
Vol:.(1234567890)

Clinical and Translational Oncology (2021) 23:1542–1548
https://doi.org/10.1007/s12094-021-02616-7

1 3

RESEARCH ARTICLE

CIP2A silencing alleviates doxorubicin resistance in MCF7/ADR cells 
through activating PP2A and autophagy

Z. Zhu1   · Z. Wei2

Received: 21 April 2020 / Accepted: 31 August 2020 / Published online: 4 May 2021 
© The Author(s) 2021

Abstract
Background  Cancerous inhibitor of protein phosphatase 2A (CIP2A) plays a critical role in the pathogenesis of various types 
of cancer. Here, we investigated whether manipulating CIP2A abundance could enhance the treatment effects of doxorubicin 
in MCF-7/ADR cells.
Methods  CIP2A silencing was achieved by specific siRNAs. Proliferation of breast cancer cell line MCF-7/ADR under effec-
tive doxorubicin concentrations after CIP2A silencing was examined by MTT assay. Wound healing assay was performed to 
quantify cell migration and caspase-3/-7 activities were measured for assessing the extent of apoptosis.
Results  First, our data confirmed that MCF-7/ADR cell proliferation was suppressed by doxorubicin in a dose-dependent 
manner. Additionally, knocking down of CIP2A could further decrease MCF-7 cell proliferation and migration, even in the 
presence of doxorubicin. Mechanistically, we have found that CIP2A silencing promoted cell apoptosis relative to doxorubicin 
alone or vehicle control groups. Lastly, phosphatase2A (PP2A) activity was potentiated and the autophagy markers, LC3B 
and Beclin1, were upregulated after knocking down CIP2A.
Conclusion  Our findings support the potential benefits of using CIP2A inhibitor as a therapeutic agent to treat doxorubicin-
resistant breast cancer.
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Background

Protein phosphatase 2A (PP2A)—an enzyme that regulates 
cell cycle and apoptosis [1, 2]—is a well-established tumor 
suppressor whose inhibition leads to neoplastic transforma-
tion [3]. Cancerous inhibitor of PP2A (CIP2A) was involved 
in the development and pathogenesis of many cancer types 
[4, 5]. CIP2A was first identified as a novel partner for PP2A 
by tandem mass spectrometric analysis and then designated 
as a cellular inhibitor of PP2A due to its ability to interact 
with the oncogenic transcription factor c-Myc, and prevent 
it from PP2A mediated proteolytic degradation [6]. CIP2A 

overexpression induces transformation in human cells. In 
contrast, its RNA interference (RNAi)-mediated knockdown 
of CIP2A leads to tumor regression in xenograft mouse 
models [7–9]. These studies also suggested that CIP2A plays 
a critical role in tumorigenesis via preventing c-MYC pro-
tein degradation [10].

Doxorubicin is the most effective anthracycline anti-
biotics and widely used as a chemotherapy medication to 
treat various types of cancer, including breast cancer [11]. 
Mechanistically, cancer cell death waste induced by topoi-
somerase II-α (TOP2A) poisoning under doxorubicin treat-
ment [12]. Although breast cancer is the most sensitive solid 
tumors to chemotherapy, the initial responsive cancer cells 
frequently developed resistance to cytotoxic drugs, including 
doxorubicin. Nearly 50% of breast cancer patients had failed 
treatment due to growing resistance to doxorubicin [13]. The 
most common mechanisms of resistance include reduced 
intracellular drug concentrations, increased drug metabolism 
enzymes, and deregulation of cellular apoptotic pathways. 
Recent reports indicated that lack of functional p53 has a 
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contribution to doxorubicin resistance due to reduced apop-
totic activity [14].

Recent studies reported that CIP2A was closely linked 
to aggressive potential and sensitivity to doxorubicin treat-
ments in breast cancer cells [9, 15]. Several studies revealed 
that CIP2A was involved in chemoresistance via controlling 
cell growth and autophagy [16, 17]. To determine whether 
manipulating CIP2A levels could have any influence on the 
treatment effects of doxorubicin, we tested the biochemistry 
characteristics of MCF-7/ADR cells under effective doxo-
rubicin concentrations via RNAi-mediated CIP2A silenc-
ing. Furthermore, PP2A activity and cell autophagy were 
detected with the aim of unveiling the possible underlying 
functions of CIP2A.

