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Abstract. The tumor suppressor p53 serves important roles 
in cell cycle arrest and apoptosis, and its activation increases 
the sensitivity of cancer cells to radiotherapy or chemotherapy. 
In the present study, the small molecule 2-[1-(4-(benzyloxy)
phenyl)-3-oxoisoindolin-2-yl)-2-(4-methoxyphenyl)] acetic 
acid (CDS-3078) significantly increased p53 mRNA expression 
levels in a dose-dependent manner. Treatment with CDS-3078 
increased p53 expression levels and p53-mediated activation of 
its downstream target genes in HeLa cells. Additionally, p53+/+ 
HeLa cells treated with CDS-3078 presented with dysfunc-
tional mitochondria, as indicated by the decrease in Bcl-2 
levels, the increase in Bcl-2 homologous antagonist killer and 
the increase in cytochrome c release from the mitochondria to 
the cytoplasm. The present results suggested that CDS-3078 
treatment significantly induced G2/M phase cell cycle arrest. 
Therefore, CDS-3078 administration induced apoptosis 
via p53-mediated cell cycle arrest, causing mitochondrial 
dysfunction and resulting in apoptotic cell death in cervical 
cancer cells. Collectively, the present results suggested that 
CDS-3078 may be a potential anticancer agent.

Introduction

The tumor suppressor p53 has been identified as an important 
mediator of various cell signaling pathways, including prolif-
eration, differentiation, apoptosis, ferroptosis, DNA damage, 

DNA repair, senescence, autophagy, metabolism and angio-
genesis (1,2). p53 functions as the guardian of the genome, not 
only in response to DNA damage, which is associated with 
tumor suppression, but also by inducing apoptosis in response 
to an altered cell cycle status, which is determined by the 
homeostasis of key proteins of various signaling pathways, 
including NF-κB and Bcl-2 family members (3). Since p53 is 
the most frequently mutated gene across various cancer types, 
such as breast carcinomas, brain cancers, sarcomas and adrenal 
cortical carcinomas (4), and is functionally inactive in ~50% 
of human tumors, it is considered as one of the most important 
tumor suppressor genes, being able to reduce the uncontrolled 
proliferation of cancer cells by promoting apoptosis, cell cycle 
arrest and chemosensitivity (5).

Apoptosis, a type of programmed cell death, is an important 
regulatory mechanism by which tumor cells die if DNA damage 
is not repaired (6). Additionally, apoptosis serves an important 
role in tissue development, homoeostasis and cancer cell 
death (7). During tumor development, cancer cells can develop 
unique mechanisms to evade the immune system, including 
increasing tolerance to apoptosis (8). Therefore, designing and 
identifying apoptosis-inducing agents is an effective thera-
peutic strategy in cancer research (9,10) and antitumor drugs 
may be identified by studying the apoptosis-inducing potential 
of these agents (11). The mechanisms of action underlying the 
apoptosis-induced potential of chemotherapeutic agents are 
involved in two major pathways; the death receptor-mediated 
pathway and the mitochondria-mediated pathway  (12,13). 
Tumor necrosis factor-related apoptosis-inducing ligand-
receptor  (TRAIL)1 (also known as DR4), TRAIL2 (also 
known as DR5) and CD95, with their associated ligands, are 
responsible for the initiation of the death receptor-mediated 
apoptosis (14). Mitochondria-mediated apoptosis regulates the 
homeostatic balance between pro- and anti-apoptotic protein 
members, such as p53 and p53 downstream target factors, 
including p53-upregulated modulator of apoptosis (PUMA), 
phorbol-12-myristate-13-acetate-induced protein 1 (Noxa) and 
Bcl-2 family members (15). A cascade of caspases is the final 
common convergence of the two pathways. Caspases cleave 
regulatory and structural factors, thus inducing apoptosis in 
tumor cells (16). Additionally, cell cycle arrest is frequently 
induced by p53 activation (17). The p53-mediated regulation 
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of the cell cycle serves a central role in inhibiting tumor 
proliferation and progression (17). Accumulating evidence has 
suggested that factors regulated by p53 involved in the cell 
cycle and apoptosis represent alternative targets for cancer 
therapy and for the development of new targeting therapeutic 
agents (2,18-20).

