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 Background: Senescence is a natural barrier for the body to resist the malignant transformation of its own cells. This work 
investigated the senescence characteristics of cancer cells in vitro.

 Material/Methods: Human cervical cancer HeLa cells were treated with different concentrations of doxorubicin for 3 days, with 
or without subsequent extended culture in drug-free medium for 6 days. Senescent cell ratios between these 
2 culture schemes were calculated. Expression of 2 senescence-associated secretory factors, IL-6 and IL-8, were 
detected by RT-PCR and ELISA. Doxorubicin treatment induced epithelial-mesenchymal transition in cancer 
cells. The proportions of senescent cells in epithelial-like and mesenchymal-like sub-groups were calculated. 
Doxorubicin-treated HeLa cells were stained with Vimentin antibody and sorted by flow cytometry. Senescent 
cell marker p16INK4a and IL-8 expression in Vimentin-high and Vimentin-low cells were detected by Western blot.

 Results: We found that less than 1% of HeLa cells showed senescence phenotype after treatment with doxorubicin for 
3 days. However, the proportion of senescent cells was significantly increased when the doxorubicin-treated 
cells were subsequently cultured in drug-free medium for another 6d. RT-PCR and ELISA results showed that 
this prolonged culture method could further improve the expression of IL-6 and IL-8. We also found that the 
senescent cells were mainly epithelial-like type and few presented mesenchymal-like shape. p16INK4a and IL-8 
expression were decreased in cell fraction with higher Vimentin expression.

 Conclusions: Our results suggested the existence of time delay effect in doxorubicin-induced senescence of HeLa cells, and 
epithelial- mesenchymal transition may resist doxorubicin-induced cell senescence.
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Background

Cellular senescence refers to an irreversibly stable state after 
losing the proliferative ability [1]. The main features of senes-
cence include [2]: 1) the cell stops dividing and enters a state 
similar to terminal differentiation; 2) expression of the char-
acteristic senescence-associated b-galactosidase(SA-b-Gal); 
3) chromatin condensation to form heterochromatin (senes-
cence-associated heterochromatic foci), telomere shorten-
ing and hyper-methylation of histone H3K9; 4) expression of 
a large amount of matrix reconstruction proteins, chemokines 
and inflammatory factors such as PAI1, MMPs, CXCL1, IL-1, IL-6, 
and IL-8 [3–8], also known as senescence-associated secretory 
phenotype (SASP) [9].

Senescence is a natural barrier for the body to resist the ma-
lignant transformation of its own cells. Some key events in the 
process of carcinogenesis, such as DNA damage and hyper-ac-
tivation of oncogenes, can induce cell senescence and thus in-
hibit the occurrence of cancer cells [10]. Moreover, many che-
motherapy drugs can induce the senescence of cancer cells 
and lead to its extinction ultimately [11]. Therefore, broken of 
the senescence barrier may promote the occurrence of can-
cers. For example, CD11b+ gr-1+ myeloid-derived suppressor 
cells could enhance the senescence evading of tumor cells and 
promote their proliferation by secreting the antagonistic mol-
ecule IL1RA of IL1R [12].

Chemotherapy is one of the main methods to treat cancer. 
Chemotherapy drugs can not only induce apoptosis [13], but 
also promote the senescence of cancer cells [14]. In this study, 
we used doxorubicin-treated HeLa cells as a model of in vi-
tro cellular senescence. We found the existence of time delay 
effect in drug-induced cancer cell senescence, and epithelial-
mesenchymal transition could inhibit cell senescence.

Material and Methods

Cell culture

HeLa cells were obtained from the Institute of Biochemistry 
and Cell Biology, Shanghai Institute for Biological Science, 
Chinese Academy of Sciences. Cells were cultured in DMEM 
medium containing 10% fetal bovine serum, 100 U/ml penicil-
lin and 100 μg/ml streptomycin. Doxorubicin was purchased 
from Meilun Biotechnology Co. LTD, Dalian, China.

MTT assay

The cells were seeded into 96-well plate at 5000/well and 
cultured overnight, then fresh medium containing doxorubi-
cin was added and cultured for 3d. After that, 0.5 mg/ml MTT 

solution was added to each well and further incubated for 2 h. 
Subsequently, the supernatant was discarded and the remnant 
was fully dissolved in DMSO. The absorbance value of 570 nm 
was detected for each well.

