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Abstract 

Background:  Zinc oxide nanoparticles (ZONs) are a type of nanomaterial that has 
presented anti-cancer properties in breast cancer (BC). However, the function of ABCC9 
in BC and its correlation with ZONs are still elusive.

Methods:  Here, we identified the crucial role of ABCC9 in modulating ferroptosis and 
doxorubicin (Dox) resistance in BC and the targeted function of ZONs to ABCC9.

Results:  The silencing of ABCC9 significantly repressed the viability of BC cells. The 
knockdown of ABCC9 decreased the numbers of Edu-positive BC cells. Conversely, 
BC cell apoptosis was increased by the inhibition of ABCC9. Besides, the silencing of 
ABCC9 reduced the capability of migration and invasion of BC cells. Significantly, tumo-
rigenicity analysis demonstrated that the tumor growth of BC cells was suppressed by 
the depletion of ABCC9 in the xenograft model of nude mice. Moreover, the treatment 
of ferroptosis activator erastin repressed cell viability of BC cells and ABCC9 overex-
pression rescued the repression. Similarly, the numbers of Edu-positive BC cells were 
inhibited by erastin and the overexpression of ABCC9 reversed the inhibitory effect 
of erastin. The levels of GSH were decreased and MDA, lipid ROS, and iron levels were 
increased by the treatment of erastin, while the ABCC9 overexpression could reverse 
these results in BC cells. Consistently, erastin suppressed the expression of ferroptosis 
inhibitory factors, including GPX4 and SLC7A11, in BC cells and the overexpression of 
ABCC9 rescued the expression. The IC50 value of Dox was reduced by the knockdown 
of ABCC9 in Dox-resistant BC cells (BC/Dox). The numbers of Edu-positive BC/Dox cells 
were attenuated by the depletion of ABCC9. Meanwhile, the apoptosis of BC/Dox cells 
was stimulated by the silencing of ABCC9. Furthermore, the treatment of ZONs attenu-
ated Dox resistance of BC cells. ZONs remarkably repressed the expression of ABCC9 in 
BC/Dox cells. ZONs inhibited the cell viability of BC/Dox cells and the overexpression of 
ABCC9 reversed the repression. Moreover, the treatment of ZONs reduced GSH levels 
and enhanced MDA, lipid ROS, and iron levels in erastin-stimulated BC/Dox cells.

Conclusions:  In conclusion, we discovered that the inhibition of ABCC9 by zinc oxide 
nanoparticles induces ferroptosis and attenuates Dox resistance in BC.
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Background
Breast cancer (BC) is a typical gynecological cancer that holds the top incidence and 
mortality among women in both developed and developing countries (Siegel et al. 2020). 
Even though the greatly developed medical therapeutic approaches, including surgery, 
targeted therapies, and chemo- and radio-therapy, have dramatically improved the prog-
nosis and life quality of BC patients, the drug resistance remains a huge impediment 
for the cure of BC (Harbeck and Gnant 2017). Drug resistance could lead to suppressed 
therapeutic response and cancer recurrence (McGranahan and Swanton 2017). Doxoru-
bicin (Dox) is one of the most widely applied chemotherapy drugs in cancers, including 
BC, and it has been approved that Dox resistance usually suggests treatment failure (Telli 
et al. 2019). The generation of Dox-resistance is complicated. Studies indicated that can-
cer cells growing in the hypoxic environments are resistant to Dox treatment which is 
caused by weakened production of intracellular ROS (Wouters et al. 2007; Karagoz et al. 
2008). And the increase of local oxygen could notably elevate the cytotoxicity of Dox by 
increasing the generation of ROS, and ultimately alleviating the resistance of solid malig-
nancies to DOX (Huang et al. 2016). Besides, p53 mutations play an important role in 
cancer cell resistance to chemotherapeutic drugs.

Mechanistically, drug resistance is closely related with drug transporters, typically the 
ATP-binding cassette (ABC) family members, which manipulate drug efflux and deter-
mine the drug delivery efficacy into cancer cell (Dallavalle et  al. 2020). Several ABC 
transporters such as ABCB1, ABCG2, and ABCC1 (MRP1) has been reported as a regu-
lator of multidrug resistance (MDR) (Kathawala et al. 2015; Li et al. 2016). Another ABC 
protein, ABCC9, was involved in Daple/β-catenin signaling mediated cisplatin-resist-
ance in nasopharyngeal carcinoma (Zhang et al. 2020a, b). It has been recently indicated 
that ABCC9 is elevated in the clinical triple-negative breast cancer samples and serves as 
a potential diagnostic biomarker for triple-negative breast cancer patients (Zhang et al. 
2020a, b). However, the function of ABCC9 in triple-negative breast cancer remains 
unclear. Accordingly, we aimed to explore the effect of ABCC9 on the progression of 
triple-negative breast cancer.

