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Background: CDK14 has significant involvement in tumorigenesis of cancers including hepatocellular
carcinoma, gastric carcinoma and breast cancer. In esophageal cancer, CDK14 is useful as a prognostic
marker and as a predictor of response to chemotherapy. However, the exact mechanism of CDK14 n
chemotherapy for esophageal squamous cell carcinoma (ESCC) has not been explored.

Methods: Western blots and immunohistochemistry (IHC) analysis were performed to analyse the
expression of CDK14 in ESCC. Co-immunoprecipitation and immunofluorescence assays were used to
explore the mechanism of CDK14 involvement in ESCC. Colony formation assays and proliferation assays
were used to investigate the function of CDK14 in ESCC. At last, we constructed two truncated mutants of
CDK14 by the PCR technology to research the functional structural domain.

Results: Western blots and THC analysis showed that CDK14 expression was higher n tumor tissues and
cell lines than that in normal tissues. IHC staining revealed that CDK14 positively correlated with clinical
pathological variables of tumor size (P=0.001), tumor grade (P=0.004), Ki-67 (P=0.012) and survival (P=0.000).
Immunoprecipitation and immunofluorescence assays revealed that CDK-activating kinase (CAK), namely
CDK7/CCNH complex physically interacted and was collocated with CDK14 in the cell nucleus. This
direct interaction increased CDK14 phosphorylation and inhibited Rb function through phosphorylation.
In vitro starvation and refeeding assays demonstrated that CDK14 expression was related to proliferation of
ESCC cells. Overexpression of CDK14 in Ecal09 cells increased colony formation and reduced sensitivity
to cisplatin. Overexpressing CDK7 with CDK14 strengthened these effects, demonstrating that CDK7 was a
major component in CDK14 activation.

Conclusions: Expression of CDK14 worsened the effects of cisplatin chemotherapy by promoting ESCC

proliferation.
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Introduction

Esophageal cancer is the eighth most common cancer in
the world (1). It has a high lethality rate, with more than
400,000 deaths per year (2,3). Esophageal squamous cell
carcinoma (ESCC) is the most common type of esophageal
carcinoma globally and in economically developing
countries. Approximately half of the world’s 500,000 new
ESCC cases annually occur in China, where the disease
is a major public health problem (4). With insidious early
symptoms, patients with ESCC often have advanced
stage disease at initial diagnosis. As an effective means of
comprehensive therapy, chemotherapy is important in
esophageal cancer treatment. Responses to chemotherapy
differ widely and have considerable heterogeneity in
patients. The resistance of tumor cells to chemotherapy
drugs restricts treatment effects and results in poor
prognosis. Therefore, research on molecular mechanisms
related to chemoresistance is essential to reduce the
occurrence and development of esophageal cancer.

Cyclin-dependent kinases (CDKs) are a family of 20
protein kinases that regulate cell cycle progression (Cdkl,
Cdk2, Cdk3, Cdk4, and Cdko6), transcription (Cdk7,
Cdk8, Cdk9, and Cdk10), differentiation (Cdk5), and
other processes (5-7). CDK14, also known as PFTAIREI,
is a novel member of the Cdc2-related serine/threonine
protein kinases and the CDK family (8,9). Studies show
that CDK14 regulates cell cycle, cell proliferation and
several pathways and is an oncogene in a variety of human
malignant cancers (10,11). For instance, CDK14 interacts
with cyclin Y to activate noncanonical Wnt signaling in
hepatocellular carcinoma (12). Knockdown of CDK14
inhibits tumor cell proliferation, invasion and epithelial-to-
mesenchymal transition in pancreatic cancer. The abnormal
expression of CDK14 is related to chemoresistance in
patients with oesophageal squamous cell carcinoma and
could be useful as a prognostic marker (13). How CDK14 is
involved in ESCC is not clear.

Our work explored the concrete mechanism of
CDK14 in proliferation of ESCC. Western blots and
immunohistochemistry (IHC) analysis verified that
expression of CDK14 in tumor tissues is increased which is
compared to it in normal tissues and cell lines IHC staining
revealed that CDK14 positively correlated with clinical
pathological variables such as tumor size, tumor grade
and tumor invasion, and Ki-67. Protein spectrum analysis
suggests that CDK14 interacts with CDK7/CCNH. In vitro,
starvation and refeeding assays demonstrated that CDK14
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expression was increased and was co-located with CDK7
in ESCC cell. It has been proved that CDK7/CCNH is a
CAK complex that is implicated in activating several types
of CDKs including CDK2, CDK4 by phosphorylation. We
found that the CAK complex (CDK7/CCNH)/CDK14
had physical interactions in ECA109 cells. Through
overexpression experiments for pathways, we showed that
CDK14 was activated by the CAK complex and increased
proliferation in ESCC, which reduced the sensitivity of
ESCC cell to cisplatin.