Notably, 3-substituted-2,3-dihydro-1H-isoindolin-1-one 
is a useful class of functional pharmacophore because they 
exert various biological activities, such as antihypertensive, 
antipsychotic, anesthetic, antiulcer, vasodilatory, antiviral, 
anti leukemic, anxiolytic, antiasthma, anti-obesity, 
anti-ardiacangionosis and antitumor properties  (21-27). 
In previous studies, cell-viability-based screening was 
performed using MTT assays in the 3-aryl isoindolinone 
ring library and the small molecule 2-[1-(4-(benzyloxy)
phenyl)-3-oxoisoindolin-2-yl)-2-(4-methoxyphenyl)] acetic 
acid (CDS-3078) significantly increased the inhibitory ratio 
on HeLa cells (28,29). In the present study, CDS-3078 was 
found to significantly increase p53 transcriptional activity and 
induce apoptosis via the p53-mediated cell cycle arrest.

Materials and methods

Compounds and regents. The small organic molecule, 
CDS-3078, was synthesized by the Center for Combinatorial 
Chemistry and Drug Discovery of Jilin University, according 
to previous studies (28,29). DMSO-dissolved CDS-3078 was 
diluted in complete media for the following experiments 
performed in the present study. Antibodies targeting total 
caspase‑3 (cat. no. sc-56053), caspase‑8 (cat. no. sc-81656), 
caspase‑9 (cat. no. sc-133109), poly ADP-ribose polymerase 
(PARP; cat.  no.  sc-56196), p53 (cat.  no.  sc-47698), p21 
(cat. no. sc-71811), cytochrome c (cat. no. sc-13560), cyclin B1 
(cat. no. sc-245), CDK1 (cat. no. sc-5319), checkpoint kinase 
(CHK) 1 (cat.  no.  sc-56288), CHK2 (cat.  no.  sc-136251), 
M-phase phosphatase 3 (CDC25C; cat.  no.  sc-327), phos-
phorylated (p)-ataxia telangiectasia and Rad3-related protein 
(ATR; cat.  no.  sc-515173), Bcl-2 (cat.  no.  sc-7382), Bcl-2 
homologous antagonist killer (BAK; cat.  no.  sc-517390), 
BAX (cat.  no.  sc-7480), PUMA (cat.  no.  sc-374223), 
GAPDH (cat.  no.  sc-47724), β-actin (cat.  no.  sc-8432), 
goat anti-rabbit IgG-HRP (cat. no. sc-2005) and goat anti-
rabbit IgG-HRP (cat.  no.  sc-2004) were purchased from 
Santa Cruz Biotechnology, Inc. Antibodies against p-CHK1 
(cat. no. 12302) and p-CHK2 (cat. no. 2197) were obtained 
from Cell Signaling Technology, Inc. Antibodies against the 
γ-histone 2A family, member X (H2AX; cat. no. ab26350) 
was from purchased from Abcam. PI, DAPI, MTT and 
other chemical reagents were obtained from Sigma-
Aldrich; Merck  KGaA. The FITC‑Annexin  V Apoptosis 
Detection kit I was purchased from Bioteke Corporation. 
Caspase‑3 (cat. no. BB-4106), Caspase‑8 (cat. no. BB-4107) 
and Caspase‑9 (cat. no. BB-4108) activity assay kits were 
obtained from Shanghai bestbio Biotechnology Co., Ltd. 
(www.bestbio.com.cn).

