phospho-MEK1/2
(Ser217/221)(Cat# 9154, Cell Signaling Technology), anti-MEK1/2 (Cat#
4694, Cell Signaling Technology), anti-c-Myc antibody (Cat#ab32072,
Abcam), anti-Flag (Cat #F1804, Sigma), anti-HA (Cat #3724, Cell Signaling
Technology), anti-His (Cat #ab137839, Abcam), anti-GAPDH (#HRP-60004,
Proteintech), anti-β-actin (#HRP-60008, Proteintech).

Plasmid construction
Eukaryotic expression constructs, including pcDNA3.1-CDK15 and
pcDNA3.1-PAK4 were obtained from Youbao Biotechnology Company
(Changsha, China). Packaging vectors (PLKO.1, pMD2.0 G, and psPAX2)
were from Addgene Inc (Cambridge, MA, USA). To construct various
expression vectors, Flag-CDK15, HA-CDK15, His-CDK15, mutant Flag-PAK4,
Flag-PAK4, and His-PAK4 were amplified by PCR with designed specific
primers (provided in Supplementary Table 1).

Cell culture and transfection
The human normal colon epithelial cell line CCD18-co and CRC cell lines
(SW480, HCT116, SW620, HCT-15, and HT-29) were purchased from the
American Type Culture Collection (ATCC). CCD18-co was cultured in
minimum essential medium, SW480 and SW620 cells were cultured in L-15,
HCT116 cells were cultured in McCoy’s 5 A and HCT-15 in RPIM-1640.
HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium. All
cell lines utilized in this study were mycoplasma-free and authenticated by
cellular morphology and STR analysis. All media contained penicillin (100
units/mL), streptomycin (100 μg/mL), and 10% fetal bovine serum (FBS;
Biological Industries, Kibbutz Beit-Haemek, Israel). Cells were maintained at
5% CO2 and 37 °C in a humidified atmosphere. Transfection was performed
using Lipofectamine 2000 (11668-019, Invitrogen Life Technologies,
Carlsbad, CA, USA) for CRC cell lines and Simple-Fect Reagent (Signaling
Dawn Biotech, Wuhan, Hubei, China) for HEK293T cells, according to the
manufacturer’s instructions.

Cell proliferation and anchorage-independent growth assays
Cell proliferation was determined using the MTT assay. Viable cells were
seeded into 96-well plates (1.0–3.5 × 103 cells per well) and absorbance
was measured at 0, 24, 48, and 72 h after seeding the cells. The colony
formation capacity of CRC cell lines was examined by an anchorage-
independent growth assay. A total of 8000 viable cancer cells were
suspended in triplicate in 1mL maintenance medium mixed with 2mM
glutamine, 5 μg/mL gentamycin, and 0.3% soft agar in the top layer. The
base layer was replaced with 2mL 0.5% soft agar in six-well plates. After
7–21 days, colonies were counted and photographed under a microscope.
The number of colony was determined using Image-Pro Plus software
(v.6.0) program (Media Cybernetics, Rockville, MD).

Lentivirus construction and infection
For protein knockdown, shRNA-PLKO.1 was co-transfected with psPAX2
and pMD2.G at a 1:1:1 mass ratio into HEK293T cells using Simple-Fect
Reagent (Signaling Dawn Biotech, Wuhan, Hubei, China). The shRNA
sequences were designed as described in Supplementary Table 1. Two
days after transfection, the virus particles were collected and filtered
through a 0.45 µm filter. Cells were infected with 8mg/mL polybrene
(#107689, Sigma–Aldrich) and selected with puromycin following the
manufacturer’s instructions.

Western blot analysis
Cell pellets were resuspended in RIPA lysis buffer and incubated on ice for
30min (50 mM Tris-HCl pH 7.4, 1 mM EDTA, 0.25% deoxycholic acid
disodium salt, 1% NP40, 150mM NaCl, 0.1% SDS). After centrifugation at
12,000 × g for 10 min at 4 °C, the supernatant fractions were harvested.
Protein concentration was detected using the BCA Quantification kit
(Solarbio, Beijing, China, Cat#PC0020). Next, 20–50 μg of protein extract

was resolved by SDS/PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes. Membranes were blocked for 1 h at room temperature
(RT) followed by an appropriate primary antibody overnight at 4 °C and
subsequently incubated with a secondary antibody conjugated with
horseradish peroxidase for 2 h at RT. The specific protein bands in the
membrane were visualized using an enhanced chemiluminescence (ECL)
reagent and Amersham Imager 600 (GE Healthcare Life Science, Pittsburgh,
PA, SA).

Immunohistochemistry
Human CRC tissue microarray was purchased from Shanghai Outdo
Biotech Company (Shanghai, China). Clinical CRC tissue specimens were
obtained from the Affiliated Cancer Hospital of Zhengzhou University. All
specimens were embedded in paraffin, deparaffinized, and rehydrated in
advance. Antigen retrieval was subsequently performed in boiling sodium
citrate buffer (10mmol/L, pH 6.0) for 90 s. After incubation with 3% H2O2

for 10min, the slides were blocked with 10% goat serum albumin for 30
min at RT. Slides were then treated with specific primary antibodies at 4 °C
in a humidified chamber overnight, followed by incubation with the
secondary antibody for 30min at RT. Finally, slides were stained using 3,3’-
diaminobenzidine and counterstained with hematoxylin. Immunohisto-
chemistry (IHC) staining was quantified by calculating the percentage of
positive cells using the Image-Pro Plus software (v.6.0) program (Media
Cybernetics, Rockville, MD, USA).