Methods
Patients and tissue samples

Eight pairs of fresh tissues from ESCC tumors and matched
adjacent normal esophageal epithelia were stored at -80 °C
immediately after surgical removal and before western
blot analysis. One hundred and three ESCC specimens
was provided by the Department of Pathology, Affiliated
Hospital of Nantong University to conduct IHC analysis
from 2008 to 2014. Patients were excluded if they had
immunotherapy, radiation, or chemotherapy as preoperative
therapies. All patients were followed for 1 to 60 months. For
histological examinations, all tumorous and surrounding
nontumorous tissues were fixed in 10% buffered formalin
and embedded in paraffin for sectioning. Resected
specimens were classified using the TNM classification
system. The Ethics Committee of the Affiliated Hospital of
Nantong University permitted use of the tissue sections for
research purposes. Signed informed consent was obtained
from the 103 patients. Main clinical and pathological
variables are in Table 1.

Western blots

Tissues and harvested cells were homogenized in
homogenization buffer containing 1 M Tris-HCI, pH
7.5, 1% TritonX-100, 1% Nonidet P-40, 10% sodium
dodecyl sulfate (SDS), 0.5% sodium deoxycholate, 0.5 M
EDTA, 10 pg/mL leupeptin, 10 pg/mL aprotinin, and
1 mM PMSE, then centrifuged at 13,000x g for 15 min to
collect supernatant. Protein concentration was determined
with a Bio-Rad protein assay (Bio-Rad, Hercules, CA,
USA). Supernatant was diluted in 2x SDS loading buffer
and boiled. Equal amounts of protein were separated by
10% sodium dodecyl sulfate-polyacrylamide gel (SDS-
PAGE) and transferred to PVDF membranes (Millipore,
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Table 1 Clinicopathological features of ESCC related to CDK14
expression patterns for 103 specimens

CDK14 expression
Parameters  Total P
Score <2, n (%) Score =2, n (%)

Age(years)
<60 39 14 (35.9) 25 (64.1) 0.875
>60 64 22 (34.4) 42 (65.6)

Sex
Male 71 27 (38.0) 44 (62.0) 0.329
Female 32 9(28.1) 23 (71.9)

Tumor grade
| 35 20 (57.1) 15 (42.9) 0.004*
Il 31 10 (32.3) 21 (67.7)
11l 21 4 (19.0) 17 (81.0)
\% 16 2 (12.5) 14 (87.5)

Metastasis
Presence 45 19 (42.2) 26 (57.8) 0.173
Absence 58 17 (29.3) 41 (70.7)

Tumor size (cm)
<5 31 18 (68.1) 13 (41.9) 0.001*
=5 72 17 (25.0) 50 (75.0)

Tumor invasion (T)
T 26 6 (23.1) 20 (76.9) 0.334
T2 29 13 (44.8) 16 (65.2)
T3 22 9 (40.9) 13 (59.1)
T4 26 8 (30.8) 18 (69.2)

Survival
0 26 17 (65.4) 9 (34.6) 0.000*
1 77 19 (24.7) 58 (75.3)

Ki67 expression
0 30 16 (53.3) 14 (46.7) 0.012*
1 73 20 (27.4) 53 (72.6)

Statistical analyses were by Pearson’s xz test. *, P<0.05 was
considered significant.

Bedford, MA, USA). After blocking with 5% nonfat milk or
bovine serum albumin (BSA) or 2 h at room temperature,
membranes were incubated overnight at 4 °C with primary
antibodies: (I) anti-CDK14 (1:500, BD Biosciences), (II)
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anti-CDK?7 (1:1,000, Santa Cruz Biotechnology), (III) anti-
CCNH (1:1,000, Santa Cruz Biotechnology), (IV) anti-
GAPDH (1:3,000, Sigma-Aldrich), (V) ant-PCNA (1:1,000,
Santa Cruz Biotechnology), (VI) anti-cyclin E (1:500,
Santa Cruz Biotechnology), (VII) anti-Thr (1:500, Santa
Cruz Biotechnology), (VIII) anti-Ser (1:500, Santa Cruz
Biotechnology), (IX) anti-Rb (Cell Signaling Technology).
After three washes, membranes were incubated with
horseradish peroxidase-linked secondary human anti-mouse
or anti-rabbit antibodies (1:5,000; Pierce Biotechnology) for
2 h at room temperature. Detection of immunocomplexes
was by scanning using a Molecular Dynamics densitometer
(Imaging Technology, Ontario, Canada). Image J (National
Institutes of Health) was used to measure band density.
Experiments were carried out on three separate occasions.