Materials and methods

Cell cultures

MCF-7/ADR cells were cultured in Dullbecco’s Modified 
Eagle’s Medium (DMEM, Gibco) with 10% fetal bovine 
serum (FBS, Gibco). To determine the effective concentra-
tion of doxorubicin, MCF-7/ADR cell was cultured with a 
serial of concentrations of doxorubicin (20 μM, 40 μM and 
80 μM).

Proliferation assay

MCF-7/ADR cells were washed three times with phos-
phate-buffered saline (PBS) and detached in 0.25% 
trypsine–EDTA. Then, cells were seeded into 96-well 
plates in total 100 μL of complete culture medium per well. 
After 24 h, 15 μL of MTT reagent and 100 μL 20% sodium 
dodecyl sulfate (SDS) were added to each well for 4 h. The 
optical density (OD) was recorded on a plate reader using 
570 nm and 630 nm wavelengths.

siRNA and validation experiments

The CIP2A siRNAs were from GenePharma company 
(Shanghai, China). CIP2A siRNA1 sequence is 5′-CUG​UGG​
UUG​UGU​UUG​CAC​UTT-3′; siRNA 2 is 5′-ACC​AUU​GAU​
AUC​CUU​AGA​ATT-3′. As a negative control, a scrambled 
siRNA was used. When MCF-7/ADR cells reached 30–50% 
confluence, 50 nM CIP2A or scrambled siRNA with Lipo-
fectamine 2000 reagent was mixed for 5 min at room tem-
perature and added into cells. To determine knockdown effi-
ciency, transfected cells were collected and lyses for 30 min 
on ice with radio-immuno-precipitation (RIPA) buffer. Then, 
equal amounts of protein were subjected to immunoblotting.

Wound healing (scratch) assay

After MCF-7/ADR cells were cultured for 24 h in six-well 
plates, a plastic tip was used to scratch confluent cells. The 
images of closed area were recorded with inverted micros-
copy at different time courses. The distance of the open area 
was quantified by averaging the length of 6–8 randomly 
drawn horizontal lines.

Analysis of caspase activation

To assess cell apoptotic rate, we utilized Caspase-Glo® 3/7 
Assay kit (Promega) for their value test. All steps were per-
formed according to manufacturer’s instructions. The activi-
ties of caspase-3/7 were recorded following luminescence 
reading.

PP2A activity assay

Phosphatase assay of cells was used for PP2A activity 
test, which was detected using a PP2A assay kit (Millipore 
Sigma, USA). Absorbance value at 660 nm was recorded in 
spectrophotometer. The values of PP2A activity in different 
groups were normalized with control group.

Immunoblot analysis

Cells were incubated with RIPA buffer for 30  min on 
ice. Equal amounts of total protein were loaded into 10% 
SDS–polyacrylamide (SDS-PAGE) gel for electrophoresis, 
and then transferred onto Immobilon-NC membrane. The 
membranes were blocked with 5% non-fat milk for 60 min. 
After three times of washing steps, membranes were incu-
bated with antibodies against LC3B, Beclin 1and β-actin for 
24 h at 4 °C and secondary antibodies for one hour at room 
temperature. The blots were visualized with chemilumines-
cence (Amersham Bioscience). Densitometrical measure-
ment of the bands of interest was analyzed using the ImageJ 
software.

Autophagy flux assay

mRFP-GFP-LC3 tandem fluorescent protein was used to 
measure autophagy flux. GFP is quenched in acidic environ-
ments, while mRFP is much stable and fluorescences even 
at acidic pH found in lysosomes. Therefore, the formation 
of autophagosome leads to an increase of yellow puncta, 
while autolysosome formation leads to increased red puncta. 
Briefly, cells were infected with mGFP-RFP-LC3 adenovirus 
(Hanbio) for 2 h and changed to complete medium. Confocal 
fluorescent microscopy (Zeiss LSM980) was used to observe 
the LC3 puncta 24 h after transduction.
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Statistical analysis

SPSS software (V17.0) was used to analyze data with the 
Student’s t test or one-way analysis of variance (ANOVA) 
methods. The means ± SD was shown for all experiments 
(N = 3). P values equal to or less than 0.05 were considered 
statistically significant.

