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RIP3 overexpression sensitizes human breast cancer 
cells to parthenolide in vitro via intracellular ROS 
accumulation
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Aim:  Receptor-interacting protein 3 (RIP3) is involved in tumor necrosis factor receptor signaling, and results in NF-κB-mediated 
prosurvival signaling and programmed cell death.  The aim of this study was to determine whether overexpression of the RIP3 gene 
could sensitize human breast cancer cells to parthenolide in vitro.
Methods:  The expression of RIP3 mRNA in human breast cancer cell lines (MCF-7, MDA-MB-231, MDA-MB-435 and T47D) was 
detected using RT-PCR.  Both MDA-MB-231 and MCF-7 cells were transfected with RIP3 expression or blank vectors via lentivirus.  Cell 
viability was measured with MTT assay; intracellular ROS level and cell apoptosis were analyzed using flow cytometry.  
Results:  RIP3 mRNA expression was not detected in the four human breast cancer cell lines tested.  However, the transfection induced 
higher levels of RIP3 protein in MCF-7 and MDA-MB-231 cells.  Furthermore, overexpression of RIP3 decreased the IC50 values of 
parthenolide from 17.6 to 12.6 μmol/L in MCF-7 cells, and from 16.6 to 9.9 μmol/L in MDA-MB-231 cells.  Moreover, overexpression 
of RIP3 significantly increased parthenolide-induced apoptosis and ROS accumulation in MCF-7 and MDA-MB-231 cells.  Pretreatment 
with N-acetyl-cysteine abrogated the increased sensitivity of RIP3-transfected MCF-7 and MDA-MB-231 cells to parthenolide.
Conclusion:  Overexpression of RIP3 sensitizes MCF-7 and MDA-MB-231 breast cancer cells to parthenolide in vitro via intracellular 
ROS accumulation. 
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Introduction
Receptor-interacting protein 3 (RIP3) is a Ser/Thr kinase that 
belongs to the RIP kinase family and was identified in 1999[1].  
RIP3 contains a homologous, N-terminal kinase domain that 
is shared by other members of the RIP kinase family and a 
unique C-terminal domain[2].  It has been reported that RIP3 is 
involved in tumor necrosis factor receptor (TNFR) signaling, 
which results in nuclear factor-κB (NF-κB)-mediated prosur-
vival signaling and programmed cell death, including apopto-
sis and necroptosis.

RIP3 is thought to participate in the apoptotic process by 
selectively binding to large prodomain initiator caspases at its 
C-terminus[3].  RIP3 is recruited to the TNFR1 signaling com-

plex by interacting with RIP1 via its RIP homotypic interaction 
motif and then promotes apoptosis by activating caspases 
and/or inhibiting RIP- and TNFR1-induced NF-κB activa-
tion[4].  However, the influence of RIP3 on NF-κB activation 
remains controversial.  When apoptotic cell death is blocked 
by pan-caspase inhibitors z-VAD-fmk, the cell uses necroptosis 
as an alternative cell death pathway[5].  The complex contain-
ing RIP3 could function as a “necrosome” to interact with and 
enhance the catalytic activity of glycogen phosphorylase, glu-
tamate-ammonia ligase and glutamate dehydrogenase 1 upon 
TNF-α and z-VAD-fmk treatment.  The increased activity of 
those bioenergetic enzymes leads to higher energy metabolism 
and the subsequent enhancement of reactive oxygen species 
(ROS) production[6].  Therefore, RIP3 was considered as a key 
switch between TNF-induced necroptosis and survival[7].

Parthenolide (PTL) is the main sesquiterpene lactone extract 
that is isolated from herbs such as feverfew (Tanacetum parthe-
nium).  Due to its anti-inflammatory and low toxicity proper-
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ties, PTL has been used conventionally for centuries to treat 
migraine and rheumatoid arthritis[8].  In recent years, the anti-
cancer properties of PTL were discovered and attracted a great 
deal of therapeutic interest.  PTL may induce apoptosis and 
inhibit the proliferation of various human cancer cells, such 
as colorectal cancer, hepatoma and pancreatic carcinoma, in 
vitro[8–11].  In addition, PTL can sensitize resistant cancer cells 
to antitumor agents[7, 8, 12].  It was reported that PTL could sen-
sitize cancer cells to the action of drugs that induce intrinsic 
apoptosis[13].  The mechanism behind the antitumor activity 
of PTL was partially elucidated and included the inhibition of 
NF-κB, which causes mitochondrial dysfunction and increased 
ROS level[14, 15].  However, the detailed and precise mechanism 
underlying PTL-induced apoptosis remains largely unclear.