Immunobistochemical staining

Serial sections of 5 pm were mounted on glass slides coated
with 10% polylysine, dewaxed in xylene, and rehydrated
through graded alcohol. Sections were processed in 10
mM citrate buffer (Ph 6.0) and heated to 121 °C in an
autoclave for 3 min to retrieve antigen. Endogenous
peroxidase activity was blocked by 3% hydrogen peroxide
for 15 min. Antibodies used were anti-CDK14 (1:50,
BD Biosciences) and anti-ki-67 (1:400, Santa Cruz
Biotechnology). Negative control slides were treated in
parallel using nonspecific immunoglobulin IgG (Sigma-
Aldrich) at the same concentration as the primary antibody.
Finally, DAB was used to visualize immunoreactivity and
counterstained with hematoxylin. All slides were processed
using the avidin-biotin-peroxidase complex method.
Antigen-antibody reactions were visualized with chromogen
diaminobenzidine.

Immunobistochemical evaluation

Three pathologists blinded to histopathological features and
patient data for samples independently evaluated the degree
of immunostaining. For statistical analysis of CDK14
staining, five high-power fields were randomly chosen, and
at least 300 cells were counted per field. Expression scores
were determined by staining intensity and immunoreactive
cell percentage. Tissues with no staining were rated 0, faint
staining or moderate to strong staining in <25% of cells
were 1, moderate staining or strong staining in 25-50%
of cells were 2, and strong staining in >50% of cells was 3.
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For statistical analysis, <2 was low expression and >2 was
overexpression. For all sections, cell counting was repeated
three times to avoid technical errors; similar results were
obtained for samples.

Cell culture and transient transfection

IHC stain was as previously described (14). Human
esophageal cancer cell line Ecal09 was from the China
Academy of Science cell library, and was cultured at 37 °C
and 5% CO, in RPMI-1640 medium (Gibco BRL, Grand
Island, NY, USA) with 10% heat-inactivated fetal bovine
serum (Hyclone, Logan, UT, USA) supplemented with
100 U/mL penicillin-streptomycin mixture (Gibco BRL,
Grand Island, NY, USA) and 2 mM L-glutamine. Before
transfection, medium was renewed after 24 h by fresh
one. Transfection used Super Fectin transfection reagent
(Invitrogen) according to the manufacturer’s instructions.
Transfected cells were harvested 48 h after transfection and
used for western blots, co-immunoprecipitation, colony
formation, and flow cytometric assays.

Co-immunoprecipitation and immunofluorescence assays

Ecal09 cells were washed three times with cold phosphate-
buffered saline (PBS). Cells were lysed in plates with 1
mL radioimmunoprecipitation assay buffer (150 MM
NaCl, 0.5% Nonidet P-40, 50 mm Tris pH 8.0, 2 mm
PMSE, complete protease inhibitor mixture) and collected
in microcentrifuge tubes. Lysates were purged 10 times
through a 27-gauge syringe, followed by 30 min with
gentle rotation at 4 °C. After centrifugation at 4 °C for
30 min at 14,000x g, supernatants were used for co-
immunoprecipitation with 1 pg specific antibodies or
control IgG (Santa Cruz Biotechnology), shaken for
2 h (4 °C), mixed with 30 pL protein A/G (Santa Cruz
Biotechnology), incubated for 2 h (4 °C), and washed three
times with washing buffer. Proteins bound to beads were
boiled in 60 pL loading buffer for western blots. Ecal09
cells were seeded onto 24-well plates, incubated overnight,
fixed with 4% paraformaldehyde, blocked with BSA (5%),
at last whose membrane permeability was increased by
Triton X-100 (1%). Cells were incubated with primary
antibodies (CDK14, 1:100, BD Biosciences; CDK?7, 1:100,
Santa Cruz Biotechnology) overnight at 4 °C and with
secondary antibodies (donkey anti-rabbit Alexa Fluor
488, 1:500; donkey anti-mouse Alexa Fluor 568, 1:1,000)
(both Life Technologies Corporation, Paisley, UK) for 2 h
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at room temperature. Cell nuclei were visualized with 4,
6-diamidino-2-phenylindole (0.1 mg/mL; Sigma-Aldrich).
Images were captured by a Leica fluorescence microscope

(Leica, DM 5000B; Leica CTR 5000; Germany).