Cell cultures. Cervical cancer HeLa cells and human 
umbilical vein endothelium cells (HUVECs) were purchased 
from the Chinese Academy of Sciences Cell Bank. The cells 
were grown in DMEM (Gibco; Thermo Fisher Scientific, Inc.) 

supplemented with 10% FBS (Hyclone; GE Healthcare Life 
Sciences), 100 µg/ml streptomycin, 100 U/ml penicillin and 
2 mM L-glutamine at 37˚C in a humidified atmosphere with 
5% CO2.

In vitro cell viability assays. Cell viability or cell growth inhibi-
tion of CDS-3078 was performed using an MTT assay. Briefly, 
HeLa cells (5x103 cells/well) were plated in a 96-well plate and 
incubated overnight. After removal of the media, the cells were 
treated with fresh DMEM or indicated concentrations (0.14, 0.
37, 1.1, 3.3, 11, 33 or 100 µM) of CDS-3078 for 12, 24 and 48 h 
at 37˚C. After treatment, 20 µl of MTT (0.5 mg/well) solution 
was added and the plates were incubated for an additional 3 h 
at 37˚C. After removal of the culture media, 150 µl of DMSO 
was added to the culture wells to dissolve the resultant pellet. 
The quantity of formazan crystals that were an MTT redox 
product reduced by the mitochondrial succinate dehydroge-
nase in living cells represented the number of living cells. The 
absorbance of formazan crystal at 495 nm was measured using 
a microplate reader.

Nuclear staining with DAPI. To observe the morphology 
changes, HeLa cells (5x104  cells/well) were seeded in a 
24-well plate and incubated for 24 h at 37˚C. Subsequently, the 
cells were treated with DMEM (control) or 2 µM of CDS-3078 
solution for 24 h at 37˚C. Finally, the cells were rinsed twice 
with PBS and stained with fresh media containing DAPI 
(2.5 µg/ml) for 5 min at room temperature. The morphology 
of the nuclei was determined using fluorescence microscopy.

Reverse transcription-quantitative PCR. Total cell RNA was 
purified from HeLa cells using TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) and cDNA was prepared 
using cDNA Synthesis Kit (Thermo Fisher Scientific, Inc.). 
Quantitative PCR was conducted using SYBR™‑Green PCR 
Master Mix (Thermo Fisher Scientific, Inc.) with a 7500 Fast 
Real-Time PCR System according to the manufacturer's 
guidelines. The thermocycling conditions for real-time PCR 
were as follows: Denaturation at 95˚C for 15 sec, annealing 
at  60˚C for 20  sec and extension at  72˚C for 1  min, for 
40 cycles. Specific primers pairs were used: p53 forward, 
5'-CTG​CCT​TCC​GGG​TCA​CTG​C-3' and reverse, 5'-TTG​
GGA​CGG​CAA​GGG​GGA​CA-3'; p21 forward, 5'-GGA​AGA​
CCA​TGT​GGA​CCT​GT-3' and reverse, 5'-GGC​GTT​TGG​AGT​
GGT​AGA​AA-3'; PUMA forward, 5'-TAG​AGA​GAG​CGA​CGT​
GAC​-3' and reverse, 5'-CGG​TAT​CTA​CAG​CAG​CGC​AT-3'; 
Noxa forwards, 5'-AGA​GCT​GGA​AGT​CGA​GTG​TG-3' and 
reverse, 5'-GGA​GTC​CCC​TCA​TGC​AAG​TT-3'; and GAPDH 
forward, 5'-ACC​ACA​GTC​CAT​GCC​ATC​AC-3' and reverse, 
5'-TCC​ACC​ACC​-CTG​TTG​CTG​TA-3'. The experiments 
were repeated ≥3 times, and mRNA expression levels were 
standardized by comparison to the transcript levels of the 
reference gene, GAPDH, based on the comparative threshold 
method (30). 