Immunoprecipitation
Cell pellets were incubated with lysis buffer (50mM Tris-HCl pH 7.4, 1 mM
EDTA, 1% NP40, 150mM NaCl) containing protease inhibitors and PMSF for
30min at 4 °C. After quantification, appropriate cell lysates were incubated
with specific antibodies, rotating overnight at 4 °C, 30 μL of protein A/G
agarose beads (#sc-2003, Santa Cruz) was then added to each sample and
rotated for 2 h at 4 °C. The beads were washed four times with lysis buffer,
and the immune complexes were eluted at 95 °C for 5 min with 6× loading
buffer. The immunoprecipitated complexes were then separated by SDS/
PAGE and subjected to western blot analysis.

Purification of recombinant proteins
For protein purification, the pet28a-his expression system was established
and transfected into Escherichia coli strain BL-21. Protein expressed in BL-
21 was induced at 16 °C overnight with 0.5 mM IPTG. BL-21 cells were
resuspended and disrupted with lysis buffer (50 mM NaH2PO4, 300mM
NaCl, 20 mM imidazole, 1 mM phenylmethanesulfonylfluoride, 1% Triton X-
100) through sonication. The supernatants of the bacterial lysates were
incubated with NI-NTA agarose for 4 h at 4 °C (QIAGEN, Germantown, MD,
USA). The beads were washed four times with washing buffer (50mM
NaH2PO4, 300mM NaCl, 60 mM imidazole), and purified proteins were
eluted with elution buffer (50mM NaH2PO4, 300mM NaCl, 300mM
imidazole). Protein purity was determined using SDS-PAGE followed by
Coomassie brilliant blue (CBB) staining.

Pull down assay and mass spectrometry
CDK15-NI-NTA agarose complex purified from BL-21 cells was incubated
with CRC lysates (CDK15-NI-NTA agarose only and CRC lysates only as
control) for 4 h at 4 °C. The CDK15-NI-NTA agarose complex was then
washed four times in buffer (50mM NaH2PO4, 300mM NaCl, 60 mM
imidazole) and subjected to SDS/PAGE. Using CBB staining, discrepant gel
lanes were cut down and prepared for mass spectrometry.

In vitro kinase assay
For in vitro kinase assays, pcDNA3.1-CDK15-Flag was transfected into
HEK293T cells. After 36 h, cells were collected, and active CDK15 was
purified from HEK293T cells. Active CDK15 recombinant protein (50 ng)
and 200 ng of wild-type (WT) PAK4 or PAK4 mutant recombinant protein
were incubated with 250 μM ATP. The reactions were run in kinase buffer
(20mmol/L HEPES, pH 7.4, 10mmol/L MgCl2, 5 mmol/L EGTA, 150mmol/L
NaCl, 20 mmol/L β-glycerol phosphate) for 30min at 30 °C and stopped
using 6× SDS sample buffer. Proteins were resolved by SDS-PAGE and
assessed by western blot analysis.

Cell-derived xenograft mouse model
This study was approved by the Ethics Committee of Zhengzhou University
(Zhengzhou, Henan, China). Six- to eight-week-old NU/NU mice (Vital River
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Fig. 1 CDK15 is upregulated in human colorectal cancer and is associated with patient survival probability. A Expression of CDK15 in
human colon epithelial cell line CCD18-Co and colorectal cancer (CRC) cell lines. B Expression of CDK15 in 14 paired human clinical samples
with CRC and adjacent tissues. Right panel: CDK15 protein expression levels normalized according to β-actin levels. C DNA level of CDK15 in
normal and CRC tissues retrieved from the Oncomine database. D, E Representative immunohistochemical staining images of human CRC
tissues elucidated by CDK15 antibody (40× and 100×; Scale bar: 50 μm). Statistical analysis performed for immunohistochemical staining, and
CDK15 expression denoted as a positive percentage (Tissue specimens in D from the Affiliated Cancer Hospital of Zhengzhou University
include 15 adjacent tissues and 20 tumor tissues; Commercial tissue microarray in E from Shanghai Outdo Biotech Company contains 84
paired tumor tissues with clinical information). F Relationship between CDK15 expression level and overall survival for tissue microarray.
G Expression of CDK15 in patients with different clinical stages for tissue microarray. H Number of lymph node metastases (LNM) stratified by
CDK15 expression level. Data statistical analysis performed using Student’s paired t-test in B, E; Student’s unpaired t-test in C, D, E, G, H;
Kaplan–Meier analysis in F. Error bars represent mean ± SD.
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Labs, Beijing, China) were randomly divided into three groups as follows:
shNT (n= 10); shCDK15-3 (n= 10); shCDK15-7 (n= 10). Cells infected with
the indicated lentivirus (SW480: 1 × 107 cells; HCT116: 2 × 106 cells) were
injected subcutaneously into the right flank of mice. Tumor volumes were
measured using a Vernier caliper and calculated as V= (length) × (width) ×
(height) × 0.52 [13]. Mice were euthanized and tumors were extracted
when tumor volume reached 1000mm3 (cubic millimeter).

