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Background: Doxorubicin is a widely used chemotherapy drug for the treatment of a variety of 

cancers, however it also has serious side effects such as anaphylaxis and heart damage. There-

fore, it’s very important to understand the downstream molecular pathways that are essential 

for Doxorubicin function in cancer treatment.

Methods: HeLa S3 cells were treated with different concentrations of Doxorubicin for 24 hours. 

Then, the mRNA levels of Notch pathway components in the Doxorubicin treated cells were 

determined by Real-Time qRT-PCR. Lentiviral transfection was used to up-regulate and down-

regulate HES1 expression. Cell proliferation and apoptosis were measured with MTT assay and 

flow cytometry. Finally, immunofluorescence was used to detect protein subcellular location.

Result: Doxorubicin treatment strongly increases the expression of multiple Notch pathway 

components in cancer cells. The Notch target HES1 is activated by Doxorubicin and is required 

for the Doxorubicin driven apoptosis. In addition, over-expression of HES1 can further enhances 

Doxorubicin’s role in promoting apoptosis. Mechanistically, HES1 activates PARP1 and regulates 

the subcellular location of AIF to mediate the apoptosis response under Doxorubicin treatment.

Conclusion: Our results provided novel insights into the downstream molecular pathways 

underlying Doxorubicin treatment and suggested that manipulation of Notch signaling pathway 

could have synergistic effect with Doxorubicin for cancer treatment.    
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Introduction
Doxorubicin is an anthracycline antibiotic that has a strong anticancer activity and 

has been widely used as an efficient broad-spectrum anticancer drug.1,2 Doxorubicin 

integrates into the DNA double-strand helix and forms a stable complex structure 

with DNA, which destroys the DNA tertiary structure and, therefore, prevents DNA 

replication and RNA synthesis, resulting in cellular apoptosis. Because of these DNA 

interfering mechanisms, although Doxorubicin preferentially targets cancer cells, it 

can also damage the DNA in the normal cells and result in some side effects such 

as congestive heart failure.3,4 Therefore, understanding of the downstream molecular 

pathways that are essential for Doxorubicin-driven apoptosis is crucial for reducing 

the side effects of Doxorubicin, resulting in better cancer treatment.

Notch signaling pathway is a highly conserved pathway that regulates cell fate 

determination and is frequently misregulated in cancers. For example, >50% of the T-cell 

acute lymphoblastic leukemia patients have the Notch overactive mutations. Importantly, 

these Notch mutations can induce T-cell acute lymphoblastic leukemia initiation and 

progression in mouse models. In addition, Notch activation promotes the growth and 
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invasion of other cancers such as ovarian cancer5 and eye 

cancer,6 supporting the essential role of Notch as an oncogene 

in promoting carcinogenesis. On the other hand, the Notch 

pathway can also function as a tumor suppressor to inhibit 

tumor growth in other tissues, suggesting the tissue-specific 

multifunctioning of Notch pathway in regulation of cancers.7 

Given the important function of Notch signaling pathway in 

cancers, the Notch pathway is a promising therapeutic target for 

cancer treatment.8–12 As an example, the Notch inhibitors such 

as DAPT or Compound E have been widely used to treat can-

cers with Notch gain-of-function mutations,7 while for cancers 

mediated by Notch loss-of-function mutations, activation of 

Notch signaling pathway is a promising therapeutic strategy.8–12

Notch signaling is mediated by ligand receptor interac-

tion through cell contact. Binding of ligands (DLL1, DLL3, 

DLL4, JAGGED1 and JAGGED2) to the Notch receptors 

(NOTCH1, NOTCH2, NOTCH3 and NOTCH4) induces the 

activation of Notch signaling and cleavage of Notch recep-

tors. The intracellular domain of Notch then enters into the 

nucleus, binds to the transcription factor CSL and recruits 

coactivators including MAML1-3 and P300 to activate the 

transcription of Notch targets including HES (hairy/enhancer 

of split) and HEY (HEY – hairy/enhancer-of-split related 

with YRPW motif family members) family genes.13,14 HES1 is 

a transcriptional repressor with three conserved domains: the 

bHLH, Orange and WRPW domains.15 As a key Notch target, 

HES1 is essential for the cancer stem cells’ maintenance, 

cancer metastasis and chemoresistance.15 The Notch-HES1 

signaling axis regulates the functioning of essential genes 

in cellular proliferation and apoptosis regulation; therefore, 

the Notch signaling pathway is one of the key downstream 

pathways of cancer therapeutic drugs.8,10,16,17 However, the 

function and the underlying mechanisms of Notch pathway 

in Doxorubicin-induced apoptosis remain inclusive.12

Here, we studied the functional role of Notch signaling 

pathway in Doxorubicin-induced apoptosis of cancer cells. 