Breast cancer is one of the main causes of death from cancer 
in women.  Cancer-induced death is generally due to metasta-
sis and the development of resistance to chemotherapy.  PTL 
and its sesquiterpene lactone analogues might be new chemo-
therapeutic agents for breast cancer.  

In this study, we explored the impact of RIP3 expression res-
toration on the sensitivity of RIP3-deficient breast cancer cell 
lines to PTL and studied the mechanisms by which cell death 
was induced.  

Materials and methods
Cell culture and reagents
The human breast cancer cell lines (MCF-7, MDA-MB-231, 
MDA-MB-435 and T47D) and the human mammary epithelial 
cell line (MCF-10A) were preserved by our laboratory.  The 
human breast cancer cell lines were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM; HyClone, Logan, Utah, 
USA) containing 10% fetal bovine serum (Gibco, Grand Island, 
NY, USA) and 1% penicillin/streptomycin mixture at 37 °C in 
a humidified atmosphere of 5% CO2 and 95% air.  MCF-10A 
cells were maintained in DMEM/F12 (Invitrogen, Carlsbad, 
CA, USA) containing 5% horse serum (Invitrogen), epidermal 
growth factor (EGF; 100 mg/mL), hydrocortisone (1 mg/mL), 
cholera toxin (1 mg/mL), insulin (10 mg/mL) and 1% penicil-
lin/streptomycin at 37 °C in a humidified atmosphere of 5% 
CO2 and 95% air.  PTL (kindly given by Nankai University 
Pharmaceutical College) was supplied as a crystalline solid, 
dissolved in dimethylsulfoxide (DMSO; 100 mmol/L stock; 
Sigma, St Louis, MO, USA), and stored at -20 °C.  The RIP3 
antibody was purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA), and the PARP antibody and β-actin 
antibody were obtained from Cell Signaling Technology (Bos-
ton, CA, USA).

Measurement of mRNA levels in different wild type breast cancer 
cell lines
Total RNA was isolated using TRIzol reagent (Invitrogen) 
according to the manufacturer’s instructions.  Reverse tran-
scription polymerase chain reaction (RT-PCR) was performed 
to measure the RIP3 mRNA levels in different cell lines (MCF-
7, MDA-MB-231, MDA-MB-435, T47D and MCF-10A), and 
GAPDH was used as an internal control.  RT-PCR analysis 

was performed using a one-step RT-PCR kit (Bio Shinegene 
Inc, Shanghai, China) and the following primers: GAPDH for-
ward 5’-GAAGGTGAAGGTCGGAGTC-3’ and reverse 5’-GAA 
GATGGTGATGGGATTTC-3’.  RT-PCR analysis was per-
formed at 95 °C for 5 min, then with 30 cycles of 95 °C for 5 s, 
65.5 °C for 30 s, 72 °C for 30 s and 72 °C for 10 min.  An aliquot 
(5 μL) of the RT-PCR product was subjected to electrophoresis 
in a 1% agarose gel.  