Flow cytometric analysis

Flow cytometric analysis was as previously described (15).
For cell-cycle detection, a single-cell suspension was fixed
with 70% ethanol at =20 °C for 24 h. Cells were incubated
with 1 mg/mL RNase A in PBS at 37 °C for 30 min and
stained with 0.5 mg/mL propidium iodide. DNA contents
were analyzed by a flow cytometer (Becton Dickinson,
Lincoln Park, NJ, USA). To detect apoptosis, cells were
seeded onto 6-well plates with 10* cells/well in 1.5 mL
culture medium and allowed to adhere overnight before
transfection. At 24 to 36 h after transfection, medium was
replaced with 1Y294002. After 48 h incubation, cells were
harvested and apoptosis was determined by flow cytometry
using Annexin V-PE/7-AAD and Annexin V-FITC/PI
apoptosis detection kits (KeyGen Biotechnology Co.,
Ltd, Nanjing, China) according to the manufacturer’s
instructions. Three independent experiments were
conducted.

Colony formation assays

ECA109 cells were plated in 6-well plates (0.5x10 cells
each plate) following specific transfection. After 10-14 days,
surviving colonies were stained with 0.5% Crystal Niolet
and >50 cells/colony were counted. Three independent
experiments were conducted.

Proliferation assays

Cell proliferation was measured using commercial Cell
Counting Kits (CCK)-8 (Dojindo, Kumamoto, Japan)
following the manufacturer’s instructions. ECA109 cells
were seeded onto 96-well culture cluster plates (Corning,
NY, USA) at 2x10* cells/well in 1 mL culture medium,
and grown overnight. Kit reagents were added to a subset
of wells for 2 h at 37 °C and absorbance was read with an
automated plate reader after treatment. Three independent
experiments were conducted.

Mammalian expression constructs

Human CDK7 and CCNH cDNA was from Genechem
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(Shanghai, China). Human CDK14 ¢cDNA was from
Generay Biotechnology (Shanghai, China). Derivative
c¢DNAs were constructed into a N-Terminal p3xFLAG-
CMV vector which was purchased from Sigma-Aldrich
(Shanghai, China). PCR primers were: CDK14-F, 5'-CGGA
ATTCAATGTGTGACCTCATTGAG-3" and CDK14-R,
3'-GGGGTACCAGTGCTTGCTGTTTGATAG-5",
NI1-F, 5'-CGGAATTCAATGGTTAGGCGGCAC-3'
and N1-R, 3'-GGGGTACCAGTGCTTGC
TGTTTGATAG-5', C1-F, 5'-CGGAATTCA
ATGTGTGACCTCATTGAG-3", and CI1-R,
3'-GGGGTACCATGAGTCAGCTTTTCC-5'". PCR was
by SYBR Premix Ex Taq Kits and an Applied Biosystems
7500HT Fast RealTime PCR System. PCR product
specificity was checked by melting temperatures and curves.

Statistical analysis

All computations were performed by a State 8.0
software package. Results were expressed as mean *
SEM. Associations between CDK14 expression and
clinicopathological features were analyzed using ¥’
tests. For analysis of survival data, Kaplan-Meier curves
were constructed, and log-rank tests were performed.
Multivariate analysis was by a Cox’s proportional hazards
model, and risk ratios and 95% confidence intervals were
recorded for all markers. All data represent the results of at
least three independent experiments at least and P values
<0.05 were considered significant.

Results
CDK14 was bighly expressed in ESCC tissues and cells

In previous work, we found elevated CDK7 and CCNH
protein levels in ESCC tissues compared with adjacent
normal tissues. Low expression decreased proliferation of
human ESCC (16). To assess expression of CDK14 and
proliferating cell nuclear antigen (PCNA) in ESCC again,
we performed western blots using eight paired ESCC
tumors and matched adjacent normal esophageal epithelia
fresh frozen tissues and the Ecal09 cell line. PCNA is a
marker of increased cell proliferation. CDK14 expression
was significantly higher in ESCC tissues than normal tissues
via statistical comparison of the grey value (Figure 14,B).
The expression pattern of CDK14 paralleled PCNA.
IHC analyses were used to detect CDK14 expression in
103 ESCC samples. CDK14 was diffusely located in the
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cytoplasm and nucleus, while Ki-67 (a cell proliferation
index) was mainly in the nucleus (Figure 1C).

CDK14 expression, pathological parameters and prognostic
significance

To determine the clinical significance in ESCC, we used
Pearson’s )’ test to assess association of CDK14 expression
with clinical-pathological parameters and ki-67. Using
CDK14 immunostaining scores, patient samples were
divided into positive and negative groups. Expression of
CDK14 was related to tumor grade (P=0.001), tumor size
(P=0.001), tumor invasion (P=0.025), survival (P=0.000) and
Ki-67 (P=0.012) (Table 1). No relationship was seen between
CDK14 expression and other clinical variables, such as
age or sex. Spearman’s correlation tests were performed to
further explore the correlation between CDK14 and Ki-
67 expression by percentage of positive cells in the tumor
tissues showed a positive correlation in ESCC (P=0.012;
Figure 2A4).

