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Original Article
Cyclin-dependent kinase 7 inhibitor THZ2 inhibits the 
growth of human gastric cancer in vitro and in vivo
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Abstract: Cyclin-dependent kinase 7 (CDK7) is a member of the CDK family, which forms the CDK activating kinase 
complex with Cyclin H and RING finger protein Mat1 to control cell cycle progression and transcription by phos-
phorylating other CDKs and RNA polymerase II. In this study, we analyzed TCGA data and found that upregulation 
of CDK7 frequently occurred in human gastric cancer. A potent and selective irreversible CDK7 inhibitor THZ2 was 
able to induce cell growth inhibition, cell cycle arrest at G2/M phase and apoptosis with the increasing intracellular 
reactive oxidative species (ROS) levels in gastric cancer cells. Pretreatment with ROS scavenger N-acety-L-cysteine 
partially reversed cell apoptosis induced by THZ2. In the nude mice, THZ2 also suppressed the growth of xenograft 
tumors of gastric cancer. Overall, our data showed that inhibition of CDK7 with THZ2 in gastric cancer presented 
outstanding anticancer effect in vitro and in vivo, suggesting that CDK7 is a potential therapeutic target for gastric 
cancer patients.
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Introduction

Gastric cancer is the fifth most common cancer 
and the third leading cause of cancer mortality 
in the world [1]. Due to difficult early detection 
and rapid progression, most patients diag-
nosed with gastric cancer were already in the 
advanced stage with lymph node invasion and 
metastasis, and the occurrence of gastric can-
cer with a 5-year survival rate just scope of 25% 
to 35% in advanced patients [1]. Treatment for 
gastric cancer includes surgery, chemotherapy, 
radiation therapy and immunotherapy [2]. The 
benefits of chemotherapy in gastric cancer are 
able to reduce tumor size, relieve symptoms 
and increase survival time [3-5]. However, drug 
resistance and side toxicity extremely limit the 
effectiveness of chemotherapy. Therefore, it is 
urgent to develop new therapeutic drugs aga- 
inst gastric cancer.

Recently, a potent and selective irreversible cy- 
clin-dependent kinase 7 (CDK7) inhibitor THZ1 
with IC50 of 3.2 nM showed the promising anti-

cancer activity in various cancers [6-13]. Unfor- 
tunately, the short half-time (45 minutes) of 
THZ1 limits its application [9]. THZ2, an analog 
of THZ1 with a 5-fold improved half-life, inhi- 
bits CDK7 with IC50 of 13.9 nM and potently 
suppressed the growth of triple-negative bre- 
ast cancer cells [9]. However, the anticancer 
effect of THZ2 in other cancers is still unknown. 
In the present study, we investigated the anti-
cancer effects of THZ2 on gastric cancer cells.

Material and methods

Cell culture and reagents

Human gastric cancer cells (AGS, BGC-823, 
MGC-803, MKN-45, SGC-7901) and normal 
human gastric epithelium cells GES-1 were cul-
tured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine 
serum (FBS), penicillin (100 U/ml) and strepto-
mycin (100 ng/ml) in a humidified incubator at 
37°C with 5% CO2. THZ2 was from ApexBio, and 
N-acetly-L-cysteine (NAC) and dihydroethidium 
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(DHE) were from Sigma-Aldrich. Anti-CCNB1 
(RLT1169), Anti-CDK2 (RLT0832), Anti-EGFR 
(RLT1485), Anti-MCL-1 (RLT2679), Anti-MEK1/2 
(RLT2714), Anti-N/H/K-RAS (RLT2960) and 
Anti-RAF-1 (RLT3979) antibodies were from 
Ruiying Biological. Anti-PARP (556494) and 
Anti-ERK1/2 (610123) antibodies were from 
BD Biosciences. Anti-p-CDK2 (T160) (2561), 
Anti-p-AKT (T308) (13038), Anti-AKT (4691), 
Anti-BCL-XL (2764), Anti-p-ERK1/2 (T202/
Y204) (4370), Anti-p-JNK (T183/Y185) (9251), 
Anti-JNK (9258) and Anti-XIAP (2045) antibod-
ies were from Cell Signaling Technologies. Anti-
14-3-3 (SC-629) and Anti-CCNE (SC-481) anti-
bodies were from Santa Cruz Biotechnology. 
Anti-CDK7 (D220401) antibodies were from 
Shanghai Sangon Biotech. Anti-GAPDH (LK- 
9002T) antibodies were from Tianjin Sungene 
Biotech.