Generation of stable cell lines 
The RIP3 cassette was amplified using PCR from the RIP3 
expression plasmid which was graciously provided by Profes-
sor Han Jia-huai, Institute of Life Science, Xiamen University 
(primer sequences: forward 5’-TGTACAAGTCTAGAGCTAG-
CATGTCGTGCGTCAAGTTA-3’, reverse 5’-CGCGGCCGCG- 
GATCCTTATTTCCCGCTATGATT-3’), and the segment was 
inserted into a lentiviral vector using the E-Fusion Cloning 
Kit (Biophay Biotechnology Co, Huaian, China).  The vector 
carried a blasticidin resistance marker and a red fluorescent 
protein and was preserved by our laboratory.  The plasmids 
were subsequently purified and sequenced.  Lentivirus par-
ticles were produced using transient cotransfection of the RIP3 
expression vector and packaging vectors (VSVG and ΔR) into 
293T cells using the calcium phosphate transfection method.  
Viral particles containing control empty vector were similarly 
prepared.  The cell supernatant was harvested 48 h later and 
mixed with a lentivirus concentration solution (volume ratio 
4:1) followed by incubation at 4 °C for at least 1 h.  Then, the 
supernatant was centrifuged at a speed of 6000 rounds/min, 
and the lentivirus was resuspended in cell culture medium 
and incubated in wells containing MCF-7 or MDA-MB-231 
cells.  The cells were treated with 4 mg/L blasticidin and 
tested for expression of the transgene one week later.

MTT colorimetric survival assay
MCF-7 and MDA-MB-231 cells were plated at a density of 
0.8×104 cells per well in 96-well plates.  After 24-h incubation, 
the cells were treated with PTL at the indicated concentra-
tions for 48 h, the medium was removed, and 200 μL of fresh 
medium plus 20 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT, 50 g/L dissolved in DMSO) 
was added to each well.  After incubation for 4 h at 37 °C, the 
culture medium containing MTT was withdrawn, and 200 μL 
of DMSO was added followed by shaking for 10 min until the 
crystals were dissolved.  Viable cells were detected by mea-
suring the absorbance at 570 nm using an MRX II absorbance 
reader (DYNEX Technologies, Chantilly, VA, USA).  The 
cell growth was expressed as the ratio of absorbance of cells 
exposed to the PTL treatment to that of cells not exposed to 
the treatment (100%).  The inhibition rate (IR) was calculated 
as follows: %IR=(1–absorbance value of PTL well/absorbance 
value of control well)×100.

Western blot analysis
For Western blot analysis, the cells were washed three times 
with PBS, homogenized in cell lysis buffer, incubated on ice 
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for 20 min, and then centrifuged for 15 min at 10 000 rounds/min.  
The aqueous supernatant was collected and quantified using a 
BCA protein assay kit (Boster, Wuhan, China).  Equal amounts 
(30 μg) of protein extract were loaded and separated using 
SDS polyacrylamide gel electrophoresis.  After electrophore-
sis, the proteins on the gel were transferred to a PVDF mem-
brane and incubated with the corresponding antibodies.  The 
immune complexes were detected using the LI-COR Odyssey 
infrared imaging system (Li-Cor, Lincoln, NE, USA).  

Observation of morphologic changes 
MCF-7 and MDA-MB-231 cells (3×105/well) were seeded into 
6-well culture plates.  After 24 h of incubation, the cells were 
treated with or without PTL for 48 h, and the cellular morphol-
ogy was observed using a Nikon Eclipse TE2000-U inverted 
microscope coupled to a Digital-Sight DS-2Mv digital camera 
(Nikon, Sendai, Japan).

Observation of nuclear damage using Hoechst 33342 staining
MCF-7 and MDA-MB-231 cells (3×105/well) were cultured 
in 6-well culture plates.  After 24 h of incubation, the cells 
were treated with or without 25 μmol/L PTL for 24 h.  The 
cells were then incubated with 10μg/L Hoechst 33342 dye at 
37 °C for 30 min, and the nuclear changes in fluorescence were 
observed using an OLYMPUS IX70 reverse fluorescence micro-
scope (Olympus, Tokyo, Japan) at an excitation wavelength of 
350 nm and emission filter of 460 nm.

Analysis of apoptosis by flow cytometry
Cells (3×105) suspended in 2 mL of fresh media were plated 
into each well of a 6-well, flat-bottomed microtiter plate and 
incubated overnight.  Then, the cells were treated with or 
without 12.5 μmol/L PTL for 48 h.  After being harvested, 
the cells were washed twice with pre-chilled PBS and then 
resuspended in 1× binding buffer at a concentration of 1×106 
cells/mL.  The solution (100 μL, 1×105 cells) was then mixed 
with 5 μL of Annexin V-FITC and 5 μL of propidiumiodide 
(BD Biosciences, San Jose, CA, USA) according to the manu-
facturer’s instruction.  The mixed solution was incubated at 
room temperature away from light for 15 min, and then 400 μL 
of 1× dilution buffer was added to each tube.  Analysis was 
performed using a FACScan flow cytometer within 1 h.