Patient-derived xenograft mouse model
This study was approved by the Ethics Committee of Zhengzhou University
(Zhengzhou, Henan, China). For all the cancer tissues utilized in the study,
written informed consent was obtained from the patients. Six- to eight-
week-old severe combined immunodeficient (SCID) female mice (Vital
River Labs, Beijing, China) were selected for animal experiments. Human
tumor specimens were collected at the time of surgery from patients in the
Affiliated Cancer Hospital of Zhengzhou University. Cancer tissues were cut
into the same weight pieces and implanted into the backs of mice. When
tumors reached an average volume of approximately 150mm3, mice were
randomly divided into different groups. For lentivirus treatment groups
(shNT (n= 8), shCDK15-3 (n= 8), shCDK15-7 (n= 8)), the lentiviruses were
produced in HEK293T cells as previously described. Then, the indicated
viruses were concentrated by centrifugation at 30,000 rpm for 4 h at 4 °C.
Mice in different groups received the corresponding viruses via
intratumoral injection at a dose of 1 × 108 pfu/100 μL per mouse every
three days for a total of four times. For the PF-3758309 treatment (vehicle
(n= 9–10), 5 mg/kg (n= 9–10), 20 mg/kg (n= 9–10)), PF-3758309 or 0.9%
NaCl was intraperitoneally injected once per day for 20 days. Tumor
volumes were measured as described for cell line-derived xenograft (CDX).
Mice were euthanized and tumors were extracted for further IHC analysis
when tumor volume reached 1000mm3.

Azoxymethane/ Dextran Sodium Sulfate (AOM/DSS) induced
tumor in mice
All studies were approved by the Ethics Committee of Zhengzhou
University (Zhengzhou, Henan, China). BALB/c mice (CDK15 wild-type
(WT) and knockout (KO)) were purchased from the Jackson Laboratory
(Cat#023307). Mice were genotyped by PCR analysis with specific primers
(Supplementary Table 1) according to the protocol of Jackson Laboratory.
Mice (6–8 weeks old) were randomly divided into four groups: (1) WT
vehicle (n= 6), (2) KO-vehicle (n= 6), (3) WT-AOM/DSS (n= 14), and (4) KO-
AOM/DSS (n= 14). The AOM/DSS-treated mice were injected once
intraperitoneally with 10mg/kg AOM (Cat # A5486, Sigma Chemical).
After 2 weeks, 2% DSS (Cat#160110; MP Biomedicals, LLC) was added to
the drinking water for 1 week, followed by regular water for two weeks,
which was administered for two rounds. The body weight and stool were
continuously monitored until the mice were euthanized at the 12th weeks.
Tumors macroscopically visible on the colorectal mucous were counted,
and the weight and length of the colorectum were measured. Colorectums
were photographed and fixed in 4% formalin for histological analysis.

Statistical analysis
All statistical results were expressed as mean values ± SD, and P < 0.05 was
considered statistically significant. Significant differences were determined
by Student’s t-test or one-way ANOVA using GraphPad Prism 8.0 or SPSS
22.0 software.

RESULTS
CDK15 is overexpressed in CRC and elevated CDK15 predicts
an adverse prognosis in CRC patients
To explore the function of CDK15 in CRC, the expression of CDK15
was determined by western blot in different CRC cell lines, as well
as in 14 paired CRC and adjacent tissues, which were collected
from patients during surgery at the Affiliated Cancer Hospital of
Zhengzhou University. CDK15 is significantly upregulated in CRC
cells compared to the normal colon epithelial cell line CCD18-Co
(Fig. 1A). Moreover, CRC tissues showed significantly elevated
CDK15 expression compared to adjacent tissues (Fig. 1B). In
addition, data retrieved from the Oncomine database demon-
strates that CDK15 DNA copy number is higher in colon
adenocarcinoma and rectal adenocarcinoma compared to normal

tissue (Fig. 1C). Furthermore, IHC staining in unpaired clinical CRC
tissues donated from the Affiliated Cancer Hospital of Zhengzhou
University showed that CDK15 was localized in both the cytoplasm
and nucleus, and stained more strongly in CRC compared to
adjacent tissues (Fig. 1D). To further confirm the role of CDK15 in
CRC, we used a commercial CRC tissue microarray containing 84
paired CRC tissues and adjacent tissues for IHC. Clinicopatholo-
gical characteristics of CRC cases were shown in Supplementary-
Table 2. The distribution and staining intensity of CDK15 in
tissue microarray (Fig. 1E) agreed with that observed in Fig.1D.
Furthermore, clinical correlation analysis revealed that
CDK15 expression was significantly associated with clinical stage
and lymph node metastases (LNM) of CRC (Figs. 1G, 1H and
Table 1). Moreover, Kaplan–Meier analysis showed that patients
with high levels of CDK15 manifested a lower survival probability
and had an adverse prognosis (Fig. 1F). These data suggest that
CDK15 acts as an oncoprotein and plays an essential role in CRC
tumorigenesis.

CDK15 promotes colorectal cancer cell growth in vitro and
in vivo
To investigate the role of CDK15 in CRC cells, we utilized two
different shCDK15 sequences to generate CDK15 silencing in three
CRC cells and in human colon epithelial cell line CCD18-co as a
control (Fig. 2A, Fig. S1A). The results showed that CDK15 silencing
dramatically reduced cell proliferation and suppressed the colony
formation properties of CRC cells, while, cell proliferation of
CCD18-co did not change significantly after CDK15 knockdown
and CCD18-co did not form colony in soft agar. (Fig. 2B, C and Fig.
S1B, C). Moreover, forced expression of CDK15 in CCD18-Co cells

Table 1. Correlation between CDK15 expression and
clinicopathological characteristics of CRC.