Cell viability assay

Cells were firstly seeded into a 96-well plate at 
a density of 3000 cells per well, and incubated 
with THZ2 in three parallel wells for 72 h. Then 
MTT was added to each well at a final concen-
tration of 0.5 mg/ml. After incubation for 4 h, 
formazan crystals were dissolved in 100 μl of 
DMSO, and absorbance at 570 nm was mea-
sured by plate reader (Bioteck). The concentra-
tions required to inhibit growth by 50% (IC50) 
were calculated from survival curves using the 
Bliss method [14, 15].

Cell cycle assay

Cells were harvested and washed twice with 
cold phosphate-buffered saline (PBS), then 
fixed with ice-cold 70% ethanol for 2 h at 4°C. 
After centrifugation at 200 × g for 10 minutes, 
cells were washed twice with PBS and resus-
pended with 0.5 ml PBS containing PI (50 μg/
ml), 0.1% Triton X-100, 0.1% sodium citrate, 
and DNase-free RNase (100 μg/ml), and 
detected by FCM after 15 minutes incubation 
at room temperature in the dark. Fluorescence 
was measured at an excitation wavelength of 
480 nm through a FL-2filter (585 nm). Data 
were analyzed using ModFit LT 3.0 software 
(Becton Dickinson) [16, 17].

Apoptosis assay

Cell apoptosis was evaluated with flow cytome-
try (FCM) assay. Briefly, cells were harvested 

and washed twice with PBS, stained with 
Annexin V-FITC and propidium iodide (PI) in the 
binding buffer, and detected by FACSCalibur 
FCM (BD, CA, USA) after 15 minutes incubation 
at room temperature in the dark. Fluorescence 
was measured at an excitation wave length of 
480 nm through FL-1 (530 nm) and FL-2 filters 
(585 nm). The early apoptotic cells (Annexin V 
positive only) and late apoptotic cells (Annexin 
V and PI positive) were quantified [17, 18].

Reactive oxygen species (ROS) assay

Cells were incubated with DHE (10 μM) for 30 
minutes at 37°C in the dark. Five fields were 
observed randomly for each well. ROS activa-
tion were analyzed by calculate the percentage 
of positive cells [19, 20].

Western blot analysis

Cells were harvested and washed twice with 
cold PBS, then resuspended and lysed in RIPA 
buffer (1% NP-40, 0.5% sodium deoxycholate, 
0.1% SDS, 10 ng/ml PMSF, 0.03% aprotinin, 1 
μM sodium orthovanadate) at 4°C for 30 min-
utes. Lysates were centrifuged for 10 minutes 
at 14,000 × g and supernatants were stored at 
-80°C as whole cell extracts. Total protein con-
centrations were determined with Bradford 
assay. Thirty μg proteins of each sample were 
separated on 12% SDS-PAGE gels and trans-
ferred to polyvinylidene difluoride membranes. 
Membranes were blocked with 5% BSA and 
incubated with the indicated primary antibod-
ies. Corresponding horseradish peroxidase-
conjugated secondary antibodies were used 
against each primary antibody. Proteins were 
detected using the chemiluminescent detec-
tion reagents and Bio-Rad image system [21, 
22].

Nude mice xenograft tumor assay

Balb/c nude mice were obtained from the 
Guangdong Medical Laboratory Animal Center 
and feed on sterilized food and water. Six 
female nude mice with 5 weeks old were used 
for two groups. Each mouse was injected sub-
cutaneously with BGC-823 cells (3 × 106 in 100 
μl of medium) under the shoulder. When the 
subcutaneous tumors were approximately 0.3 
× 0.3 cm2 (two perpendicular diameters) in size, 
mice were randomized into two groups, and 
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were injected intraperitoneally with vehicle al- 
one (0.9% saline) and THZ2 (10 mg/kg) once/
day at first 16 days and twice/day at last 6 
days. The body weights of mice and the two 
perpendicular diameters (A and B) of tumors 
were recorded. The tumor volume (V) was cal-

culated according to the formula [23]: V =  
(π/6) × [(A+B)/2]3. The mice were anaesthetiz- 
ed after experiment, and tumor tissue was 
excised from the mice and weight. The rate of 
inhibition (IR) was calculated according to the 
formula [24]: IR = [1 - (Mean tumor weight of 