Flow cytometric analysis of intracellular ROS production
Cells (3×105) suspended in 2 mL of fresh media were plated in 
each well of a 6-well, flat-bottomed microtiter plate and incu-
bated overnight, and the cells were treated with or without 
12.5 μmol/L PTL for 4 h.  Then, the cells were incubated with 
10 μmol/L DCF-DA at 37 °C for 15 min to assess the ROS-
mediated oxidation of DCF-DA to the fluorescent compound 
DCF.  Next, the cells were harvested, and the pellets were sus-
pended in 1 mL PBS.  Samples were analyzed at an excitation 
wavelength of 480 nm and an emission wavelength of 525 nm 
using a FACScan flow cytometer (Becton-Dickinson, Franklin 
Lakes, NJ, USA).  

Statistical analysis 
All experiments were performed at least three times.  Excel 
(Microsoft, Redmond, WA, USA) was used for statistical 
analysis, and statistical significance was determined using Stu-
dent’s t-test.  P<0.05 was considered significant.

Results 
The RIP3 expression level in different wild type breast cancer cell 
lines and RIP3-MCF-7/MDA-MB-231 cells
We performed RT-PCR analysis of the RIP3 mRNA in differ-
ent cell lines (MCF-7, MDA-MB-231, MDA-MB-435, T47D and 
MCF-10A).  The results showed the universal lack of mRNA 
expression of RIP3 in these breast cancer cell lines compared 
with the human mammary epithelial cell line MCF-10A (Fig-
ure 1A).  We decided to work with MCF-7 and MDA-MB-231 
cells, which expressed low concentrations of RIP3.  We trans-
ducted those cells with an expression vector for RIP3 or a 
control empty vector.  Using RT-PCR and Western blotting, 
we confirmed that RIP3-MCF-7/MDA-MB-231 cells highly 
expressed RIP3 at the mRNA and protein levels (Figure 1B 
and 1C).  Using fluorescence microscopy, we confirmed the 
high gene transduction efficiency of RIP3 in MCF-7 and MDA-
MB-231 cells, and observed diffuse cytoplasmic distribution of 
exogenous RIP3 in both cell lines (Figure 1D).

Survival of MCF-7 and MDA-MB-231 cells in response to PTL is 
decreased when RIP3 is expressed
We examined the cytotoxic effects of PTL against MCF-7 and 
MDA-MB-231 cells treated with various concentrations (0–25 
μmol/L) of PTL for 48 h, and the number of surviving cells 
was quantitatively determined using the MTT assay (Figure 
2).  PTL treatment significantly decreased cell viability in a 
dose-dependent manner.  To determine how RIP3 expression 
affected the sensitivity of MCF-7 and MDA-MB-231 cells to 
PTL-induced cell death, the cells were treated with PTL in the 
same manner as metioned above, and the survival rate was 
relative to that of untreated cells.  Overexpression of RIP3 
reduced the half maximal inhibitory concentration value of 
PTL from 17.6 to 12.6 μmol/L in MCF-7 cells and from 16.6 to 
9.9 μmol/L in MDA-MB-231 cells.  The most obvious sensitiv-
ity effect was observed at the concentration of 12.5 μmol/L for 
both cell lines.  These results showed that MCF-7 and MDA-
MB-231 cells overexpressing RIP3 were more sensitive to PTL 
than their parental, RIP3-defective counterparts.  