Characteristics CDK15 expression

Low (n= 42) High (n= 42) P

Gender

Male
Female

21 (50.00%)
21 (50.00%)

22 (52.38%)
20 (47.62%)

>0.9999

Age

≤60
>60

8 (19.05%)
34 (80.95%)

9 (21.43%)
33 (78.57%)

>0.9999

Tumor size

≤5 cm
>5 cm

29 (69.05%)
13 (30.95%)

25 (59.52%)
17 (40.48%)

0.4949

Histological grade

Well/
moderately
Poorly

38 (90.48%)
4 (9.52%)

33 (78.57%)
9 (21.43%)

0.2268

pT status

T1+ T2
T3
T4

3 (7.32%)
31 (75.61%)
7 (17.07%)

3 (7.14%)
33 (78.57%)
6 (14.29%)

0.9383

pN status

N0
N1
N2

31 (73.81%)
11 (26.19%)
0 (0%)

21 (50.0%)
13 (30.95%)
8 (19.05%)

0.0064

Clinical stage

I
II
III

3 (7.32%)
28 (68.29%)
10 (24.39%)

3 (7.14%)
18 (42.86%)
21 (50%)

0.0482

All data are the number of patients (%).
Numbers do not equal to the total number due to missing data.
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Fig. 2 CDK15 promotes colorectal cancer cell growth in vitro and in vivo. A, D Cells with CDK15 knockdown and overexpression were
established and the expression of CDK15 was determined by western blot. B, E Cell proliferation was measured by MTT assay. C, F Anchorage-
independent growth from different cells with CDK15 knockdown or overexpression. Colonies were counted using Image J-Plus (Scale bar: 200
μm). Data represent statistical analysis of colony number in right panel. G CCD18-co cells stably infected with lentivirus (shNT, shCDK15-3,
shCDK15-7) subcutaneously were injected into the right flank of nude mice (n= 4 mice per group). H, I SW480 and HCT116 cells stably
infected with lentivirus (shNT, shCDK15-3, shCDK15-7) were subcutaneously injected into the right flank of nude mice (n= 9–10 mice per
group). Tumor volume was monitored every 2–5 days. J, K Tumor photographs. L, M Tumor weight. Data from in vitro experiments were
presented as means ± SD from triplicate experiments. All data statistical differences were evaluated using Student’s t-test. *P < 0.05, **P < 0.01,
***P < 0.001.
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with very low CDK15 expression promoted cell proliferation
(Fig. 2D, E). Overexpressed CDK15 in the mouse embryonic
fibroblasts cell (NIH3T3) and CRC cell (HCT116 with CDK15
moderate expression) increased cell growth and colony formation
(Fig. 2D, E, F). Those results further confirmed the enhancing effect
elicited by elevated CDK15 on the proliferation and colony
formation of CRC cells. To further explore the tumorigenic capacity
of CDK15 in CRC cells, we used cell lines derived xenograft (CDX)
model in nude mice subcutaneously injected with CDK15 silencing
cells. The result showed that CCD18-co cell did not form
transplanted tumors in CDX model (Fig. 2G), while, CDK15
knockdown remarkably suppressed tumor growth in CRC CDX
models. The volume and growth rate of tumors in shCDK15

inoculated mice were significantly decreased compared to shNT
inoculated mice (Fig. 2H, I), and the average body weight of mice
did not differ significantly between different groups (Fig. S2A, C).
Tumor size in the shCDK15 groups was much smaller than those in
the shNT group (Fig. 2J, K). The final average tumor weight in
shCDK15 groups was reduced compared to that in shNT group
(Fig. 2L, M). Tumor growth inhibition normalized according to
shNT was presented in Fig. S2B. Western blot analysis of tumor
tissues confirmed the lower expression of CDK15 in tumor tissues
with a lower growth rate (Fig. S2D). These results illuminate that
CDK15 promotes aberrant cell proliferation and plays an
important role in tumorigenesis of colorectal cancer cells in vitro
and in vivo.