Figure 1. THZ2 inhibits the growth of gastric cancer cells in vitro. A. CDK7 mRNA expression was analyzed between 
normal tissue and tumor tissue in gastric cancer of TCGA data. *P < 0.05 and **P < 0.01 vs. corresponding control. 
B. The protein expression of CDK7 in human gastric cancer cells was examined by Western blot, and 14-3-3 was 
used as loading control. The representative results of three independent experiments were shown. C. Chemical 
structure of THZ2. D. The representative growth curves of cells treated with THZ2 are shown. E. Summary of IC50 of 
THZ2 in the indicated human gastric cancer cells cells is shown. F. The correlation analysis of THZ2 IC50 values and 
relative CDK7 protein levels in five human gastric cancer cells is shown.
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Figure 2. THZ2 induces cell cycle arrest at G2/M phase 
in gastric cancer cells. AGS (A), MKN-45 (B) and BGC-
823 (C) cells were treated with THZ2 at the indicated 
concentrations for 48 h. The distribution of cell cycle 
was detected by FCM with PI staining. The percentages 
of subG1, G1/G0, S, G2/M phase were calculated us-
ing ModFit LT 3.0 software. The protein expression was 
examined by Western blot, and GAPDH was used as 
loading control. The representative charts, quantified 
results (D-F) and Western blot results (G) of three inde-
pendent experiments were shown. *P < 0.05 and **P 
< 0.01 vs. corresponding control.
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Figure 3. THZ2 induces apoptosis in gastric cancer cells. AGS (A), MKN-45 (B) and BGC-823 (C) cells were treated with THZ2 at the indicated concentrations for 48 
h. The apoptosis was detected by FCM with Annexin V/PI staining. The proportions of Annexin V+/PI- and Annexin V+/PI+ cells indicated the early and late stage of 
apoptosis. The protein expression was examined by Western blot, and GAPDH was used as loading control. The representative charts, quantified results (D-F) and 
Western blot results (G) of three independent experiments were shown. *P < 0.05 and **P < 0.01 vs. corresponding control.
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experimental group/Mean tumor weight of con-
trol group)] × 100%.

Statistical analysis

The CDK7 mRNA expressions in gastric cancer 
from The Cancer Genome Atlas (TCGA) data is 
analysis by Kolmogorov-Smirnov test and Chi-
square test by using ks.test and chisq.test in 
the R language (version 3.4). A student’s t-test 
was used to compare individual data points 
among each group. A P-value of < 0.05 was set 
as the criterion for statistical significance.

Results

THZ2 inhibits the growth of gastric cancer cells 
in vitro

To explore the expression of CDK7 in gastric 
cancer, we firstly analyzed the TCGA data in 
375 gastric cancer tissues and 32 gastric nor-
mal tissues. The results showed that the mRNA 
expression of CDK7 in gastric cancer tissues 
was significantly higher than that in gastric nor-
mal tissues (Figure 1A), which is consistent 
with previous reports [25, 26]. We also detect-
ed the protein expression of CDK7 in five 
human gastric cancer cells AGS, BGC-823, 
MGC-803, MKN-45, SGC-7901 and normal 
human gastric epithelium cells GES-1. As 
shown in Figure 1B, the protein expression of 
CDK7 in MKN-45 and SGC-7901 were higher 
than those in other cell lines. Next, we investi-
gate the effect of THZ2 (Figure 1C) on the 
growth of these cells with MTT assay. The sur-
vivals of all six cell lines were decreased in a 
dose-dependent manner after THZ2 treatment 
(Figure 1D). GES-1 cells were most insensitive 
to THZ2 with the highest IC50 values of 2.45 
μM. The IC50 values of THZ2 in AGS, BGC-823, 
MGC-803, MKN-45 and SGC-7901 were 0.19 
μM, 0.69 μM, 0.74 μM, 0.73 μM and 0.68 μM 
respectively, which were positively correlated 
with the protein expression of CDK7 in these 
cells (Figure 1E and 1F).