RIP3 sensitizes MCF-7 and MDA-MB-231 cells to PTL-induced 
apoptosis
PTL has been reported to inhibit cell growth and induce apop-
tosis in a variety of tumor cells, and RIP3 overexpression is a 
known trigger of apoptosis.  To explore whether RIP3-MCF-7/
MDA-MB-231 cells were more sensitive to PTL-induced 
apoptosis than control cells, control and RIP3-MCF-7/MDA-
MB-231 cells treated with 12.5 μmol/L PTL for 48 h were 
stained by phosphatidylserine exposure to Annexin V-FITC 
and analyzed using flow cytometry.  The results showed that 
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PTL induced an increase in Annexin-V fluorescence from 
6.2% in control cells to 29.2% in MCF-7 cells and from 9.7% 
in control cells to 17.9% in MDA-MB-231 cells[1, 2, 15, 16], and 
RIP3 overexpression with cotreatment of PTL resulted in an 

increase from 29.2% to 37.7% in MCF-7 cells and from 17.9% to 
27.5% in MDA-MB-231 cells with PTL treatment only (Figure 
3A).  These findings indicate that MCF-7 and MDA-MB-231 
cells expressing higher RIP3 levels are more sensitive to PTL-
induced cell death.

In addition, morphological changes were observed in con-
trol and RIP3-MCF-7/MDA-MB-231 cells after incubation with 
various concentrations of PTL for 48 h.  As illustrated in Figure 
3B, after PTL treatment a higher proportion of RIP3-MCF-7/
MDA-MB-231 cells exhibited distinctly shrinked and rounded 
shapes compared with control cells.  To further explore 
whether the morphological changes that were induced by PTL 
were accompanied by nuclear changes, we fixed and stained 
control and RIP3-MCF-7/MDA-MB-231 cells that were treated 
with 25 μmol/L of PTL for 24 h with Hoechst 33342 and exam-
ined their nuclear patterns using fluorescence microscopy.  
The nuclei of RIP3-MCF-7/MDA-MB-231 cells exhibited more 
chromosome condensation and fragmentation (Figure 3C).

 Apoptosis induction was also detected using Western blot-
ting, which showed the cleavage of PARP.  No PARP cleavage 
was observed in untreated cells, and the addition of PTL to the 
vector-cells did not substantially enhance this effect.  How-
ever, we observed PARP cleavage following PTL treatment in 
RIP3-MCF-7/MDA-MB-231 cells (Figure 3D). 

Overexpression of RIP3 increases superoxide production after 
PTL treatment
Oxidative stress has been shown to be a major mechanism for 

Figure 1.  (A) Expression of RIP3 mRNA in different breast cell lines was 
determined by RT-PCR.  Products of RT-PCR were analyzed by agarose 
gel elecrophoresis.  GAPDH was used as internal control.  (B) RIP3 
mRNA expressions in MCF-7 and MDA-MB-231 cells were detected 
by RT-PCR.  GAPDH was used as internal control.  (C) RIP3 protein 
expressions in MCF-7 and MDA-MB-231 cells were detected by Western 
blotting.  β-Actin was used as loading control.  RIP3 mRNA and protein 
expression considerably increased in RIP3-MCF-7/MDA-MB-231 cells 
compared with vector-MCF-7/MDA-MB-231 cells.  (D) RIP3 expression and 
cellular distribution were observed by fluorescent microscope.  (a) Light 
microscope, (b) fluorescence microscope (×200 magnification).

Figure 2.  RIP3 overexpression enhance the PTL’s inhibition of MCF-7 
and MDA-MB-231 cells proliferation.  Cell viability was determined by 
MTT assay.  The cell survival rates were calculated by comparing with the 
control group (100%) after 48 h treatment.  Data were presented as the 
mean±SD (n=4).  bP<0.05, cP<0.01 compared with vector infected group.
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PTL-induced cell death.  Thus, we decided to verify whether 
the PTL-induced ROS levels could be influenced by the over-
expression of RIP3.  We compared the ROS levels in control 
and RIP3-MCF-7/MDA-MB-231 cells exposed to 12.5 μmol/L 
PTL by simultaneously measuring the intracellular ROS levels 
with a specific ROS-detecting fluorescent dye, DCF-DA, used 
in flow cytometry (Figure 4).  However, when the endogenous 
ROS levels were compared, the ROS level was higher in RIP3 
cells than in control cells.  After being treated with PTL for 
4 h, RIP3-MCF-7/MDA-MB-231 cells produced significantly 
higher level of ROS than their corresponding vector-infected 
cells.  Therefore, RIP3 overexpression might potentiate PTL-
induced ROS accumulation following apoptosis with the PTL 
concentration of 12.5 μmol/L.