Fig. 3 CDK15 knockout suppresses tumorigenesis in AOM/DSS-induced mice model. A Example of PCR genotyping for CDK15 wild-type
(WT), knockout (KO), and heterozygous (HT) mice. B Schematic diagram for AOM/DSS administration: six mice per group in WT and KO control
groups, and 14 mice per group in AOM/DSS treatment groups. Mice were injected intraperitoneally with vehicle (0.9%NaCl) in control groups
or 10mg/kg AOM in experimental groups once at the first week, after which, control mice received regular water and experimental groups
received 2% DSS exposure for two round. C Body weight in mice. Mice were weighed twice per week for total 12 weeks. D Effect of CDK15 on
mice survival. E Representative macroscopic views of colorectum from mice. Right panel: length statistics of the colorectum in different
groups (WT vehicle: n= 6; KO-vehicle: n= 6; WT-AOM/DSS: n= 9; KO-AOM/DSS: n= 13). F Tumor formation in different groups. Left panel:
representative photos and incidence rate of tumors in the colorectum; Right panel: average number of tumors in different groups. G Effect of
CDK15 on colorectal weight to length ratio. H Colorectum samples were harvested and stained with hematoxylin and eosin (H&E) and Ki-67
(100×; Scale bar: 50 μm). Right panel: expression level of Ki-67. All data were presented as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 4 CDK15 binds and phosphorylates PAK4 in vitro. A, B CDK15 and PAK4 bind with each other exogenously. Flag-PAK4, HA-CDK15, and
mock plasmids were co-transfected into HEK293T cells. At 48 h after transfection, proteins were extracted. The FLAG- or HA-tagged proteins
were immunoprecipitated with anti-HA or anti-Flag, and western blot was performed. C, D CDK15 and PAK4 bind with each other
endogenously. HA-CDK15 and mock plasmids were co-transfected into HCT116 cells as indicated in C. At 48 h after transfection, proteins were
extracted and immunoprecipitated with anti-HA. Endogenous PAK4 was detected by western blot in C. Proteins extracted from SW480 were
immunoprecipitated by anti-PAK4, and immunoprecipitated complexes were detected using anti-CDK15, in D. E Modeling of CDK15 binding
with PAK4. CDK15 is colored yellow, and PAK4 is colored blue with 70% transparency. F Active CDK15 was incubated with recombinant PAK4
protein in kinase reaction buffer for 30min at 30 °C and stopped by SDS sample buffer. Phosphorylation signals were detected by western
blot. Active CDK15 was purified from HEK293T cells, while recombinant PAK4 protein was purified from BL-21. G HEK293T cells were co-
transfected with the indicated constructs. Cell lysates were immunoprecipitated with anti-Flag and immunoblotted with anti-p-Ser/Thr. H
SW480 cells with stable knockdown of CDK15 were immunoprecipitated with anti-PAK4, and the immunoprecipitated complex was detected
by anti-p-Ser/Thr in western blot. I Active CDK15 was incubated with the indicated PAK4 mutated protein in kinase reaction buffer.
Phosphorylation signals were detected by western blot. J Active CDK15 incubated with PAK4 protein harboring S291A mutation in kinase
reaction buffer and then were subjected to western blot. K Sequence alignment of CDK15 phosphorylation consensus within PAK4 orthologs
among different species. Phosphorylated serine residue is highlighted in red, proline at the n+ 1 position is highlighted in blue, and arginine
at the n+ 3 position is highlighted in green.
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Fig. 5 PAK4 mediates the oncogenic effect of CDK15 in colorectal cancer. A p-β-catenin(Ser675), c-Myc, p-MEK1/2 (Ser217/221), and p-ERK1/
2 (Thr202/Tyr204) were detected by western blot after CDK15 knockdown in CCD18-co, SW480 and HCT116 cells. B Cells with PAK4 silencing
and CDK15 overexpression were established. PAK4 and CDK15 expression was determined by western blot. C PAK4 knockdown reverses cell
proliferation induced by CDK15 in CCD18-co and HCT116 cells. MTT assay was used to detect cell proliferation. D Anchorage-independent
growth in CCD18-co and HCT116 cells with PAK4 silencing and CDK15 overexpression. Left panels: representative images (Scale bar: 200 μm).
Right panels: Colonies were counted using Image J-Plus (Scale bar: 200 μm) and data represented statistical analysis of colony number ratio. E
Anchorage-independent growth in CCD18-co and HCT116 cells treated with PAK4 inhibitor (PF-3758309). Left panel: representative images of
colonies (Scale bar: 200 μm). Right panel: statistical analysis of the colony ratio. F Western blot to validate β-catenin and MEK/ERK signaling
pathway in HCT116 cells with indicated treatment. Data were presented as mean values ± SD from triplicate experiments. Statistical
differences were evaluated using Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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CDK15 knockout inhibits AOM/DSS-induced tumorigenesis
in vivo
The results thus far prompted us to explore the functional
significance of CDK15 in colon tumorigenesis using AOM/DSS-
induced tumor model. First, PCR genotyping of CDK15 wild-type
(WT), heterozygous (HT), and knockout (KO) mice was performed
(Fig. 3A), and western blot was conducted to determine CDK15
expression in mice with different genotypes (Fig. S3A). Mice were
grouped and treated according to the schematic diagram shown
in Fig.3B. The results showed that significant body weight loss was
observed in AOM/DSS-treated mice compared to control mice.
Notably, WT mice treated with AOM/DSS suffered much severer
body weight loss at the fifth and eighth weeks (Fig. 3C). In

addition, following AOM/DSS treatment, WT mice exhibited earlier
and more severe hemafecia on the 29th day compared to the
32nd day in KO mice, which appeared to be alleviated by CDK15
knockout. Moreover, the overall survival time of AOM/DSS-
induced WT mice was lower than that of KO mice based on
Kaplan–Meier survival curves with fatality rates of 35.71% (WT)
and 7.14% (KO), respectively; however, these results were not
significant (P= 0.0629; Fig. 3D).
In addition, anatomical results showed that AOM/DSS treatment

mice presented with reduced colorectum length compared to
control mice. Notably, much reduced colorectum length was
observed in WT compared to KO mice following AOM/DSS
treatment (7.72 ± 0.49 vs. 8.25 ± 0.27 cm, P= 0.0037; Fig.3E).

Fig. 6 CDK15-induced phosphorylation of PAK4 at S291 promotes cell proliferation. A CCD18-co, SW480, and HCT116 cells with PAK4
knockdown were established. PAK4 expression was determined by western blot. BMTT assays demonstrate that PAK4 knockdown reduces cell
proliferation in CCD18-co, SW480, and HCT116 cells. C Anchorage-independent growth in different PAK4 knockdown cells. D Number of
colonies determined by Image J-Plus (Scale bar: 200 μm). Data represents statistical analysis of the colony ratio. E The proliferation ability in
cells transfected with different S291 mutations of PAK4 was determined by MTT assay. F Anchorage-independent growth in cells transfected
with different PAK4 S291 mutations (Scale bar: 200 μm). Data represent statistical analysis of the colony ratio in right panel. G β-catenin and
MEK/ERK signals determined by western blot in cells transfected with different PAK4 S291 mutations. Densitometric analysis represents the
ratio of phosphorylated protein/total protein. Data were presented as mean values ± SD from triplicate experiments. Statistical differences
were evaluated using Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Furthermore, more and larger tumors were also observed in WT
mice compared to KO mice (tumor number, 10.7 ± 5.5 vs. 3.9 ± 3.1;
P= 0.0014), while control groups have no tumor formed (Fig. 3F).
Additionally, AOM/DSS-induced tumors in mice were primarily

located in the distal portion of the colorectum. Colorectum weight
in WT mice was also significantly increased compared with that in
KO mice following AOM/DSS treatment (Fig. S3B). The ratio
between weight and length of the colorectum was remarkably