We found that Doxorubicin treatment strongly increased the 

expression of multiple Notch pathway components. The Notch 

target HES1 mediated Doxorubicin-driven apoptosis through 

activation of poly(ADP-ribose) polymerase-1 (PARP1) and 

regulation of apoptosis-inducing factor (AIF) subcellular 

location, suggesting the important role of Notch pathway 

in mediating Doxorubicin-driven apoptosis in cancer cells.

Materials and methods
Plasmids and transfection
The following shRNA lentiviral constructs targeting the 

HES1 were obtained from Thermo Fisher Scientif ic. 

The hairpin sequence numbers are TRCN0000018989, 

TRCN0000018990, TRCN0000018991, TRCN0000018992 

and TRCN0000018993. A vector for mammalian overex-

pression of HES1 was generated by cloning HES1 CDS 

(Genbank No NM_005524.3) into the multiple cloning 

site of the pOZ-FH-N vector via XhoI and BamHI restric-

tion sites. The primers were as follows: HES1 forward 

5′-GCCTCGAGCCAGCTGATATAATGGAGAA-3′ and 

reverse 5′-TGGATCCTCAGTTCCGCCACGGCCT-3′. 
Integrity of the construct was verified by sequencing. Lenti-

viral transfection was performed as described previously.18 

Briefly, 50% confluent 293T cells seeded in 100 mm plates 

were transfected with lentiviral vector targets HES1 (HES1- 

shRNA1-5) and HES1 overexpression lentiviral, by using 

Effectene Transfection Reagent (Qiagen, Hilden, Germany). 

HeLa cells were plated at 40%–50% confluence in 100 mm 

plates and subsequently infected with viral supernatant for 

three times with 2.0 μg/mL Polybere (Sigma-Aldrich, St 

Louis, MO, USA). Finally, the cells were replaced with a 

complete medium containing puromycin (1.0 μg/mL; Sigma-

Aldrich) for 1 week.

Cell culture
Human HeLa S3 cell line (HeLa) was obtained from 

American Type Culture Collection. The cells were cultured 

in DMEM (HyClone; GE Healthcare Bio-Sciences Corp., 

Piscataway, NJ, USA) supplemented with 10% fetal bovine 

serum (Thermo Fisher Scientific, Waltham, MA, USA), 100 

U/mL penicillin and 100 ng/mL streptomycin at 37°C in a 

humidified atmosphere of 95% air/5% CO
2
. Doxorubicin 

(sc-280681) was purchased from Santa Cruz Biotechnology 

Inc. (Santa Cruz, CA, USA). Rucaparib was purchased from 

Selleck (AG-014699). For Doxorubicin treatment, cells were 

cultured in fresh culture medium with Doxorubicin (0, 100, 

200, 300, 500 and 750 μM) for 24 hours. For PARP1 inhibitor 

treatment, cells were cultured in fresh culture medium with 

Rucaparib (1 nM) for 7 days.

Real-time reverse transcriptase 
polymerase chain reaction (RT-PCR)
Real-time RT-PCR was performed as described previously.19 

Total RNA was extracted from HeLa S3 cells using Trizol 

reagent (Thermo Fisher Scientific) following the manufac-

turer’s instructions. By using the PrimeScript II First Strand 

cDNA Synthesis Kit (TaKaRa, Tokyo, Japan), total RNA was 

subjected to reverse transcription. Real-time RT-PCR analysis 

was performed on LightCycler 96 (Hoffman-La Roche Ltd., 

Basel, Switzerland) using the SYBR Premix Ex TaqTM Kit 

(TaKaRa). GAPDH was used as an internal control. The 

primers used are listed in Table 1.
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Immunofluorescence
Cells were grown on glass chamber slides and treated with 

Doxorubicin and PARP1 inhibitor Rucaparib for 24 hours. 

After treatment, the cells were fixed with 4% formaldehyde for 

10 minutes and then blocked with 5% bovine serum albumin 

for 1 hour to reduce the background.20 The cells were then 

incubated with the antibody of AIF (Santa Cruz Biotechnol-

ogy Inc.) at 5 μM overnight at 4°C. The secondary antibody 

(green) was goat anti-mouse antibody (Santa Cruz Biotech-

nology Inc.) used at 1/250 dilution for 1 hour. DAPI was used 

to stain the cell nuclei (blue) at concentration of 1.43 μM.