ROS-mediated, RIP3 overexpression-induced PTL sensitivity in 
MCF-7 and MDA-MB-231 cells
To evaluate the role of ROS in the RIP3 overexpression-
induced PTL sensitivity of MCF-7 and MDA-MB-231 cells, 
we pretreated cells with N-acetyl-L-cysteine (NAC), the ROS 
scavenger, before PTL administration.  PTL treatment induced 
apoptotic changes such as membrane blebbing and granular 
apoptotic bodies.  In contrast, these apoptotic morphologic 
alterations were nearly completely suppressed by pretreat-

ment with NAC.  The MTT assay also demonstrated that NAC 
treatment significantly reduced the growth inhibition ratio 
of control and RIP3-MCF-7 cells from 29.9% and 49.4% (12.5 
μmol/L of PTL alone) to 19.5% and 20.7% (in the presence of 
5 mmol/L of NAC), respectively.  A similar phenomenon was 
observed for MDA-MB-231 cells (Figure 5).  No significant dif-
ference between the PTL sensitivity of the control and RIP3-
MCF-7/RIP3-MDA-MB-231 cells was observed after cotreat-
ment with NAC, which indicated that ROS may mediate RIP3 
overexpression-induced PTL sensitivity.  

Discussion
In this study, we demonstrated that overexpressing RIP3 in 
RIP3-deficient MCF-7 and MDA-MB-231 cells significantly 
increased their sensitivity to PTL-induced apoptosis and intra-
cellular superoxide production.  In addition, RIP3 overexpres-
sion-induced PTL sensitivity was weakened when the cells 
were pretreated with the ROS scavenger NAC.

We found that RIP3 was expressed at low levels in breast 
cancer cell lines, including MCF-7, MDA-MB-231, MDA-
MB-435 and T47D cells.  RIP3-expressed MCF-7 and MDA-
MB-231 cells were obtained with transfection of the PCDH-
mCherry-RIP3 construct into cells followed by antibiotic selec-
tion of the RIP3-expressed clones for at least two weeks.

Figure 3A.  PTL induced apoptosis in MCF-7 and MDA-MB-231 cells.  (A) The RIP3-MCF-7/MDA-MB-231 cells and control cells were treated with 12.5 
μmol/L PTL for 48 h, stained by phosphatidylserine exposure with Annexin V-FITC antibody and analyzed by FACS.  Combined results of three separate 
FACS analysis depicting the mean levels of apoptotic cells (Annexin-V+).  PTL-treated RIP3-MCF-7 cells showed an increase in apoptosis over vector-
MCF-7 controls.  So did the RIP3-MDA-MB-231 cells.  Data are expressed as the mean±SEM (n=3).  bP<0.05 compared with vector infected group. 
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PTL has been extensively studied in relation to its antican-
cer properties and was shown in vitro to induce apoptosis 
in various human cancers[16, 17].  In our study, survival tests 
for control and RIP3-overexpressed cells after PTL treatment 
were performed.  We observed lower survival in RIP3-overex-
pressed cells, and rare differential sensitivity to chemotherapy 
between RIP3-deficient and RIP3-overexpressed cells[18].  This 
experiment also proved that RIP3 sensitized MCF-7 and MDA-
MB-231 cells to PTL-induced apoptosis.  Contrary to the report 
that RIP3 overexpression could induce apoptosis[19-21], we did 
not observe any spontaneous apoptosis in our RIP3-MCF-7 or 
RIP3-MDA-MB-231 cells.  This may be because previous work 
studied apoptosis as soon as 24 h after transient transfection of 
the RIP3 constructs, while we tested the cells after one-week 
antibiotic selection.  During selection, cells that did not express 
the transgene were killed by the antibiotic treatment, and 
those expressing it over a lethal level died through apoptosis 
pathway, which leave us with MCF-7 and MDA-MB-231 cells 
expressing RIP3 at a viable level that is most likely closer to 
the physiological level.  This suggests that RIP3 actively par-

ticipates in the regulation of the apoptotic pathway.  However, 
the pathway of RIP3 mediated apoptosis has not been clearly 
elucidated.  Furthermore, the influence of RIP3 on NF-κB, an 
inhibitor of apoptosis[22–24], is controversial.  In some studies, 
NF-κB appears to be induced by RIP3 overexpression[25, 26], but 
in other studies, RIP3 has no effect on its activation, but rather, 
acts by attenuating RIP1 and TNFR1-mediated NF-κB activa-
tion[27].  In any case, PTL could inhibit NF-κB indirectly by 
blocking IKK-β at cys179 and directly by inhibiting p65 at the 
cysteine residue in its activation loop, which would contribute 
to its apoptosis-inducing ability[28].