THZ2 induces cell cycle arrest at G2/M phase 
in gastric cancer cells

To determine whether the growth inhibition of 
THZ2 on gastric cancer cells is due to cell cycle 
arrest, AGS, MKN-45 and BGC-823 cells were 
treated with THZ2 at the indicated concentra-

tions for 48 h, detected by FCM with PI staining 
and analysed with ModFit LT 3.0 software. As 
shown in Figure 2A-F, THZ2 induced the accu-
mulation in Sub G1 and G2/M phase and reduc-
tion in G0/G1 and S phase in the dose-depen-
dent manner in all three cell lines. To investi-
gate the molecular mechanism of cell cycle 
arrest by THZ2, the cycle related proteins in 
these three cells were detected by Western 
blot. THZ2 treatment dose-dependently de- 
creased the protein expressions of p-CDK2 
(T160), CCNB1, CCNE1 and Wee1, but had no 
effect on the protein expressions of CDK7 and 
CDK2 (Figure 2G).

THZ2 induces apoptosis in gastric cancer cells

To further examine whether THZ2 is able to 
induce apoptosis in gastric cancer cells, AGS, 
MKN-45 and BGC-823 cells were treated with 
THZ2 at the indicated concentrations for 48 h, 
stained with Annexin V/PI and examined by 
FCM. As shown in Figure 3A-F, THZ2 induced 
apoptosis in a dose-dependent manner in all 
three cells. To detect the molecular mechanism 
of cell apoptosis by THZ2, the apoptosis and 
survival related proteins in these three cells are 
detected by Western blot. THZ2 treatment 
dose-dependently increased the protein ex- 
pressions of apoptosis marker cleaved PARP, 
decreased the protein expressions of XIAP, BCL-
XL, MCL-1, EGFR, N/H/K-RAS, RAF-1, MEK1/2, 
p-AKT (T308), p-ERK1/2 (T202/Y204), p-JNK 
(T183/Y185) and JNK, Wee1, but did not alter 
the protein expressions of AKT and ERK1/2 
(Figure 3G).

ROS is critical for THZ2-induced apoptosis in 
gastric cancer cells

ROS plays a critical role in mediating numer- 
ous anticancer agents executing anticancer 
effects [27]. To examine the role of ROS on  
the effect of THZ2 in gastric cancer cells, the 
ROS fluorescent probe dihydroethidium (DHE) 
was used to stain AGS, MKN-45 and BGC-823 
cells after THZ2 treatment for 48 h with or  
without the ROS scavenger NAC at 5 mM pre-
treated for 1 h. As shown in Figure 4, THZ2 
enhanced the fluorescent intensity of DHE, 
while NAC partially rescued THZ2-induced DHE 
fluorescent signals and apoptosis in all three 
cells.
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Figure 4. ROS is critical for THZ2-induced apoptosis in gastric cancer cells. AGS (A), MKN-45 (B) and BGC-823 (C) cells were treated with THZ2 at the concentrations 
of 0.2 μM, 2 μM and 2 μM for 48 h respectively in the present or absent of 5 mM NAC pretreatment for 1 h, stained with DHE and photographed under florescent 
microscope. The representative micrographs and quantified results (D-F) of three independent experiments were shown. The apoptosis was detected by FCM with 
Annexin V/PI staining. The representative charts (G-I) and quantified results (J-L) of three independent experiments were shown. C: Control. N: NAC. T: THZ2. NT: 
NAC+THZ2. *P < 0.05 and **P < 0.01 vs. corresponding control.
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THZ2 inhibits the subcutaneous xenograft 
growth of gastric cancer in nude mice

To further estimate the anti-gastric cancer 
effects of THZ2 in vivo, we generated the xeno-
graft tumor models by transplanting BGC-823 
cells into nude mice. As shown in (Figure 5A-D), 
compared with the control group, treatment 
with THZ2 significantly inhibited the growth of 
BGC-823 tumors by diminishing the volume 
and weight of tumors, but did not change the 
the weight of nude mice. The inhibition rate of 
tumor growth in THZ2 treatment group was 
44.00% (Figure 5E).