Fig. 7 Targeting PAK4 delays tumor growth in patient-derived xenografts. A Clinical information for HJG208 and HJG210 from patient’s
cancer tissues. B, C 0.9% NaCl as vehicle, 5 mg/kg or 20mg/kg PF-3758309 were intraperitoneally injected once per day for 20 days, and tumor
volume was monitored every 2–5 days (n= 9–10 mice per group). D, E Tumor photographs. F, G Tumor weight and tumor growth inhibition
(H, I) normalized to control group. J Levels of p-β-catenin (Ser675), c-Myc, p-MEK1/2 (Ser217/221), and p-ERK1/2 (Thr202/Tyr204) in harvested
tumor tissues were assessed by immunohistochemistry. Representative photographs for each antibody in different groups are shown (100×;
Scale bar: 50 μm). K Statistical analysis for immunohistochemistry staining. Statistical differences were evaluated using Student’s t-test. *P <
0.05, **P < 0.01, ***P < 0.001. Error bars represent mean ± SD.
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higher in WT mice than that in KO mice (53.6 ± 21.8 vs. 33.2 ± 5.5
mg/cm; P= 0.0038; Fig. 3G). Moreover, most colorectal neoplasms
were histologically identified as adenomas in AOM/DSS-treated
mice by hematoxylin and eosin (HE) staining (Fig. 3H). More severe
dysplasia and loss of glandular structures in the mucosa was
observed in colorectal sections of WT mice compared to KO mice
after AOM/DSS treatment. Consistent with the colorectal tumor
burden, Ki-67 expression was also significantly increased in WT
mice compared to that in KO mice. These data demonstrate that
CDK15 exerts a strong accelerative effect on colorectal tumor-
igenesis and greatly promotes the development of tumor induced
by AOM/DSS.

CDK15 can bind PAK4 and phosphorylate its S291 residue
The data in this study suggest a strong oncogenic potential for
CDK15 in colorectal cancer. However, the mechanism responsible
for these effects remains unknown. Therefore, we extended our
study to identify the potential substrates of CDK15 in colorectal
cancer. Using pull down assays, 95 proteins were obtained, which
were identified via mass spectrometry (MS). The top protein was
found to be PAK4 according to the MS score. To confirm the
interaction between CDK15 and PAK4, we performed co-
immunoprecipitation assays with exogenously expressed CDK15
and PAK4 in HEK293T cells. HA-CDK15 was found to precipitate
Flag-PAK4 from HEK293T cell lysates, and vice versa. (Fig. 4A, B).
Furthermore, the endogenous interaction between CDK15 and
PAK4 was validated in the colon cancer cell lines, HCT116 and
SW480 (Fig. 4C, D). Computer modeling further confirm the
interaction between CDK15 and PAK4 (Fig. 4E). Moreover, our
results showed that CDK15 phosphorylated PAK4 in the in vitro
kinase assay (Fig. 4F). Immunoblotting results showed that
overexpressed CDK15 enhanced the phosphorylation level of
PAK4 in HEK293T cells (Fig. 4G), while, CDK15 knockdown
decreased the phosphorylation of PAK4 in SW480 cells (Fig. 4H).
To further determine the potential residues of PAK4 that become
phosphorylated by CDK15, we predicted five possible PAK4
phosphorylation sites in the Netphos2.0 server (Fig. S4). The
results demonstrated that the S291 residue in PAK4 was likely the
most relevant phosphorylation site for CDK15 in the in vitro
kinase assay (Fig. 4I, J). More notably, we found that the motif
containing S291 in PAK4 matched the consensus phosphorylation
motif by CDK (S/T-P-X-K/R/H) [14] and the amino acid sequence
around this site was highly evolutionarily conserved among
multiple species suggesting that S291 was a functional phos-
phorylation site (Fig. 4K). Those findings suggest that PAK4 is a
substrate of CDK15 and CDK15 can phosphorylates PAK4 at S291
residue.

PAK4 mediates the oncogenic effect of CDK15 in colorectal
cancer
Studies have reported that PAK4 plays an important role in several
cancers and regulates MEK/ERK and β-catenin signal pathways in
cancer [15, 16]. In our results, levels of p-β-catenin(Ser675), c-Myc,
p-MEK1/2(Ser217/221), and p-ERK1/2(Thr202/Tyr204) were
decreased in CRC cells with CDK15 knockdown, while those
signals had no change in CCD18-co cell after CDK15 knockdown
(Fig. 5A). These results indicated that CDK15 silencing attenuated
PAK4 downstream (β-catenin and MEK/ERK signaling pathway) in
CRC cells with elevated CDK15, while had no effect in CCD18-co,
which was consistent with its phenotype in Fig. 2B-C. Moreover,
CDK15 overexpression increased cell proliferation, which was
reversed by PAK4 knockdown in CCD18-co cells (Fig. 5B-D).
Similarly, in HCT116 cells with PAK4 silencing and CDK15
overexpression, CDK15 overexpression increased cell proliferation
and anchorage-independent cell growth compared with the
control, while, the CDK15-induced cellular proliferation and colony
growth were reversed following PAK4 knockdown (Fig. 5B-D).
Furthermore, when CDK15 overexpressed cell treated with PF-

3758309, the cell colony formation capacity was also reversed
among different PF-3758309 concentration due to PAK4 inhibition
(Fig. 5E and Fig. S5A). Correspondingly, western blot results
showed that β-catenin and MEK/ERK signaling pathways,
enhanced by CDK15 overexpression, were also reversed by PAK4
inhibition (Fig. 5F and Fig. S5B). Taken together, these results
demonstrate that PAK4 is a substrate for CDK15 and mediates
oncogenic function of CDK15 in CRC cells.