PTL-induced apoptosis is also associated with increased 
ROS level in tumor cells because of the activation of NADPH 
oxidase and reduction of the cysteine group of the antioxidant, 
non-protein molecule glutathione[22, 23].  ROS are ions or small 
molecules that include singlet oxygen molecules, free radicals 
and peroxides and are formed as byproducts of the normal 
cellular metabolism of oxygen[24].  The dramatic increase in 
ROS levels and the disruption of the antioxidant balance result 
in oxidative damage to cellular structures, signal transduction 

Figure 3B–3D.  PTL induced apoptosis in MCF-7 and MDA-MB-231 cells.  (B) The RIP3-MCF7/231 cells and vector-MCF-7/MDA-MB-231 cells were 
treated with 12.5 and 25 μmol/L PTL for 48 h, the cellular morphologic changes were observed by phase contrast microscope (×200 magnification).  (C) 
The RIP3-MCF-7/MDA-MB-231 cells and control cells were treated with 25 μmol/L PTL for 24 h and the changes in cellular morphology were observed 
by fluorescence microscope with Hoechst 3342 staining (×400 magnification).  (D) Western blot analysis of lysates from vector or RIP3 transfected 
MCF-7 and MDA-MB-231cells, followed by treatment with 12.5 μmol/L PTL for 24 h.  An antibody recognizing PARP was used with β-actin as a loading 
control.  PTL treatment induced PARP cleavage in RIP3 overexpressing MCF-7 and MDA-MB-231 cells but did not induce PARP cleavage in wild type 
MCF-7 and MDA-MB-231 cells.
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changes and cell death[29].  Many studies have reported that 
ROS induce apoptosis in various cancer cells[30–32].  Our experi-
ments demonstrated that RIP3 gene transfection enhanced the 
PTL-induced generation of intracellular ROS in MCF-7 and 
MDA-MB-231 cells.  However, RIP3 was reported to enhance 
the activity of metabolism-related enzymes, which are essen-
tial for ROS production during TNF-α-induced necroptosis[6].  
In our study, overexpressing RIP3 per se did not significantly 
increase the intracellular ROS level, and the exact mechanism 

by which RIP3 enhanced PTL-induced ROS accumulation 
requires further study.

Conclusions
Overexpression of RIP3 can sensitize human breast cancer 
MCF-7 and MDA-MB-231 cells to PTL, and the resulting 
intracellular ROS accumulation may contribute to the sensitiz-
ing effect.  These results suggest that overexpression of RIP3 
might be an alternative approach to circumventing the drug 

Figure 4.  ROS production was induced by PTL and could be enhanced by RIP3 overexpression in MCF-7 and MDA-MB-231 cells.  The cells were treated 
with 12.5 μmol/L PTL for 4 h.  The DCF-positive cells were measured by flow cytometry.  The relative ROS level was defined as the measured ROS level 
relative to the untreated vector-transfected cells, which was set to 1.  Mean increase in ROS-positive cells is shown for three separate experiments. 
Mean±SD.  n=3.  bP<0.05 compared with vector infected group.

Figure 5.  Effect of NAC on PTL-induced apoptosis in vector-MCF-7/MDA-MB-231 and RIP3-MCF7/MDA-MB-231 cells.  The cells were treated with 12.5 
μmol/L PTL for 48 h in the presence or absence of 10 mmol/L NAC.  The cell growth inhibitory ratio was measured by MTT assay.  Mean±SD.  n=3.  
bP<0.05, cP<0.01.



936

www.nature.com/aps
Lu C et al

Acta Pharmacologica Sinica

npg

resistance of breast cancer.
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