Intracellular apoptosis measurement
HeLa S3 cells were harvested and washed twice in PBS 

before the analyses of apoptosis. The percentages of apoptosis 

were examined using Multicaspase Kit (EMD Millipore). 

According to the manufacturer’s instructions, multicaspase 

was added to each sample for 30 minutes at 37°C in dark and 

then incubated with 7-aminoactinomycin D (EMD Millipore) 

for 5 minutes at room temperature in dark. After incubation, 

the events for live, dead early and late apoptotic cells were 

counted with the Muse Cell Analyzer.21

Cell viability
The MTT assay was used to detect cell viability. Briefly, 

cells were seeded onto 96-well plates at a density of 2000 

cells per well. Cell proliferation was measured with MTT 

assay at different time points. Briefly, 20 μL MTT (5 mg/mL; 

Sigma-Aldrich) solution was added to the wells and then the 

96-well plates were incubated at 37°C for 2–4 hours. Then the 

medium was removed and 200 μL of dimethyl sulfoxide was 

added per well. After 10 minutes of shaking, the wavelength 

at 490 nm was measured by a microplate reader (BioTek 

Instruments, Winooski, VT, USA).

Western blotting
Western blot was performed as described previously.22 The 

antibodies used in the study were HES1 (Santa Cruz Bio-

technology Inc.) and alpha-tubulin (Affinity, Cincinnati, OH, 

USA). 𝛼-Tubulin was used as an internal control.

Statistical analysis
All assays were performed in triplicate. The results were 

expressed as the means ± SD. Statistical analyses were per-

formed with Student’s t-test for comparison of two groups 

(GraphPad Prism 5 software). Significant values were shown 

as 0.01<P<0.05 (*), P<0.01 (**) and P>0.05 (#).

Results
Role of Doxorubicin in regulation of 
apoptosis
To study the role of Notch oncogenic pathway in Doxorubi-

cin-driven apoptosis, we first established the apoptosis model 

by treating the HeLa S3 cells with different concentrations 

Table1 List of primers used in this study

Name Forward primer sequence Reverse primer sequence

GAPDH GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAG
HES1 ATTTTTGGAGTTCTTCACGAAA GAATCCCCCGTCTACCTCTC
HES5 CCCAAAGAGAAAAACCGACTGC ATGTCGGCCTTCTCCAGCTT
HES7 ACGGCCCCAAGATGCTCAA TTTCTCCAGCTTCGGGTTCC
NOTCH1 GATGACCTGGGCAAGTCCG TGCGCTCCTGTGCGATGT
NOTCH2 AGGTGTCAGAATGGAGGGGT GTGCAGAACTGTCCTGTCCA
NOTCH3 TGTGAACTCCTCTCCCCCTG CGTTCAGGCATGGGTCTTG
NOTCH4 CCCTTGTCCTCCCTCCTTCT CTGCTCACCTGTCCATCCAG
JAG1 ACGACCCCCTGTGAAGTGAT TCCCGACTGACTCTTGCACT
JAG2 CGCCAATGAGTGTGAAGGGA TCGTTGACGTTGATATGGCAGT
DLL1 ACCTCGCAACAGAAAACCCA GTGTTCGTCACACACGAAGC
DLL3 GGTCCGAGCTCGTCCGTAG GAAAAGGGGCGTCGCTACC
DLL4 ATCAGCGATATGCTCCCCCA TGCCTTATACCTCCGTGGCA
MAML1 GCCACGCATCTTCATGATACAG CCATTGGAAGAGATGGCAACTC
MAML2 CTGATTGCGCTCCAGGGTTC TCCACAAAGCCATTGGGTCG
MAML3 ACCACACGCTGATCATGCTAC GCACCATTCTGCTGGTCTCC
MYC GGTAGTGGAAAACCAGCAGCC TTCTCCTCCTCGTCGCAGTA
HEY1 GCAGGTAATGGAGCAAGGATCT AACCTTTCCCTCCTGCCGTA
HEY2 GCAACAGGGGGTAAAGGCTAC ACCGCGCAACTTCTGTTAGG
HEYL GTCCCCACTGCCTTTGAGAA TCGGGCATCAAAGAATCCTGT
CSL CAACAGCGAGAGAGAAGGGG GCTTCTTCCTGCAGCCATTG
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(0, 100, 300, 600, 900 and 1200 μM) of Doxorubicin for 24 

hours. As shown in Figure 1A and B, Doxorubicin treatment 

induced apoptosis in a dose-dependent manner, confirming 

the role of Doxorubicin in killing cancer cells.