Apoptosis and cell cycle analysis. Apoptosis assay was 
conducted using a FITC-Annexin V Apoptosis Detection 
kit (Bioteke Corporation) according to the manufacturer's 
protocol. In total, 3x105 cells were plated into a 6-well plate 
and incubated overnight at 37˚C. Subsequently, the cells were 
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pretreated with fresh DMEM or different concentrations of 
CDS-3078 (2, 5 and 10 µM) for 24 h at 37˚C. After treatment, 
the cells were collected and washed three times with ice-cold 
PBS. The resultant cell pellets were incubated with 5 µl of 
FITC-conjugated Annexin V and 5 µl of propidium iodide (PI) 
for 15 min at room temperature. Fluorescence analysis was 
performed using a Beckman Flow Cytometry Analyzer 
(Beckman CytoFLEX; Beckman Coulter, Inc.). Cells were 
classified as early apoptotic (Annexin V-positive/PI-negative), 
late apoptotic/necrotic (Annexin  V-positive/PI-positive), 
necrotic/dead (Annexin V-negative/PI-positive) and living 
cells (annexin-negative/PI-negative).

For cell cycle assays, the collected samples were fixed 
in 70% ice-cold ethanol overnight and washed twice in ice-
cold PBS. The resultant cells were stained with in 100 µl PI 
solution (25 µg/ml RNase A, 50 µg/ml PI) and incubated 
at 37˚C for 30 min in the dark. The cell cycle distribution 
was examined using a Beckman Flow Cytometry Analyzer 
(Beckman CytoFLEX; Beckman Coulter, Inc.) analyzed using 
Flowjo 10.0.7 software (FlowJo LLC). 

Western blotting analysis. After the indicated drug treatments, 
cell lysates were extracted using ice-cold lysis buffer [50 mM 
Tris (pH  8.0), 150  mM NaCl, 0.1% SDS, 1% NP‑40 and 
0.5% sodium deoxycholate] containing protease/phosphatase 
inhibitors [1% Cocktail (Sigma-Aldrich; Merck KGaA)] and 
1 mM phenylmethylsulfonyl fluoride at 4˚C for 10 min and 
protein was quantified using Pierce BCA Protein Assay Kit 
(Invitrogen; Thermo Fisher Scientific, Inc.). Equal amounts of 
protein (40 µg) were resolved by SDS-PAGE (10% gel) and 
blotted to PVDF membranes (EMD Millipore). Subsequently, 
the membranes were blocked with 5% non-fat milk in TBS 
supplemented with 0.1% Tween-20 (TBST) for 1 h at room 
temperature and then incubated with the aforementioned anti-
bodies (dilution ratio, 1:200) overnight at 4˚C. Next, membranes 
were washed with TBST three times and incubated with the 
aforementioned peroxidase-conjugated secondary antibodies 
(dilution ratio, 1:2,000) for 1 h at room temperature. Finally, 
blots were visualized using the BeyoECL Star kit (Beyotime 
Institute of Biotechnology) according to the manufacturer's 
protocol and GAPDH or β-actin were used as internal control. 
The relative density was determined using grayscale analysis 
on ImageJ v1.8.0_112 (National Institutes of Health) and 
normalized to GAPDH or β-actin.

Caspase activity assay. Caspase‑3/8/9 activity assay was 
performed using caspase‑3/8/9 activity kits by colorimetric 
assays, according to the manufacturer's protocol. After treating 
the cells for the indicated period, the cells were collected by 
centrifugation (10,000 x g, 10 min) at 4˚C. The resultant cell 
pellets were incubated in 100 µl of lysis buffer. The suspension 
was centrifuged at 10,000 x g for 10 min at 4˚C and an equal 
amount of supernatant was incubated with the corresponding 
substrates [Ac-DEVD-AFC (caspase‑3), Ac-LETD-AFC 
(caspase‑8), Ac-LEHD-AFC (caspase‑9)] in the reaction buffer 
containing dithiothreitol at 37˚C for 10 min. The absorbance at 
405 nm was examined using a microplate reader.