SA-b-Gal staining

The SA-b-Gal staining kit was purchased from Beyotime 
Biotechnology Co., LTD, Haimen, China. SA-b-Gal working so-
lution was prepared according to the manufacturer’s instruc-
tions. The cells were fixed with 4% paraformaldehyde for 
5 min, followed by washing 3 times with PBS, then incubated 
in the working solution at 37 degrees overnight. The stained 
cells were observed under microscope.

RNA Extraction and RT-PCR

Total RNA was isolated using Trizol reagent from the cells cul-
tured in 6-cm dish followed by concentration determination. 
RNA (2 μg) was reverse transcribed to cDNA with the RevertAid 
reverse transcription kit (Thermo Scientific, Illinois, USA). The 
primers used in this study were as follows: IL-6: CCC CTG 
ACC CAA CCA CAA AT (forward), GCC CAG TGG ACA GGT TTC 
TG (reverse); IL-8: GGT GCA GTT TTG CCA AGG AG (forward), 
TTC CTT GGG GTC CAG ACA GA (reverse); PAI1: CAG ACC AAG 
AGC CTC TCC AC (forward), GGT TCC ATC ACT TGG CCC AT (re-
verse); GAPDH: CTC TGC TCC TGT TCG AC (forward), GCG CCC 
AAT ACG ACC AAA TC (reverse). The PCR products were ana-
lyzed by 1.5% agarose gel electrophoresis.

ELISA

Medium from cells treated with or without doxorubicin were 
collected. 50 μL samples were analyzed in IL-6 and IL-8 ELISA 
plates (Thermo Scientific, Cat # BMS213HS and KHC0081) and 
quantified according to standard curves.

Flow cytometry

Cells cultured in 10-cm dish were digested with trypsin and 
washed with PBS followed by fixing with Cytofix/Cytoperm kit 
(BD Biosciences, CA, USA), then stained with FITC-conjugated 
Vimentin antibody (Abcam Co., MA, USA). Flow cytometric 
analysis was carried out using a FACSCalibur (BD Biosciences, 
CA, USA).

Cell morphology analysis

After 0.1μg/ml doxorubicin treatment for 3 d and a prolonged 
culture of 6d, HeLa cell morphology showed heterogeneity. Cells 
were divided into epithelial (E)-like or mesenchymal (M)-like 
groups according to their appearance by 3 pathologists. If the 
length of a cell (longest axis) is more than 3 times of its width 
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(vertical to the longest axis), this cell was tagged as M-like 
group. Otherwise it was ascribed to E-like group.

Western blot

Cells collected by FACS were washed by PBS and lysed in RIPA 
buffer. Protein content was determined by the Bradford assay 
(Beyotime Institute of Biotechnology, Haimen, China). 50μg pro-
teins were separated in a 15% SDS-polyacrylamide gel electro-
phoresis and transferred to PVDF membrane. The membranes 
were first blocked with 5% (w/v) nonfat dry milk in TBST and 
then probed with the indicated primary antibodies with gentle 
shaking at 4°C overnight. After washing 3 times, the membranes 
were incubated with the HRP-conjugated secondary antibod-
ies for 1 h. The signals were detected using an enhanced che-
miluminescence detection kit (Thermo Scientific, Illinois, USA). 
The anti-E-Cadherin (1: 500 dilution), ani-Vimentin (1: 1000 
dilution), anti-IL-8(1: 200 dilution), anti-p16INK4a (1: 500 dilu-
tion) and anti-GAPDH (1: 5000 dilution) antibodies were pur-
chased from Abcam Co., MA, USA (Cat # ab323410, ab8069, 
ab18672, ab108349 and ab8245).

Statistics

Statistical analyses were performed using GraphPad Prism 
software. Each experiment was repeated least 3 times inde-
pendently. All values and error bars were represented as mean 

±SD. Two-tailed unpaired t tests were used to determine sta-
tistical significance between 2 experimental groups.

Results

Time delay effect in doxorubicin-induced cell senescence.

First, we used MTT assay to determine the dose-survival curve 
of HeLa cells treated with various concentrations of doxorubi-
cin for 3 days. As shown in Figure 1A, the half lethal concen-
tration of doxorubicin was 0.21 μg/ml. At 0.1 μg/ml of doxo-
rubicin, the inhibition rate was nearly 20%. Next, we used 
SA-b-Gal staining to detect doxorubicin-induced cell senes-
cence. As shown in Figure 1B, there were almost no senes-
cent cells in the control group, and very few senescent cells 
were detected after treatment with 0.05–0.4 μg/ml doxorubi-
cin for 3 days (Figure 1C–1F). The inhibition rate at 0.4 μg/ml 
doxorubicin was close to 80%, indicating that higher concen-
trations of doxorubicin kill most cells and are unlikely to in-
crease the proportion of senescent cells.