Role of Doxorubicin in Notch pathway 
gene expression
We then studied the role of Doxorubicin in regulation of 

expression of Notch pathway genes. The mRNA levels of 

Notch pathway ligands (DELTA1, DELTA3, DELTA4 and 

JAGGED1, JAGGED2), receptors (NOTCH1, NOTCH2, 

NOTCH3 and NOTCH4), transcription factor CSL, coacti-

vators (MAML1, MAML2 and MAML3) and downstream 

targets (HES1, HES5, HES7, HEY1, HEY2, HEYL and 

MYC) in the Doxorubicin-treated cells were determined 

by real-time quantitative RT-PCR. As shown in Figure 2, 

Doxorubicin treatment increased the expression of NOTCH 

pathway components JAGGED2, NOTCH1 and NOTCH2, 

CSL, MAML1 and HES1 in a dose-dependent manner 

 (Figure 2B), indicating that Doxorubicin treatment regulates 

the JAGGED2-NOTCH1/2-CSL-MAML1-HES1 axis in 

cancer cells.

HES1 overexpression promotes 
Doxorubicin-driven apoptosis
Given that HES1 is the only NOTCH target gene that is highly 

expressed in the HeLa S3 cells and is strongly induced under 

Doxorubicin treatment (Figure 2), we next determined the 

potential role of HES1 in Doxorubicin-induced apoptosis in 

cancer cells. We first established a HES1 overexpressing stable 

cell line and confirmed the HES1 mRNA and protein levels 

by real-time RT-PCR (Figure 3A) and Western blotting (Fig-

ure 3B). Overexpression of HES1 in HeLa S3 cells had little 

effect on cancer cell proliferation (Figure 3C), but modestly 

increased cellular apoptosis (Figure 3D, E). Interestingly, when 

we treated the HES1-overexpressing and the control cells with 

Doxorubicin, we found that HES1 overexpression promoted 

the cellular apoptosis induced by Doxorubicin treatment. 

Overall, the above mentioned data suggest that HES1 acts as 

a downstream target of Doxorubicin in regulation of apoptosis.

Depletion of HES1 suppresses 
Doxorubicin-induced apoptosis
We next studied the role of HES1 depletion in regulation 

of Doxorubicin-induced apoptosis. Five different shRNAs 
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Figure 1 Doxorubicin affects Hela S3 cell apoptosis.
Notes: The HeLa S3 cells were treated with Doxorubicin (0, 100, 300, 600, 900 and 1200 μM) for 24 hours. (A) The percentage of apoptosis cells is shown. (B) Bars 
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were used to knockdown HES1 expression in HeLa cells 

(Figure 4A). As shown in Figure 4B and C, knockdown of 

HES1 has little effect in cellular proliferation and apoptosis. 

We further determined the role of HES1 depletion in cellular 

apoptosis under the treatment of Doxorubicin. We found that 

Doxorubicin could strongly promote the apoptosis of the 

control cells, while in the HES1-depleted cells, the effect 

of Doxorubicin in promoting apoptosis was significantly 

lower than in the control cells (Figure 4C and D), suggesting 

that Doxorubicin HES1 is an essential factor that mediates 

Doxorubicin’s function in inducing apoptosis.

HES1 induces apoptosis through PARP1 
activation
We next determined the molecular mechanisms of HES1 

in regulation of Doxorubicin-driven apoptosis. A previous 

study reported that HES1 interacts with PARP1 and induces 

the activation of PARP1-mediated proapoptotic signal 

pathway in a cell type–specific manner;23 therefore, we 

explored the potential interplay between HES1 and PARP1 in 

Doxorubicin-induced apoptosis. Treatment of HES1-depleted 

and control cells with Doxorubicin and the combination of 

Doxorubicin with the PARP1 inhibitor Rucaparib revealed 

that Rucaparib could significantly reduce Doxorubicin-driven 

apoptosis in the control cells, while in the HES1-depleted 

cells, Rucaparib had little effect on the cellular apoptosis 

induced by Doxorubicin treatment (Figure 5A and B). This 

suggests that HES1 depletion reduces PARP1 activity; as a 

result, the HES1-depleted cells are irresponsive to PARP1 

inhibition by Rucaparib. We further tested the role of HES1 

overexpression in the regulation of PARP1 activity. As 

shown in Figure 5C and D, Rucaparib treatment resulted in 
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increased apoptosis in the HES1-overexpressing cells com-

pared to the control cells, suggesting that overexpression of 

HES1 activates PARP1 and, therefore, sensitizes the cells to 

PARP1 inhibition.