These data prompted us to investigate if CDK14 could
be an independent prognostic factor of ESCC. Pearson’s
% tests were conducted for survival analyses. CDK14
expression significantly correlated with survival status
(P=0.000) (Table 2). Specifically, 17 of 36 (47.2%) patients in
the group with low CDK14 expression survived compared
to 9 of 67 (13.4%) in the group with high CDK14
expression. Kaplan-Meier analysis showed that high
CDK14 expression was significantly related to poor survival
(P=0.000; Figure 2B). These data showed that CDK14 was
an independent prognostic indicator for ESCC patients.

CDK14 expression and cell cycle development in ESCC

Research shows that CDK14 promotes cell cycle progression
in various cancers. Thus, we hypothesized that CDK14
expression may also regulated progression of the cell cycle
in ESCC cells. CDK14 expression was higher in Ecal09
cells at 12 h after serum stimulation than in cells starved
without serum for 72 h (Figure 34). Constitutive expression
of caspase-3 suggested that decreased CDK14 expression
was not due to apoptosis. We investigated CDK14
expression by proliferation status of ESCC cells. We found
that 66.8% of ECA109 cells arrested in G1 phase after
serum starvation for 72 h (5§72). Upon refeeding with 10%
FBS-containing medium, cells were released from G1 phase
and gradually reentered S phase (Figure 3B,C). Western
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Figure 1 CDK14 was highly expressed in human ESCC tumor tissues. (A) Eight paired samples of ESCC tumor tissues (T) and adjacent
non-tumor tissues (N) were detected for CDK14 and PCNA expression by Western blot analysis. PCNA was used as a loading control;
(B) the bar chart demonstrates the ratio of CDK14 protein to PCNA by quantitative analysis (*, P<0.05, compared with adjacent non-
tumor tissues); (C) paraffin embedded tissue sections of adjacent normal tissues were stained with antibodies against CDK14 and Ki-67.
Magnification x200.
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Figure 2 CDK14 expressions relationship with Ki-67 and patients survival status. (A) Spearman’s correlation analysis of the relationship
between CDK14 and Ki-67 expression in ESCC; (B) impact of CDK14 expression on survival rate in ESCC measured by the Kaplan-Meier

analysis.

blots showed that CDK14 expression increased as early as
3 h after serum stimulation (R3h) and reached its highest
level after serum re-addition (R9h) (Figure 3D). CDK14
expression aligned with cyclin E expression, which is a cell
proliferation maker with expression mainly at the G1/S
phase (17), as well as the expression pattern of PCNA
in different cell cycle phases. This result suggested that
CDK14 might function as a positive regulator of ESCC

cells in a cell cycle-dependent manner.

CDK14 interacted with CDK7/CCNH in tissue and ESCC
cells

Protein spectrum analysis suggested that CDK14
interacted with CDK7/CCNH, which suggested exploring
the mechanism of CDK14 involvement in ESCC. Co-
immunoprecipitation experiments were conducted on ESCC
tissues and Ecal09 cell lysates using anti-CDK14 or anti-
CDK?7 (Figure 44,B,C). CDK14 co-immunoprecipitated
specifically with anti-CDK7, but not in control conditions.
This result demonstrated a naturally occurring interaction
between endogenous CDK14 and CDKY7 in vive and vice
versa. Endogenous interaction between CDK14 and CCNH
was verified in tissues and ESCC cells. Immunofluorescence
assays determined the cellular localization of interaction in
ESCC cells with different proliferating status. This result
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showed that CDK14 had a distribution in the cytoplasm
or nucleus and CDK14 had physiological interactions with
CDK?7 in the cell nucleus of Ecal09 cells (Figure 4D). But
the mechanism for PFTK1 shuttling between the cytoplasm
and nucleus need to be further investigated in the future
research.

CDK7/CCNH complex activated CDK14 by
phosphorylation which phosphorylated the substrate Rb

Above data showed that CDK14 interacted with CDK7
in the nucleus of Ecal09 cells. Previous studies showed
that CDKY7 is a catalytic subunit in the CAK complex
that activates CDKs including CDK2, CDK4 and
CDKG6 by phosphorylation, which promotes cell cycle
progression (18). Therefore, we examined how CDK14
interacted with CDK7 and if the interaction of CDK14/
CDK?7 activated CDK14 in the ESCC cell line. Ecal09
cells were serum-starved for 24 h in preparation for
synchronization. Cells were transiently transfected
respectively with CDK7 and CCNH plasmids to explore
the effect of overexpression. No protein level changes
of CDK14 were observed (Figure 5A,B,C). Based on co-
immunoprecipitation analysis with anti-CDK14 and western
blots with anti-Thr/Ser, CDK7 overexpression increased
phosphorylation levels of CDK14 and phosphorylated
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Table 2 Clinicopathological parameters and CDK14 expression in
ESCC specimens related to survival