We subsequently tried another method to promote doxorubi-
cin-induced cell senescence. We cultured HeLa cells in various 
concentrations of doxorubicin for 3 days, followed by grow-
ing in drug-free medium for another 6 days. SA-b-Gal stain-
ing revealed that this prolonged culture protocol significantly 
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Figure 1.  Acute treatment with doxorubicin induced HeLa cells senescence at a low efficiency. (A) Dose-survival curve of HeLa cells to 
doxorubicin treatment for 3 days. (B–F) SA-b-Gal staining of HeLa cells treated by doxorubicin for 3 days at 0, 0.05, 0.1, 0.2, 
or 0.4 μg/ml, respectively.
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improved the senescent cell proportion at various concentra-
tions of doxorubicin (Figure 2A–2E). The senescent cell propor-
tion was approximately 60% after treatment with 0.1 μg/ml 
doxorubicin followed by prolonged culture (Figure 2F). These 
results indicate the time delay effect of doxorubicin-induced 
cell senescence of HeLa cells.

Time delay effect in doxorubicin-induced SASP

SASP is a hallmark of cell senescence. The expression of mem-
bers of SASP, including IL-6, IL-8, and PAI1, were detected by 
RT-PCR in HeLa cells treated with 0.1 μg/ml doxorubicin for 
3 days with or without prolonged culture (Acute or Prolonged). 
Figure 3A shows that the transcriptions of IL-6, IL-8, and PAI1 
were induced by acute doxorubicin treatment. However, the IL-6 
and IL-8 mRNA levels were further increased after prolonged 
culturing. Next, we determined the secreted IL-6 and IL-8 pro-
tein levels by ELISA. As shown in Figure 3B, after acute treat-
ment with doxorubicin, the IL-6 and IL-8 levels in cell culture 
supernatant were significantly increased when compared to 
the control group (p<0.05 and p<0.01, respectively). In cell su-
pernatant after prolonged culture, the IL-6 and IL-8 protein lev-
els increased more (p<0.001 for both cytokines). These results 

confirmed the time delay effect of doxorubicin-induced senes-
cence of HeLa cells.

EMT inhibited cell senescence

HeLa cells showed cobblestone-like epithelial cell morphology 
under normal culture conditions. Cancer cells can elicit the epi-
thelial-mesenchymal transition (EMT) when treated with doxo-
rubicin [15,16]. We also found that after 0.1 μg/ml doxorubicin 
treatment for 3 days and a prolonged culture for 6 days, HeLa 
cell morphology showed heterogeneity (Figure 2C). Some cells 
swelled but still had a nearly round shape, while others pre-
sented a spindle-like shape with multiple branches that resem-
bled the EMT. We performed Western blot analysis to deter-
mine the expression of EMT markers E-Cadherin and Vimentin. 
Figure 4A shows that after doxorubicin treatment, E-Cadherin 
expression was decreased while Vimentin expression was in-
creased, indicating that doxorubicin induces EMT in HeLa cells. 
These doxorubicin-treated cells can be divided into epithelial 
(E)-like or mesenchymal (M)-like groups according to their ap-
pearance (Figure 4B). After SA-b-Gal staining, we found that 
the proportion of SA-b-Gal-positive cells in the E-like group 
was significantly higher than in the M-like group (Figure 4C). 
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Figure 2.  Time delay effect of doxorubicin-induced senescence in HeLa cells. (A–E) HeLa cells were treated by doxorubicin for 3 days 
at 0, 0.05, 0.1, 0.2, or 0.4 μg/ml, respectively, and cultured in drug-free medium for 6 days followed by SA-b-Gal staining. 
(F) SA-b-Gal-positive cell proportions corresponding to A–E. *** p<0.001.
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Figure 3.  Time delay effect of doxorubicin-induced SASP. (A) 0.1 μg/ml doxorubicin treatment for 3 days (acute) induced the 
expressions of SASP markers IL-6, IL-8, and PAI1 in HeLa cells. When the cells were allowed to continuously grow in drug-
free medium for another 6 days (prolonged), further upregulation of IL-6 and IL-8 was observed. (B) The secreted IL-6 and 
IL-8 levels in cell culture supernatant in prolonged, acute, or control group were determined by ELISA. * p<0.05, ** p<0.01 
*** p<0.001.
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Figure 4.  Morphological changes of senescence cells induced by doxorubicin. HeLa cells were treated with 0.1 μg/ml doxorubicin 
for 3 days followed by prolonged culture in drug-free medium for 6 days. (A) Expression of E-Cadherin and Vimentin were 
determined by Western blot. (B) After staining with SA-b-Gal kit and DAPI, most of the senescent cells showed an epithelial-
like shape (white arrow), while mesenchymal-like cells were mainly SA-b-Gal-negative (black arrow). (C) Proportions of SA-b-
Gal positive cells in epithelial(E)-like or mesenchymal(M)-like cells. *** p<0.001.
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We next stained the prolonged cultured HeLa cells with anti-
Vimentin antibody and performed FACS to collect Vimentinhigh 
and Vimentinlow sub-groups (Figure 5A). Western blot results 
showed that IL-8 and p16INK4a expression in the Vimentinhigh 
sub-group was significantly lower than that in the Vimentinlow 
sub-group (Figure 5B). Together, these results indicate that 
EMT inhibits cell senescence.