Results

Proliferation of MCF‑7/ADR cells with doxorubicin 
treatment

To determine the effective concentration of doxorubicin that 
affects proliferation of breast cancer cell lines, MTT assay 
was used in MCF7 cell treated with various concentrations 
of doxorubicin. We have found that 40 μM and 80 μM doxo-
rubicin caused a significant decline in terms of the growth 
rate of MCF-7/ADR cells, while 20 μM doxorubicin had no 
dramatic effect (Supplementary Fig. 1). These results indi-
cated that doxorubicin inhibited MCF-7/ADR cell prolifera-
tion in a dose-dependent manner.

Proliferation of MCF‑7/ADR cells under doxorubicin 
treatment after CIP2A silencing

To investigate role of CIP2A on breast cancer cell growth, 
we performed CIP2A gene silencing experiment and found 
that CIP2A levels were indeed downregulated with two 
different siRNA sequences (siR1 and siR2), leading to 
complete and partial knocking down results, respectively 
(Fig. 1a, b).

Consistent with our finding shown in Fig. 1, doxorubicin 
(40 μM) alone significantly inhibited MCF-7/ADR cell pro-
liferation compared to vehicle. Interestingly, knocking down 
of CIP2A leads to a dramatic decrease of cell viability on top 
of doxorubicin-mediated reduction (Fig. 2). These results 
suggested that CIP2A silencing could promote cell death 
in cell lines that have developed resistance to doxorubicin.

CIP2A silencing suppresses cell migration 
and promotes cell apoptosis

In wound healing assay, we observed that MCF-7/ADR cells 
migration capacity was inhibited by doxorubicin (40 μM). 
Moreover, cell migration index was further decreased to a 
greater extent in siR1 plus doxorubicin-treated cells com-
pared to doxorubicin treatment alone. (Fig. 3a, b).

To explore the impacts of CIP2A silencing on cell apop-
tosis, we measured caspase-3/7 activity and found that 
knocking down CIP2A further promoted apoptosis even in 
the presence of doxorubicin (Fig. 4).

CIP2A silencing upregulates PP2A activity and cell 
autophagy

CIP2A was previously recognized as a molecular inactiva-
tor of PP2A [18]. Here, we analyzed the PP2A activity in 
MCF-7/ADR cells after doxorubicin treatment and silencing 
CIP2A. Our result indicted that PP2A activity was induced 
by doxorubicin alone, while knocking down CIP2A could 
further enhance PP2A activity to a greater level, even in the 
presence of doxorubicin (Fig. 5).

Fig. 1   Detection of efficiency 
of CIP2A RNA interference. a 
Western blotting assay. b Quan-
tification of the western blotting 
bands. **P < 0.01, ***P < 0.001 
compared to Lipo control. Lipo 
lipofectamine 2000

Fig. 2   Detection of cell proliferation by MTT assay. *P < 0.05, 
**P < 0.01 as control, ##P < 0.01 compared to Doxorubicin-treated 
group
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Previous literatures have suggested the involvement of 
CIP2A in promoting mTORC1-dependent cell growth and 
autophagy inhibition [17]. By analyzing the autophagy 
markers, we found that downregulation of CIP2A induced 
LC3B and Beclin1 at protein levels in MCF7/ADR cells 
(Fig. 6a, b). Additionally, mTOR downstream target p-S6 
was also significantly decreased in the presence of siR1. 
More importantly, by transducing MCF7/ADR cells with 
mRFP-GFP-LC3 adenovirus, we have found the siR1 sig-
nificantly promoted autophagy flux indicated by increased 
yellow and red puncta (Fig. 6c).

Discussion

Cancer cells possess innate or acquired abilities to evade 
from chemotherapies, which is a major obstacle for the 
development of anti-cancer treatments. The mechanisms of 
chemoresistance include altered metabolism of glutathione 
[19], reduced drug accumulation resulting from enhanced 
efflux, differential oxygen free-radical susceptibility [20], 
increased DNA damage repair and genetic alterations [21]. 
During doxorubicin treatment, the drug resistance occurs 
and accompanied with unique morphological changes [22]. 
Resistance to doxorubicin represents a key issue towards 
successful treatment of breast cancer. Here, our study sug-
gested that CIP2A inhibition could promote cell death even 
in cancer cells that are resistant to doxorubicin.