Survival
Parameters Total P
0 1
Age(years)
<60 39 13 (33.3) 26 (66.7) 0.140
>60 64 13 (20.3) 51 (79.7)
Sex
Male 71 19 (26.8) 52 (73.2) 0.579
Female 32 7(21.9) 25 (78.1)
Tumor grade
I 35 15 (42.9) 20 (57.1) 0.008*
I 31 7 (22.6) 24 (77.4)
I 21 4(19.0) 17 (81.0)
Y 16 0(0.0) 16 (100.0)
Metastasis
Absence 45 16 (35.6) 29 (64.4) 0.034*
Presence 58 10 (17.2) 48 (82.8)
Tumor size (cm)
<5 31 16 (51.6) 15 (48.4) 0.000*
>5 72 10 (13.9) 62 (86.1)
Tumor invasion (T)
T1 26 12 (46.2) 14 (53.8)
T2 29 8 (27.6) 21 (72.4) 0.012*
T3 22 4(18.2) 18 (81.8)
T4 26 2(7.7) 24 (92.3)
CDK14 expression
0 36 17 (47.2) 19 (52.8) 0.000*
1 67 9(13.4) 58 (86.6)
Ki67 expression
0 30 14 (46.7) 16 (53.3) 0.001*
1 73 12 (16.4) 61 (83.6)

Statistical analyses were by Pearson’s xz test. *, P<0.05 was
considered significant.

retinoblastoma (p-Rb). Total protein levels did not change
(Figure 5D). Rb, a cancer suppressor, deactivates when
phosphorylated (19). As a consequence, E2F separates
from Rb to regulate the expression of genes essential for
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a range of functions including cell cycle progression (20).
The effect of overexpression of CCNH on CDK14 activity
was not obvious, which could be explained by CCNH
being a regulated unit in the CDK7/CCNH complex
(Figure SE) (21). The results indicated that the mechanism
of CDK14 involvement in ESCC proliferation was activated
by phosphorylation via crosstalk with CDK7/CCNH in
ESCC cells.

We constructed two truncated mutants of CDK14:
N1 (1-134 amino acid, aa) and C2 (230-451 aa)
(Figure S1A4,B). The N1 mutant but not the C2 mutant
co-immunoprecipitated with CDK7. The same result was
observed in co-immunoprecipitation assays with CCNH
(Figure S1C). Amino acid sequence analysis of CDK14 by
bioinformatics software suggested a number of threonine
and serine phosphorylation sites in the domain 1-134 aa
(Figure S2). This result supported the conclusion that
CDK14 was activated by the CDK7/CCNH complex,
which phosphorylated Rb to inactivate it.

Upregulation of CDK14 promoted proliferation and
enhanced cisplatin resistance in ESCC

We investigated the role of CDK14 in ESCC proliferation.
To explore if CDK14 high expression caused Ecal09
cell proliferation, colony formation experiments were
performed with cells transfected for 48 h. Colony formation
was significantly higher with CDK14 overexpression than
with control conditions. Co-overexpression of CDK7 and
CDK14 enhanced this effect on Ecal09 cells but not when
CCNH was co-transfected with CDK14 (Figure 6A). Cell
proliferation was measured and showed similar results
(Figure 6B). Because high CDK14 expression was related
to poor response to chemotherapy in ESCC, we further
explored the resistance of the ESCC cell line to cisplatin.
Cisplatin is a first-line treatment for several human cancers
including esophageal cancer (22). Our previous study
revealed that the ICj, of cisplatin for the Ecal09 cell line
is 40 nM with 48 h treatment (23). That concentration of
cisplatin was used in the following experiments. Annexin
V-FITC/PI assays showed a significant decrease in cell
death with increased expression of CDK14 when Ecal09
cells were treated with cisplatin compared with a control
group. These data suggested that CDK14 enhanced
resistance to cisplatin in ESCC. Co-overexpression of
CDK?7 and CDK14 enhanced this effect on Ecal09 cells
but not when CCNH was co-transfected with CDK14
(Figure 6C). When three plasmids which were CDK14,
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Figure 3 Expression of CDK14 in Ecal09 cells of the ESCC cell line. (A) Expression of CDK14 and growth arrest and proliferation of

Ecal09 cells; (B) periodic distribution histogram of Ecal09 cells released from serum after 72 hours serum starvation; (C) flow cytometry

quantization of cell cycle distribution in Ecal09 released from serum after 72 hours serum starvation; (D) expression of CDK14, PCNA,

cyclin E and other molecules in Ecal09 cells in the serum starvation-release test.