Statistical analysis. All quantitative data are expressed as 
the mean ± SD of three independent experiments. Statistical 

differences were assessed using ANOVAs and post hoc test 
(Dunnett's test). SPSS 19.0 (IBM Corp.) was used for statistical 
analysis and P<0.05 represented a statistically significant 
difference.

Results

Inhibitory effects of CDS-3078 on HeLa cells. The heterocy-
clic alkaloid 2,3-dihydro-1H-isoindolin-1-one is widely found 
in natural products and has been shown to have a potential 
activity in cancer therapy by regulating cell cycle arrest or by 
inducing apoptosis in various cancer cells (31,32). Based on 
the anti-tumor effects of CDS-3078, the present study synthe-
sized the small molecule (Fig. 1A). To confirm the inhibitory 
effects of CDS-3078 on HeLa and HUVEC cell proliferation, 
the cytotoxicity of CDS-3078 was analyzed using MTT assays. 
As shown in Fig. 1B, the inhibitory activity of CDS-3078 
significantly increased in a concentration-dependent manner. 
The IC50 of CDS-3078 were 3.794 and 1.944  µM after 
24 and 48 h, respectively. Moreover, CDS-3078 did not show 
an obvious proliferation inhibition on HUVECs (Fig. 1C). The 
present results suggested that CDS-3078 may be a potential 
anti-cancer agent. 

CDS-3078 induces p53-dependent apoptotic cell death in 
human cervical cancer cells. p53 is involved in the regula-
tion of the proliferation of various cancer cells (16). In order 
to investigate whether the inhibitory effect of CDS-3078 on 
HeLa cells is through p53, the RNA and protein expression 
levels of p53 and its downstream factors were examined. As 
shown in Fig. 2A, the mRNA expression levels of p53, p21 
and PUMA were significantly increased in a dose-dependent 
manner following CDS-3078 treatment (5  µM) in HeLa 
cells, whereas no changes in Noxa mRNA expression were 
detected. In line with these results, CDS-3078 treatment 
increased the protein expression levels p53 and p21 in a time- 
and dose-dependent manner (Fig. 2B). It was then examined 
whether CDS-3078 could induce apoptotic cell death in p53+/+ 
HeLa cells. The apoptosis assay suggested that CDS-3078 
treatment markedly induced accumulation of early apoptotic 
cells (Annexin V-positive and PI-negative) in a time- and 
dose-dependent manner (Fig. 2C and D). The rates of early 
apoptotic cells were 5.52,  37.15  and  77.26% following a 
24-h administration with CDS-3078 at  2,  5  and  10  µM, 
respectively. By contrast, the apoptotic rates were 7.81, 82.3 
and 95.89% following a 48-h treatment with CDS-3078 
at  2,  5  and  10  µM, respectively  (Fig.  2D). Additionally, 
microscopic investigations indicated that 5 µM of CDS-3078 
induced a series of morphological changes such as cell 
shrinkage, chromatin condensation and nuclear fragmenta-
tion (Fig. 2E). The present results suggested that CDS-3078 
administration inhibited the proliferation and induced apop-
totic cell death in HeLa cells. 

CDS-3078 induces apoptosis involving members of the Bcl-2-
family. A previous study has demonstrated that p53-mediated 
apoptosis influences the intrinsic mitochondrial pathway (33). 
In this pathway, mitochondrial dysfunction is associated with 
the expression levels of Bcl-2-family members, thus causing 
apoptosis (34). The effects of CDS-3078 administration on 
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the mitochondria-mediated apoptotic signaling pathway 
were therefore assessed in the present study. As shown in 
Fig. 3A and B, CDS-3078 treatment resulted in the proteolytic 
cleavage of pro-caspase‑3, pro-caspase‑9 and PARP, but did 
not induce changes in the expression levels of pro-caspase‑8, 
indicating the activation of the mitochondria-mediated 
apoptosis pathway. In line with these results, CDS-3078 
administration led to a 4-fold increase in caspase‑3 and 
2.7-fold increase in caspase‑9 expression levels compared 
with respective negative controls; however, without affecting 
the expression levels of caspase‑8  (Fig.  3C). Regarding 
the mitochondria-mediated pathway, CDS-3078 treatment 
resulted in a decrease in Bcl-2 and an increase in the pro-
apoptotic BAK protein expression levels, but BAX protein 
expression levels were unaltered. Moreover, CDS-3078 
induced the cytoplasmic release of cytochrome c in HeLa 
cells  (Fig. 3A). Collectively, the present data showed that 
CDS-3078 administration downregulated Bcl-2 protein 
expression levels, but upregulated BAK expression and led 