The doxorubicin-resistant cell line could be obtained 
with doxorubicin treatment at 200 nmol/L and culture for 
1 month [23]. To determine the concentration at which 
doxorubicin could elicit an effective anti-proliferative 
response, we found that 40  μM doxorubicin caused a 

Fig. 3   Scratch wounding assay for analysis of cell migration. a Cell migration imagines at 0 h and 24 h with CIP2A siRNA and doxorubicin 
administration, b migration index of MCF-7/ADR cells *P < 0.05. Dox doxorubicin, siR1 CIP2A RNA interference 1, NS no significant

Fig. 4   Effect of CIP2A silencing on apoptosis. Caspase 3/7 activity 
of MCF-7/ADR cells with treatment of doxorubicin. **P < 0.01 com-
pared to control

Fig. 5   Effect of CIP2A silencing on PP2A activity. *P < 0.05, 
**P < 0.01 compared to control, ##P < 0.01 compared to doxorubicin 
only group
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robust inhibition of proliferation in MCF-7/ADR cells. 
Similar resistance effect against doxorubicin has been 
reported using MDA-MB cell line [23]. High level of 
the oncogene CIP2A occurs frequently in many cancer 
types and correlates with malignant growth and clinical 
aggressiveness. Hence, CIP2A is considered as a predic-
tive marker of cancer prognosis [24]. Other study sug-
gested that CIP2A may play a role in anti-cancer growth 
[25]. However, the mechanism of CIP2A in the modu-
lation of drug resistance remains undefined. In current 
study, CIP2A silencing leads to decreased cell viability in 
MCF-7 cells in addition to doxorubicin-mediated effects, 
suggesting that targeting CIP2A may represent a potential 
therapeutic strategy to treat breast cancer patients who 
developed resistance to doxorubicin. Constantly, previous 
reports also suggested that increased CIP2A expression 
may confer to doxorubicin resistance [15].

Previous study found that knocking down CIP2A expres-
sion inhibited cell proliferation of human multiple myeloma 
cells and induced early apoptosis via inactivation of PI3K/
AKT/mTOR signaling [26]. CIP2A was also identified as 
a critical molecule that contributes to bortezomib-induced 
apoptosis via regulation of AKT signaling pathway [27]. Our 
results revealed that CIP2A siRNA raised caspase-3/7 level 
and promoted death. In addition, significant migration inhi-
bition measured by scratch assay was also observed in the 
CIP2A siRNA-transfected cells. Moreover, the expression 
level of CIP2A is quite low in healthy human tissues [6], 
therefore targeting CIP2A may represent a potential thera-
peutic strategy for anti-breast cancer therapies.

There are also reports showing that CIP2A regulates cancer 
cell behavior through inhibiting PP2A activity [25]. Addition-
ally, the activity of PP2A is considered as a prognostic marker 
for doxorubicin resistance and the outcome of breast cancer 

Fig. 6   Expression of markers for autophagy. a Western blotting assay. b Quantification of the western blotting bands. **P < 0.01, ***P < 0.001. 
Dox doxorubicin, NS no significant. c Laser scanning confocal microscopy photos indicating autophagy flux
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patients [28]. We found that CIP2A silencing upregulated 
PP2A activity significantly. These observations support the 
potential benefits of CIP2A inhibition for breast cancer treat-
ment via activating PP2A.

In current study, we found that downregulation of CIP2A 
elevated the expression levels of LC3B and Beclin1 of MCF-7/
ADR cells. This result indicated that autophagy activity was 
enhanced by silencing CIP2A. Many studies had pointed that 
CIP2A is involved in the regulation of the mTORC1 and 
autophagy [17, 24, 29]. CIP2A is not only proven to be able 
to inhibit autophagy but also its degradation can be elevated 
by autophagy activation [17, 30]. Blockade of PP2A activity 
inhibits autophagy by activating mTOR pathway [31], which is 
in line with our results that knocking down CIP2A upregulates 
PP2A and promotes autophagy. Moreover, given the fact that 
CIP2A inhibitors are commercially available, CIP2A repre-
sents a better target for breast cancer intervention compared to 
PP2A, because the latter has a wide range of phosphorylation 
function for multiple substrates and might give rise to various 
unnecessary side effects.

Conclusion

Our data provide direct evidence that silencing CIP2A sup-
pressed the proliferation of doxorubicin-resistant MCF-7 
cells, induced apoptotic activity, inhibited cell migration sig-
nificantly and promoted autophagy. These CIP2A-mediated 
effects are at least partially due to the upregulation of PP2A 
activity. The underlying mechanism by which CIP2A regulates 
PP2A activity and other cellular functions could to be explored 
in future studies, which will further advance our knowledge in 
terms of the function of CIP2A and facilitates the finding of 
new targets for anti-cancer drug development.
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