HES1-PARP1 regulates AIF subcellular 
location upon Doxorubicin treatment
In order to further explore the mechanism of HES1 in 

the regulation of Doxorubicin-driven apoptosis, we used 

immunofluorescence to detect changes in the location of 

AIF. As can be seen from Figure 6A, when the cells were 

treated with Doxorubicin alone, most of the AIF in the 

control group had been transferred from the mitochondria 

into the nucleus, thereby inducing apoptosis. While in the 

HES1-depleted cells, the fluorescence intensity of AIF in 

the nucleus strongly decreased, indicating that inhibition 

of HES1 expression suppressed the transfer of AIF from 

the mitochondria into the nucleus. Treatment of HES1 

overexpressing cells with Doxorubicin resulted in further 

migration of AIP into the nucleus (Figure 6B). Interest-

ingly, the PARP1 inhibitor Rucaparib could prevent the 

Doxorubicin-induced nucleus accumulation of AIP, similar 

to the effect of HES1 depletion. Overall, our results indicated 

that the HES1-PARP1 axis regulates the subcellular location 

of AIF to facilitate the proapoptotic effect of Doxorubicin 

in cancer cells.

Discussion
Doxorubicin is commonly used for cancer chemotherapy, 

but it also causes strong side effects such as low white blood 

cell count, vomiting and heart problems.4,11 Therefore, a 

better understanding of the molecular pathways underlying 

Doxorubicin-induced apoptosis in cancer cells is essential 

for effective and safer cancer treatment.12,24 In this study, 
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we revealed that Notch signaling pathway is activated upon 

Doxorubicin treatment. Doxorubicin increased the expres-

sion of multiple Notch pathway components and Notch 

downstream target gene HES1, which is required for the 

Doxorubicin-induced apoptosis of cancer cells. Similarly, a 

previous study revealed that, in osteosarcoma, Doxorubicin 

treatment activated the Notch pathway and siRNA knock-

down of Notch reduced the effects of Doxorubicin on the 

viability and apoptosis of osteosarcoma cells.25 Our result 

confirmed the essential role of Notch pathway in Doxoru-

bicin-driven apoptosis of cancer cells and further specified 

that the molecular event of Doxorubicin-mediated apoptosis 

is through the upregulation of the key Notch target HES1. 

Mechanistically, HES1 activates PARP1 and regulates the 

subcellular location of AIF to mediate the apoptosis response 

under Doxorubicin treatment.

PARP1 is a major member of the poly ADP-ribose 

polymerase family and is a substrate for the apoptotic core 
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Figure 4 Downregulation of HES1 expression could inhibit Doxorubicin-induced apoptosis.
Notes: Cells were stably transfected with HES1 shRNA plasmids. Cells transfected with empty pLko.1 vector were used as the control group. (A) The knockdown efficiency 
of HES1 was measured by real-time RT-PCR. (B) The cell viability of knockdown cell lines was detected by MTT. (C) The knockdown and control cells were treated with 
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Abbreviations: 7-AAD, 7-aminoactinomycin D; RT-PCR, reverse transcriptase polymerase chain reaction.
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members of caspase.26–29 PARP1 plays an important role 

in DNA damage repair and apoptosis.27,29,30 Studies have 

shown that PARP1 can directly regulate AIF release and 

lead to apoptosis.31,32 In addition, HES1 and PARP1 can 

interact in B-cell acute lymphoblastic leukemia cell lines 

to regulate PARP1 and induce apoptosis.23 Our results 

suggest that inhibition of PARP1 activity can reduce the 

apoptosis caused by Doxorubicin-induced DNA damage. 

In addition, HES1 can induce apoptosis by altering the 

location of AIF in DNA damage. This suggests that HES1 

regulates apoptosis induced by Doxorubicin by promoting 

the migration of AIF to the nucleus through PARP1. Though 

previous studies have revealed that Doxorubicin regulates 

Notch and HES1 regulates PARP1-AIF in other cell lines, 

our study provided evidence that specifically, HES1 is the 

key Notch target that is essential for the Doxorubicin-driven 

apoptosis in cancer cells. In addition, we provided direct 

evidence that Doxorubicin regulates PARP1-AIF through 

the Notch target HES1.

Overall, our results suggest that the Notch target HES1 

promotes Doxorubicin-induced apoptosis through PARP1 

interactions, suggesting that Notch signaling pathway is 

essential for the Doxorubicin-mediated apoptosis of cancer 

cells. Given that HES expression could enhance Doxorubi-

cin’s function in promoting apoptosis in cancer cells, modu-

lation of Notch pathway could have synergistic effect with 

Doxorubicin and, therefore, could reduce the side effects of 

Doxorubicin in cancer treatment.
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