to cytochrome c release by inducing disruption of the mito-
chondrial signaling pathway. 

CDS-3078 induces cell cycle arrest at the G2/M phase. 
G2/M phase arrest in response to genotoxic stress is associ-
ated with the p53-p21 signaling pathway (17). To examine 
whether CDS-3078 was able to induce cell-cycle arrest, the 
DNA distribution ratio of CDS-3078-treated HeLa cells was 
investigated after 24 h of treatment using flow cytometry. 
CDS-3078 treatment increased the proportion of cells in 
the G2/M phase from 7.97±2.45% (control) to 15.44±2.11% 
(2  µM), 77.13±4.02% (5  µM) and 99.35±3.71% (10  µM) 
in HeLa cells  (Fig. 4A and B). To further investigate the 
possible molecular mechanisms underlying G2/M-phase 
arrest in CDS-3078-induced HeLa cells, the expression 
levels of important regulators of cell cycle progression 
involved in G2/M phase arrest were investigated. The 
activation and/or deactivation of specific cyclin-CDK 
complexes regulate G2/M phase transition (35). The present 

Figure 1. In vitro cytotoxic activity of CDS-3078 on the proliferation of human cervical cancer cells. (A) The chemical structure of CDS-3078. A total 
of 5x103 (B) HeLa and (C) HUVEC cells were seeded in a 96-well plate and then incubated with the designated concentration of CDS-3078 (0.14, 0.37, 
1.1, 3.3, 11, 33 and 100 µM) for 12, 24 or 48 h. Cell viability was then determined using an MTT assay. *P<0.05 vs. control. CDS-3078, 2-[1-(4-(Benzyloxy)
phenyl)-3-oxoisoindolin-2-yl)-2-(4-methoxyphenyl)] acetic acid. 
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Figure 2. CDS-3078 enhances p53 transcriptional activity and protein expression, as well as inducing apoptotic death. (A) HeLa cells were treated with the 
specific concentrations of CDS-3078 (2, 5 and 10 µM) for 8 h and then the mRNA expression levels of p53, p21, Noxa and PUMA were determined using 
reverse transcription-quantitative PCR. (B) HeLa cells were treated with indicated concentrations of CDS-3078 (2, 5 and 10 µM) for 24 h and then the protein 
expression levels of p53, p21 and PUMA were detected using western blotting. β-actin was used as a loading control. (C) HeLa cells were treated with different 
concentrations of CDS-3078 (2, 5 and 10 µM) for 12, 24 or 48 h. Subsequently, the apoptotic ratio was evaluated using flow cytometry. (D) Quantification of 
the percentage of early apoptotic HeLa cells following the various administration times. (E) Cells were treated with 5 µM of CDS-3078 for 24 h. The cells were 
fixed and stained with DAPI. The chromatin condensation and DNA fragmentation were then observed under a fluorescent microscope (magnification, x200) 
using a blue filter. *P<0.05 vs. vehicle control. CDS-3078, 2-[1-(4-(Benzyloxy)phenyl)-3-oxoisoindolin-2-yl)-2-(4-methoxyphenyl)] acetic acid; Noxa, phorbol-
12-myristate-13-acetate-induced protein 1; ns, not significant; PUMA, p53 upregulated modulator of apoptosis. 
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results suggested that CDS-3078 administration decreased 
the expression levels of cyclin B1 in a time-dependent 
manner, decreased the expression levels of CDC25C 
and significantly upregulated the expression levels of 
p-CHK1 (Fig. 4C and D). By contrast, the protein expression 
levels of CHK2 and p-CHK2 were not significantly changed 
following CDS-3078 treatment in HeLa cells. The activation 
of CHK1 is involved in DNA damage (36); therefore, the 
expression levels of markers associated with DNA damage, 
including p-ATR and γ-H2AX were examined. As shown in 
Fig. 4C and D, CDS-3078 treatment increased the protein 
expression levels of γ-H2AX and p-ATR. Taken together, 