Phosphorylation of PAK4 at S291 site by CDK15 promotes cell
proliferation
Given that the S291 residue of PAK4 can be phosphorylated by
CDK15, and that PAK4 mediates the oncogenic effect of CDK15 in
CRC, we next sought to determine the function of S291 residue in
CRC. First, we demonstrated that PAK4 silencing reduced cell
proliferation, as well as the number of colonies in SW480 and
HCT116 cells. Moreover, cell proliferation of CCD18-co cell was
also decreased significantly after PAK4 knockdown (Fig. 6A-D). The
results suggest that PAK4 not only is necessary to maintain the
proliferative activity of CCD18-co, but also plays a critical role in
the proliferation of CRC cells. Next, we transfected PAK4-WT,
PAK4-S291A, and PAK4-S291D into HCT116 and CCD18-co cells.
Results showed that in HCT116 cells, PAK4-S291A transfection
displayed decreased proliferation as well as fewer and smaller
colonies compared to PAK4-WT transfection, while, PAK4-S291D
was able to enhance the proliferation and colony formation
capacity of cells (Fig. 6E, F). In addition, western blot results
indicated that in PAK4-S291A transfected cells, β-catenin and
MEK/ERK signals were decreased compared to PAK4-WT cells,
while, PAK4-S291D effectively enhanced those signaling pathways
(Fig. 6G and Fig. S5C). However, in CCD18-co cells, PAK4-S291D
transfection displayed increased cell proliferation compared to
PAK4-WT and PAK4-S291A. The proliferation between PAK4-WT
and PAK4-S291A transfected cells did not show significant
difference, which may due to that intracellular CDK15 protein
level was too low to promote the phosphorylation of S291 in
PAK4. Western blot data from CCD18-co cells showed consistent
results (Fig. 6E-G). These findings suggest that abnormal
phosphorylation of S291 site in PAK4 not only promotes cell
proliferation of CCD18-Co cell, but also involves in the oncogenic
function of PAK4 and plays an important role in CRC cells.

Targeting PAK4 delays colorectal tumor growth in patient-
derived xenografts model
To further confirm the function of PAK4 in human CRC progression
in vivo, we used patient-derived xenografts model (PDX) in SCID
mice treated with PAK4 inhibitor, PF-3758309. We measured PAK4
expression among multiple clinical CRC tissues and chose two
cases, HJG208 and HJG210, with high PAK4 protein level to
develop the PDX models (Fig. S6). The clinical information for
HJG208 and HJG210 was shown in Fig. 7A. The results revealed
that targeting PAK4 remarkably suppressed tumor growth in PDX.
Tumor volume and growth rate were significantly decreased in the
treatment groups compared to the vehicle groups (0.9%NaCl),
while, the average body weight had no significant difference
between different groups (Fig. 7B, C and Fig. S7A). Tumor size in
the treatment groups was much smaller than that in the vehicle
groups (Fig. 7D, E). The final average tumor weight in the
treatment groups was reduced compared to that in the vehicle
groups (Fig. 7F, G). The tumor growth inhibition rate in the 20mg/
kg groups was significantly higher than that in 5 mg/kg groups
(Fig. 7H, I). Moreover, IHC analysis showed that the levels of p-β-
catenin(Ser675), c-Myc, p-MEK1/2(Ser217/221), and p-ERK1/2
(Thr202/Tyr204) were decreased in treatment groups compared
to vehicle group, which were consistent with the tumor burdens in
different groups (Fig. 7J, K). These results confirm that PAK4 plays
an important role in CRC and pharmacological targeting
PAK4 suppresses CRC tumor growth in PDX in vivo.
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Fig. 8 Lentivirus-mediated CDK15 silencing inhibits colorectal tumor growth in patient-derived xenografts. A Clinical information for
HJG86 from patient’s cancer tissues. B Mice received the lentiviruses (shNT, shCDK15-3, shCDK15-7) via intratumoral injection every 3 days for
a total of four times. Tumor volume was monitored every 2–5 days for four continuous weeks (n= 8 mice per group). C Tumors photographs.
D Tumor weight measured at the end of the study. E Tumor growth inhibition normalized to control group. F Levels of CDK15, p-β-catenin
(Ser675), c-Myc, p-MEK1/2(Ser217/221), and p-ERK1/2 (Thr202/Tyr204) in harvested tissues were assessed by immunohistochemistry.
Representative photographs in different groups are shown (100×; Scale bar: 50 μm). G Statistical analysis for immunohistochemistry staining.
H Schematic model for the findings of this work: Aberrant CDK15 in CRC binds PAK4 and phosphorylates PAK4 at the S291 site. Accumulated
phosphorylation of S291 upregulates the β-catenin/c-Myc and MEK/ERK signals, which in turn contribute to CRC tumor growth. Statistical
differences were evaluated using Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars represent mean ± SD.
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Lentivirus-mediated CDK15 silencing inhibits colorectal tumor
growth in patient-derived xenografts model
To further verify the role of CDK15 in human CRC progression in vivo,
the patient-derived xenografts (PDX) were intratumorally injected
with lentivirus to knockdown CDK15 expression in the tumor [17].
CDK15 expression level was determined by western blot and case
HJG86, with elevated CDK15, was chosen to establish the PDX model
(Fig. S6). The clinical information of HJG86 was shown in Fig. 8A. The
results showed that CDK15 silencing remarkably retarded tumor
growth in PDX models. The volume and growth rate of tumors in
shCDK15 groups were significantly decreased compared to shNT
groups, while, the average body weight had no significant difference
between the groups (Fig. 8B and Fig. S7B). Furthermore, tumors in the
shCDK15 groups were much smaller than that in the shNT group
(Fig. 8C). The final average tumor weight in shCDK15 group was also
reduced compared to that in the shNT group (Fig. 8D). Tumor growth
inhibition in shCDK15 groups was shown in Fig. 8E. Considering that
PAK4 is a substrate of CDK15, and that CDK15 oncogenicity in CRC
has been shown to be closely associated with the PAK4 signaling
pathway, we examined PAK4 downstream signals on tumor extracts
from each group through IHC (Fig. 8F, G). The results showed that
after CDK15 knockdown in tumors by lentivirus infection, the levels of
p-β-catenin(Ser675), c-Myc, p-MEK1/2(Ser217/221), and p-ERK1/2
(Thr202/Tyr204) were also decreased, which were consistent with
the changes of tumor burden in mice. Overall, these data provide
strong evidences that CDK15 acts as an oncogene in CRC
tumorigenesis and its silencing by lentivirus suppresses CRC tumor
growth by regulating PAK4 signaling pathway in vivo.