CDK?7 and CCNH were co-transfected, chemo-sensitivity
to cisplatin decreased. Our results showed that CDK14
promoted cell proliferation and one activation mechanism
of CDK14 providing more potential treatment targets for
ESCC patients.

Discussion
The evolution and development of esophageal cancer as

well as chemoresistance are closely related to cell cycle

© Annals of Translational Medicine. All rights reserved.

disorder (24,25). Unregulated cell growth and proliferation
is the main feature of tumors. Cell cycle proteins (cyclin),
CDKs and cyclin-dependent kinase inhibitor (CKI) are
involved in the regulation of the cell cycle. Factors that
promote tumor occurrence such as cyclin D1, cyclin B,
CDK2, E2 or inhibit tumor occurrence such as p16, p21,
p53, and Rb also have key functions in the carcinogenesis of
the esophagus. Disorder of cell cycle control is important
for the occurrence and development of esophageal cancer,
and provides a direction for clinical treatment of esophageal

Ann Transl Med 2019;7(22):681 | http://dx.doi.org/10.21037/atm.2019.11.105
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co-immunoprecipitation and immunoblotting to detect CDK7 and CCNH expression; (C) in esophageal tumor cells, anti-CDK?7 was used

for co-immunoprecipitation and immunoblotting to detect expression of CDK14 and CCNH to verify interaction; (D) immunofluorescence
assay was performed to determine the Cellular localization of CDK14 with CDK7/CCNH.

cancer and improving patient survival. Mechanism studies
of cell cycle regulation in the development of esophageal
cancer are important to find effective indexes for clinical
diagnosis and treatment.

Throughout the cell cycle which is a continuous process,
CDK is a core component, with positive regulation
of cyclins and negative regulation of CKIs. Abnormal
regulation of CDK is closely related to non-procedural
proliferation, genomic instability and chromosomal
instability (26). A study found that a variety of CDK
disorders are involved in the occurrence and development
of esophageal cancer. Increased expression of CDK2
in esophageal cancer is related to tumor progression

© Annals of Translational Medicine. All rights reserved.

and CDK4/CDK6 are targets in esophageal cancer
treatment (27). Kinase cyclin-dependent 14, CDK14, is
a cell cycle regulatory protein that has been intensively
studied. CDK14 is highly expressed in esophageal
cancer and is associated with resistance to chemotherapy,
indicating poor prognosis. It is a novel CDK and its gene is
on human chromosome 17q21.13. The protein sequences
for the catalytic domain have high homology with the cdc2-
related protein family, which regulate cell G1/S and G2/M
phase (28). Research on CDK14 found that it is a potential
tumor-related gene. Expression of CDK14 is increased in
many kinds of tumors, such as in liver and breast cancer.

Studies of esophageal cancer show that high CDK14
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overexpressed, followed by immunoblotting to detect CDK14 expression; (D) in esophageal tumor Ecal09 cells, CDK7 was overexpressed,

followed by co-immunoprecipitation with anti-CDK14 and immunoblotting to detect total protein expression and the phosphorylation level
of CDK14 and the expression of Rb and P-Rb in whole cell lysate (WCL); (E) in esophageal tumor Ecal09 cells, CCNH was overexpressed,
followed by co-immunoprecipitation with anti-CDK14 and immunoblotting to detect the total CDK14 protein and phosphorylation levels

and expression of Rb and P-Rb in WCL.

expression is related to resistance to chemotherapy drugs
such as cisplatin, but the mechanism of the cell regulation
pathway of CDK14 was unclear.

Our study verified that CDK14 was overexpressed in
ESCC tissue compared to normal tissue using western
blots. IHC staining revealed that CDK14 was positively
correlated with clinical pathological variables such as
tumor size, tumor grade and tumor invasion, and Ki-67.
Serum starvation and refeeding assays showed that CDK14
expression was positively related to cyclin D1 expression.
These results suggested that CDK14 may have a key role
in development of esophageal cancer. The results led us
to further study the molecular mechanisms of CDK14.

© Annals of Translational Medicine. All rights reserved.