the present results suggested that CDS-3078 was involved 
in G2/M-phase arrest through the DNA-damage checkpoint 
cell signaling pathways.

Discussion

In the present study, a small-molecule anticancer agent was 
identified from a 3-aryl isoindolinone ring library using a 
cell viability assay. CDS-3078, a 3-substituted-2,3-dihydro-
1H-isoindolin-1-one derivate, was identified as a p53-activating 
agent with potential proliferation inhibitory-effects against 
tumor cells.

Figure 3. CDS-3078 promotes mitochondria-mediated dysfunction and regulates the protein expression of Bcl-2 family. (A) Cells were treated with various 
concentrations of CDS-3078 (2, 5 and 10 µM) for 24 h, cytosolic extracts and whole-cell lysates were detected by immunoblotting to examine the expression 
levels of cytochrome c, Bcl-2, BAK, BAX, PARP and caspase‑3/8/9. (B) The relative density was determined using grayscale analysis on ImageJ v 1.8.0_112 
(National Institutes of Health), normalized to GAPDH. (C) Cells were treated with 5 µM CDS-3078 for 12 h. Equal amounts of cell lysates were analyzed for 
caspase‑3, caspase‑8 and caspase‑9 activity using Ac-DEVD-AFC, Ac-LETD-AFC, Ac-LEHD-AFC as substrates, respectively. DMSO treatment was used as 
the control. The concentration of the fluorescent products released were then measured. Results represent the mean ± SD of three independent repeats. *P<0.05 vs. 
0 µM CDS-3078 control. CDS-3078, 2-[1-(4-(Benzyloxy)phenyl)-3-oxoisoindolin-2-yl)-2-(4-methoxyphenyl)] acetic acid; PARP, poly ADP-ribose polymerase. 
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It is well documented that p53 is a widely accepted 
cancer driver gene, making it a valuable target for anti-
cancer therapy (1). After 40 years of research focused on 
p53, the United States Food and Drug Administration 
approved various p53-specific therapies, including gene 
therapy. However, various p53-targeted therapeutic strate-
gies, including the interaction between p53 and Mouse 
double minute 2 homolog (MDM2), as well as the phar-
macological restoration of mutant p53, require further 
investigation (37,38). 

The present study suggested that CDS-3078 upregulated the 
mRNA and protein expression levels of p53 and p53-target genes. 
In addition, p21 serves a key role in cell cycle arrest following 
DNA damage by inhibiting either CDK activity or the formation 
of the cyclin B1-CDK1 complex (39). The expression levels of 
PUMA, a key effector of p53-mediated apoptosis (40), was found 
to be upregulated in the present study. It was hypothesized that 
p53- and p53-targeting factors-mediated signaling pathways 
may serve important roles in inducing G2/M cell cycle arrest 
and apoptosis. The present results suggested that CDS-3078 
administration inhibited cell proliferation and induced apop-
tosis in p53+/+ HeLa cells. Moreover, mitochondrial membrane 
impairment caused by CDS-3078 administration is considered a 
sign of early apoptosis (41); however, the potential of this small 
molecule to affect the mitochondrial membrane requires further 
verification. Notably, the drug safety and application potential of 
CDS-3078 requires further verification in various cancer cells 
types and in vivo experiments.