Discussion

There are many causes of cell senescence, such as continu-
ous cell replication, oncogene hyper-activation, radiation, and 
chemicals treatment [17]. Several reports had shown that can-
cer cell senescence can be detected immediately after treat-
ment of doxorubicin for 2–3 days [18–20]. In this study, we 
found that acute doxorubicin treatment induced HeLa cell se-
nescence at an extremely low efficiency. If the acute doxoru-
bicin-treated cells were allowed to grow in drug-free medium 
for another 6 days, the proportion of senescent cells signifi-
cantly increases. Furthermore, in these prolongedly cultured 
cells, the transcription and secreted protein levels of IL-6 and 
IL-8, 2 members of SASP, were further significantly enhanced 
when compared to acute doxorubicin treatment. These re-
sults suggest that doxorubicin-induced HeLa cell senescence 
has a time delay effect.

Doxorubicin is a commonly used chemotherapy drug that can 
induce DNA cross-linking and lead to cell apoptosis, autophagy, 
and/or senescence [21–23]. Unlike apoptosis, senescence is 
a relatively stable state with active metabolism. Doxorubicin 
can induce cell apoptosis in 24 h in a dose-dependent man-
ner [24]. The time-delayed effect of doxorubicin induced cell 

Figure 5.  EMT inhibited doxorubicin-induced cell senescence. HeLa cells were treated with 0.1 μg/ml doxorubicin for 3 days followed 
by prolonged culture in drug-free medium for 6 days. The cells were collected and stained with FITC-conjugated anti-
Vimentin antibody (A). After sorting with flow cytometry, Vimentinhigh (V-high) and Vimentinlow (V-low) sub-group cells were 
used to detect the expression of p16INK4a and IL-8 by Western blot (B).
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senescence, indicating that the cell fate (apoptosis or senes-
cence) was determined by a different mechanism.

Doxorubicin can induce epithelial-mesenchymal transition 
that endows cancer cells with increased mobility and drug re-
sistance [25]. We found that the appearance of most of the 
SA-b-Gal-positive cells after doxorubicin treatment showed 
an epithelial-like round shape. Expression of the mesenchy-
mal marker Vimentin was inversely related with p16INK4a and 
IL-8, further indicating that the process of epithelial-mesen-
chymal transition can inhibit cell senescence. In accordance 
with our findings, Al-Khalaf et al. reported that p16INK4a and 
its downstream miRNA targets can inhibit EMT through sup-
pressing the EMT inducer ZEB1 in primary human fibroblasts 
and breast cancer cells [26]. Ansieau et al. also showed that 
Twist1 and Twist2 induction was sufficient to override onco-
gene-induced senescence and lead to complete EMT simulta-
neously in human cells [27]. Although the details of the link-
age between EMT and cell senescence are still unclear, our 
results might explain why evading cell senescence can pro-
mote carcinogenesis.

Conclusions

Our results suggest the existence of a time delay effect in 
doxorubicin-induced senescence of HeLa cells, and epithelial-
mesenchymal transition may resist doxorubicin-induced cell 
senescence.
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