Discussion

Cyclin-dependent kinase 7 (CDK7), a member 
of the CDK family, forms a trimeric complex 
with cyclin H and RING finger protein MAT1, 
which functions as a Cdk-activating kinase 
(CAK) to phosphorylate and activate CDK1, 
CDK2, CDK4 and CDK6 to ensure the cell cycle 
transition. Additionally, CDK7 is an essential 
component of the transcription factor TFIIH, 
which controls transcription initiation through 
phosphorylating and activating RNA poly-
merase II [28]. Therefore, CDK7 is a critical 
connection between the regulation of cell cycle 

Figure 5. THZ2 inhibits the subcutaneous xenograft growth of gastric cancer in nude mice. Each mouse was in-
jected subcutaneously with BGC-823 cells (3 × 106 in 100 μl of medium) under the shoulder. When the subcutane-
ous tumors were approximately 0.3 × 0.3 cm2 (two perpendicular diameters) in size, mice were randomized into two 
groups, and were injected intraperitoneally with vehicle alone (0.9% saline) and THZ2 (10 mg/kg) once/day at first 
16 days and twice/day at last 6 days. The body weights of mice and the two perpendicular diameters of the tumor 
were recorded. The mice were anaesthetized after experiment, and tumor tissue was excised from the mice and 
weighed. The original tumors (A), tumor volume (B), tumor weight (C), body weight (D) and summary data (E) were 
shown. The values presented are the means ± SD for each group. *P < 0.05 and **P < 0.01 vs. corresponding 
control.
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and transcription. Upregulation of CDK7 has 
been reported in multiple types of cancers, 
including breast cancer [29, 30], esophageal 
squamous cell carcinoma [31], gastric cancer 
[25, 26], hepatocellular carcinoma [32] and 
glioma [8], etc. We analysed TCGA data and 
found that upregulation of CDK7 frequently 
occured in human gastric cancer. Targeting 
CDK7 offers an attractive opportunity to inhibit 
two major drivers of tumorigenesis: cell cycle 
deregulation and transcriptional diversity.

In this report, we firstly show that THZ2 had 
anti-growth effect on human gastric cancer 
cells in vitro and in vivo. Treatment with THZ2 
induces cell arrest at G2/M phase and apopto-
sis in the concentration-dependent manner. 
CDK7 inhibition by THZ2 leads to a reduction in 
its substrate CDK2 T160 phosphorylation and 
inactivation of survival signaling pathway 
EGFR/Ras/AKT/ERK. These evidences impli-
cate that targeting CDK7-dependent transcrip-
tional addictions in human gastric cancer may 
be equally effective with other cancers such as 
small cell lung cancer, triple-negative breast 
cancer, ovarian cancer, nasopharyngeal carci-
noma, oesophageal squamous cell carcinoma, 
etc [6, 7, 10, 11, 29]. Furthermore, THZ2 also 
increases the intracellular ROS levels, and pre-
treated with ROS scavenger NAC partially 
reverses THZ2-induced apoptosis, suggesting 
that ROS plays an important role in cancer 
treatment with THZ2. Another selective CDK7 
inhibitor BS-181 inhibited CDK7 activity with an 
IC50 of 21 nM, promoted cell cycle arrest and 
apoptosis in cancer cells, and showed antitu-
mor effects in vivo with a plasma elimination 
half-life of 405 minutes after i.p. administration 
of 10 mg/kg in mice [33]. BS-181 also sup-
pressed cell proliferation and induced cell cycle 
arrest and apoptosis in gastric cancer [34] and 
ameliorated experimental arthritis in mice [35].

In conclusion, our analysis of TCGA data shows 
that upregulation of CDK7 frequently occurred 
in human gastric cancer. Inhibition of CDK7 
with THZ2 can potently induce cell growth inhi-
bition, cell cycle arrest and apoptosis in gastric 
cancer cells in vitro and in vivo. The beneficial 
therapy of THZ2 appears to be potential treat-
ment strategy in patients with gastric cancer.
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