DISCUSSION
The newly proposed CDKs family members (CDK14-CDK16) have
been reported to be closely associated with cancer progression.
CDK14 acts as an oncogene in breast, esophageal gastric, and
pancreatic cancer [18–20] and involves in Wnt signaling by
regulating LRP6 [21]; CDK16 promotes progression of hepatocellular
carcinoma, lung cancer, and melanomas by regulating cell cycle and
apoptosis [8, 22–24]. CDK15, which is highly homologous to CDK14
and CDK16, has been reported to protect cancer cell from tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced
apoptosis [11], while, another paper shows CDK15 acts as a tumor
suppressor in breast cancer cell invasion and metastasis [12]. In the
present study, we illuminate that CDK15 is highly expressed in
human CRC and high abundance of CDK15 manifests a lower
survival probability in CRC patients. Moreover, CDK15 knockout mice
and lentivirus-infected PDX model provide strong evidences that
CDK15 plays an important role in the progression of CRC.
The AOM/DSS model is a powerful, reproducible initiation-

promotion CRC model [25, 26]. Specifically, tumor development in
this model mimics that observed in humans, with the tumors
induced in mice accurately recapitulating the pathogenesis
observed in humans [27, 28]. This model demonstrates CDK15
exerts a strong accelerative effect on colorectal tumorigenesis and
clearly defined an oncogenic function for CDK15 in CRC, which
help us better understand the role of CDK15 in cell behavior and
tumor biology observed in humans. The PDX model has high
stability and resemblance to human tumors and is the preferred
tool for clinical translation research [29, 30]. In our study,
CDK15 silencing significantly suppresses colorectal tumor growth
in PDX model, which provides strong support for CDK15 as a novel
therapeutic target for CRC therapy.
PAK4, a serine/threonine p21-activating kinase, plays an important

role in a variety of cellular functions [31]. Dysregulation of PAK4
expression and activity is closely associated with cancer progression
[32]. Our results show that PAK4 silencing decreases cell proliferation
in CRC, which agrees with other studies that PAK4 is highly
expressed in CRC tissues compared to normal tissues, and its
silencing decreases cell proliferation, while increases apoptosis in

CRC [33]. A myriad of PAK4 effectors, including MEK/ERK, Wnt/β-
catenin, LIMK1/Cofilin, and PI3K/AKT signaling pathways, have been
described in cancers [34–36]. However, the precise mechanisms
associated with PAK4 regulation are not yet fully understood. Herein,
our studies demonstrate that CDK15 can bind and phosphorylate
PAK4 at S291 residue, subsequently enhances MEK/ERK and β-
catenin signals, which are reported to be frequently aberrantly
expressed in CRC and promote CRC progression [37, 38]. Moreover,
the phosphorylation of S291 site by CDK15 promotes CRC cells
proliferation and plays a critical role in PAK4 oncogenic function in
CRC. Other studies found that phosphorylation of Ser474 in PAK4
enhances the transcriptional activity of CREB in prostate cancer [39]
and PAK4(S445N) induces a transformed morphology in fibroblasts
[40]. Another study argued that PAK4 activity and function are
regulated by conformational changes rather than phosphorylation
of residues residing within the activation loop of the protein [41].
Hence, PAK4 function appears to be regulated by multiple residue
sites as well as conformational changes depend on different cancers
and microenvironments.
PF-3758309, a PAK4 inhibitor, suppresses the proliferation of

multiple human tumor cells in vitro and in vivo [42]. There have
reports that pharmacological inhibition of PAK4 improved tumor
response to anti-PD-1 immunotherapy in murine melanoma
CDX model [43]. In addition, combined inhibitor treatment for
LIMK1 and PAK4 exhibited good antitumor efficacy in breast
cancer [44]. In our study, PAK4 inhibition by PF-3758309
significantly suppresses colorectal tumor growth in PDX mod-
els and exhibits potent preclinical antitumor efficacy in CRC
suggesting that targeting CDK15-PAK4 axis might provide a
potential preventative or therapeutic strategy for CRC patients.
All results in our study demonstrate that CDK15 is a critical

oncogenic factor capable of predicting adverse prognoses and
provide strong support for CDK15 as a novel therapeutic target for
CRC patients. Furthermore, CDK15 exerts its oncogenic function by
phosphorylating PAK4 at S291 site, which subsequently enhances
the β-catenin, MEK/ERK signaling pathway to promote CRC
progression. Hence, therapeutic approaches designed to inhibit
CDK15-PAK4 axis represent an attractive strategy for CRC patients
and are worthy of more investigation.
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