The activation of cell cycle checkpoint-related proteins, 
inducing cell cycle arrest, allows DNA repair in response 
to DNA damage. G2/M checkpoints are more sensitive to 
chemotherapeutic or radiotherapeutic agents compared with 
G1 checkpoints (42,43). CHK1 and CHK2, effectors of DNA 
damage checkpoints, serve a central role in inducing cell cycle 
arrest and DNA repair in response to DNA damage (44). The 
present results suggested that CDS-3078 treatment induced a 
concentration-dependent increase in cells arrested at the G2 
phase due to the decrease in the expression levels of cyclin 
B1, CDK1 and CDC25C. As an important kinase associated 
with CDC25C regulation, phosphorylation levels of CHK1 
were found to be increased after CDS-3078 administration, 
indicating the activation of CHK1  (45). Although CHK1 
and CHK2 are functionally associated, no changes in the 
phosphorylation and protein expression levels of CHK2 
were identified in CDS-3078-treated HeLa cells. CDS-3078 
treatment also increased the expression levels of ATR and 
γ-H2AX, which are involved in the transduction of early 
signals following DNA double-strand breaks in response 
to cytotoxic stresses (46). The present results suggested that 
CDS-3078 induced p53-mediated apoptotic cell death through 
G2/M phase arrest.

Apoptosis can be induced by various stimuli and is 
mediated by two signaling pathways: The intrinsic and 
extrinsic pathways. These pathways are involved in the 
activation of various effectors and the release of proapoptotic 
mediators from mitochondria  (47). In the present study, 

Figure 4. CDS-3078 induces cell cycle arrest at the G2/M phase. (A) HeLa cells were pretreated with 2, 5 and 10 µM of CDS-3078 for 24 h, stained with PI and 
then subjected to DNA content analysis using flow cytometry. Data represents three independent repeats. (B) Quantification of the percentage of G0/G1, S and G2/M 
HeLa cells at the various administration times. (C) HeLa cells were treated with CDS-3078 (5 µM) for 4, 8 and 16 h. The expression levels of the proteins associ-
ated with the cell cycle were examined using immunoblotting to detect expression levels of CDK1, cyclin B1, CDC25C, CHK1, p-CHK1, CHK2, p-CHK2, ATR, 
p-ATR, H2AX and γ-H2AX. (D) The relative density was determined using grayscale analysis on ImageJ 1.8.0_112 (National Institutes of Health) normalized to 
corresponding non-phosphorylated total protein. CDS-3078, 2-[1-(4-(Benzyloxy)phenyl)-3-oxoisoindolin-2-yl)-2-(4-methoxyphenyl)acetic acid; CHK, checkpoint 
kinase; CDC25C, M-phase phosphatase 3; H2AX, H2A histone family, member X; ATR, ataxia telangiectasia and Rad3-related protein; p-, phosphorylated. 
*P<0.05 vs. control.
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CDS-3078 treatment resulted in apoptosis via the proteolytic 
cleavage of caspase‑3 and PARP; downregulation of Bcl-2; 
upregulation of BAK; and release of cytochrome c. Based 
on these data, it was speculated that CDS-3078 served as a 
potential small molecule inhibitor through the caspase-depen-
dent mitochondrial apoptotic pathway in HeLa cells.

In conclusion, the present results suggested that the small 
molecule CDS-3078 exhibited a potential cytotoxic effect on 
human cervical cancer cells. Furthermore, CDS-3078 admin-
istration triggered mitochondria-mediated apoptotic cell death 
and G2/M-phase cell cycle arrest in the p53+/+ HeLa cells. 
Therefore, the present results suggested that CDS-3078 may 
be a potential chemotherapeutic candidate to be evaluated in 
clinical settings for the treatment of cervical cancer. 
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