Protein spectrum analysis suggested that CDK14 interacted
with CDK7/CCNH, a CAK (CDK-activating kinase) that
is implicated in activating several types of CDKs including
CDK2 and CDK#4 by phosphorylation. Our previous work
showed that CDK7 and CCNH are highly expressed and
advance development of ESCC. Thus, CDK7/CCNH may
interact with CDK14 to be a tumor promoter in esophageal
cancer. Thus, the function of CDK14 was regulated by a
CAK complex of CDK7/CCNH. We demonstrated that
CDK14 interacted with CDK7/CCNH in cells and tissues
of esophageal cancer. In Ecal09 cells, CDK7 had a major
role in CDK14 activation but not its protein expression
level. The effect of CCNH on CDK14 activation was not

Ann Transl Med 2019;7(22):681 | http://dx.doi.org/10.21037/atm.2019.11.105
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Figure 6 The effect of CDK14 over-expression and its regulatory mechanism on proliferation and cisplatin resistance in Eca 109. (A) Full-
length plasmids and negative controls transfected into Ecal09 cells. CCK-8 assays detected the effect of CDK14 and its regulatory mechanism
on esophageal tumor cell proliferation; (B) full-length plasmids and negative controls transfected into Ecal09 cells and chemotherapeutic drug
cisplatin before detecting esophageal tumor cell apoptosis by flow cytometry to determine the impact of CDK14 and its regulatory mechanism
on esophageal tumor cell sensitivity to chemotherapy; (C) quantitative histogram of esophageal tumor cell apoptosis.

obvious. Immunofluorescence showed that the distribution
of CDK14 changed from cytoplasm to nucleus after serum
refeeding for 3, 6, 9, 12, or 24 h. CDK14 co-localized with
CDK?7 in the nucleus, suggesting that the CDK7/CCNH
complex may activate CDK14 in the nucleus. Many proteins
with nuclear localization signals (INLSs) can be imported

© Annals of Translational Medicine. All rights reserved.

into the nucleus, mediated by the importin o/b complex.
A protein that shuttles between the nucleus and cytoplasm
usually contains an NLS that binds to an importin and an
NES that binds to an exportin. Two predicted NLSs were
located at residues 66 to 72 (PEDKKVR) and 113 to 119
(PKVRRHS) of PFTK1. However, the mechanism for
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PFTKI shuttling between the cytoplasm and nucleus need
to be further investigated.

CDK14 could then activate downstream signal molecules
to affect cell cycle progression. CDK14 clearly upregulated
the phosphorylation level of its downstream target, Rb,
to deactivate it. Rb is a classic cancer suppressor that
promotes the process of the G1/S phase in the cell cycle.
Furthermore, we found that upregulation of CDK14
promoted Rb phosphorylation in ESCC. We concluded
that in ESCC, CDK14 promoted cell proliferation by
upregulating Rb phosphorylation and was activated by a
CAK complex of CDK7/CCNH. In vitro, we verified the
effect on accelerating the cell cycle at G1/S, promoting
cell proliferation and increasing tolerance to cisplatin in
the ESCC cell line Ecal09 in the CDK14 cell signaling
regulation pathway. Cisplatin is the first-line drug for
esophageal cancer chemotherapy, and cell sensitivity to
cisplatin differs at different periods. The main effect of
cisplatin on G1-phase cells was significantly inhibited by
cisplatin and the inhibiting effect of cisplatin on S phase was
significantly reduced in the Ecal09 ESCC cell line by the
CDK14 cell signaling regulation pathway.

To analyze the protein domain of CDK14 that was
regulated by the CDK7/CCNH complex, we constructed
two fragments: N1 (1-134 aa) and C2 (230-451 aa). Full-
length CDK14 and the N1 mutant but not the C2 mutant
co-immunoprecipitated with CDK7. The same result
was observed in co-immunoprecipitation assays with
CCNH. Analysis of the amino acid sequence of CDK14 by
bioinformatics software suggested a number of threonine
and serine phosphorylation sites in the domain 1-134 aa.
Fang Su er al. verified that CDK14 has a conserved domain
in 134-230 aa, which is present in others in the CDK family
and interacts with cyclin D3 and p21. Thus, we cannot
exclude that CCNH may directly interact with CDK14 in
the conserved domain 134-230 aa. The interaction between
CDK14 and CCNH might be indirect by crosstalk between
CDK?7 and CDK14, requiring further experimentation
to confirm. However, CDK14 can be phosphorylated
and further activated, mainly by CDK7 at the N1 amino
acid domain. In vivo, the experiments showed that the N1
domain promoted proliferation and decreased apoptosis
after treatment of Ecal09 cells with cisplatin.

We demonstrated CDK14 involvement in the malignant
development of tumor cells by affecting cell proliferation,
which could lead to drug resistance. The mechanism was
CDK14 activation by a CAK complex of CDK7/CCNH,
causing Rb inactivation by phosphorylation in the nucleus.

© Annals of Translational Medicine. All rights reserved.
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The results provided new evidence about CDK14 in the
development of esophageal cancer and provide a basis for
clinical treatment.
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