Ferroptosis is a recently spotted non-apoptotic regulated cell death promoted by iron-
dependent lipid peroxidation (Dixon et al. 2012). It differs from other classic cell death 
manners, such as necrosis, autophagy and apoptosis, in various aspects, including bio-
chemistry, morphology and genetics (Dixon et  al. 2012). When ferroptosis occurred, 
free iron and lipid peroxides increased in cell, which subsequently caused the accumula-
tion of intracellular reactive oxygen species (ROS) and the following oxidative cell death 
(Yagoda et  al. 2007). It has been revealed that ferroptosis caused by small molecules 
notably inhibited tumor growth and increased sensitized cancer cell response to chemo-
therapy (Lu et al. 2017). Moreover, induction of ferroptosis in cancer stem cells facilitates 
better therapeutic outcomes of chemotherapy (Elgendy et al. 2020). Therefore, targeting 
ferroptosis has been regarded as a promising therapeutic strategy for drug resistance.

Zinc oxide nanoparticles (ZONs) are a type of nanomaterial that has been used in 
industrial products including coating and paint (Steele et al. 2009). Scientific research 
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demonstrated potential therapeutic activity of ZONs and its role as a drug delivery 
system (Hu and Du 2020). ZONs are capable of targeting multiple cancer cell types 
such as cancer cells and cancer stem cells, and participates in various cellular func-
tions including proliferation, metastasis, immunosurveillance, as well as drug sensi-
tivity (Hu and Du 2020; Ruenraroengsak et  al. 2019). ZONs could load and release 
Dox in tumor sites responding to the acidic environment, which facilitates the pen-
etration and toxicity of Dox (Liu et al. 2016). Moreover, as a cytotoxic agent, ZONs 
exhibited high efficacy to target drug-resistant cancer cells (Wang et al. 2017). Nev-
ertheless, the detailed mechanisms involved in ZONs-mediated sensitizing of cancer 
cells to Dox are largely unknown.

In this work, we suggested that ZONs induced ferroptosis in breast cancer cells and 
regulated resistance to Dox, through suppressing ABCC9 function. Our work pre-
sented new evidence for ZONs as a promising therapeutic manner for BC, especially 
the drug resistant patients.

Materials and methods
Materials

ZONs were obtained from Alfa Aesar Chemical (China). Dox and erastin were pur-
chased from Sigma. The shRNAs targeting ABCC9 (shABCC9) and p53 (shP53), 
pcDNA-ABCC9 vectors overexpressing ABCC9 (short as ABCC9 OE), and the cor-
responding negative controls (NCs) were designed and synthesized by QIAGEN 
(Germany). Lipofectamine 2000 was purchased from Invitrogen and used for cell 
transfection following manufacturer’s protocol.

Patients and tissue samples

We included 152 patients, who received surgical operation in our hospital. The 
patients are divided into two groups (ABCC9-high and ABCC9-low) according to 
the relative expression of ABCC9. Tumor tissues were collected during operation 
and subjected to real-time PCR to evaluate the level of ABCC9. All experiments have 
acquired the consent of patients and were performed under approval of Cancer Hos-
pital of China Medical University.

Cell lines and treatment

Breast cancer cell line MDA-MB-231 and MDA-MB-468 were obtained from Ameri-
can Type Culture Collection (ATCC, USA). The Dox-resistant cells (MDA-MB-231/
DOX and MDA-MB-468/DOX) were established by constant exposure to Dox with 
elevated doses (0.2 µg/mL to 5 µg/mL) over 10 months. All cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM, Hyclone, USA) supplemented with 10% 
FBS (Gibco, USA) and 1% penicillin and streptomycin mixture (Solarbio, China), in 
a humidified 37  °C incubator filled with 5% CO2. For in  vitro study, BC cells were 
treated with Dox (0, 0.5, 1, 1.5, 2 µg/mL), Erastin (5 µM), ferrostatin (1 mmol/L) and/
or ZONs (30 µg/mL) for 24 h.
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Cell proliferation and apoptosis

Parental or Dox-resistant BC cells were treated with as indicated in each experiment, 
then subjected to cell counting kit 8 (CCK-8, Solarbio) and 5-ethynyl-2′-deoxyuridine 
(Edu) assay (Thermo) to determine cell proliferation, and flow cytometry to measure cell 
apoptosis. For CCK-8 experiments, cells were seeded in 96-well plates (5000 cells per 
well) after treatment, and cultured for 24, 48, 72, and 96 h. The CCK-8 reagent (10 µL) 
was added into each well and incubated for 2 h. The optical density at 450 nm was meas-
ured by a microplate reader (Thermo).

For Edu assay, cells were fixed, permeabilized, then incubated with Edu (50 µM) for 3 
h, followed by nuclei staining with DAPI (1 µg/mL, Sigma) for 10 min. The Edu-positive 
cells were photographed under a fluorescence microscopy (Carl Zeiss, Germany).

For cell apoptosis detection, the apoptotic cells were stained with an FITC-Annexin V/
PI detection kit (Beyotime, China). In brief, cells were harvested, washed with PBS, then 
stained with FITC-Annexin V (5 µL) and PI (5 µL) for 10 min, respectively. The samples 
were then detected in a flow cytometry (BD Biosciences, USA).

Transwell assay

The treated cells were collected, resuspended in serum-free DMEM, and seeded in 
upper chamber of transwell plate (Corning). Complete medium containing FBS (10%) 
was added in lower chamber. To evaluate the cell invasion, the upper chamber was 
coated with Matrigel (BD Biosciences). The cells were incubated for 24 h, then fixed with 
4% paraformaldehyde (PFA) and stained with 0.5% crystal violet for 10 min. The invaded 
and migrated cells were photographed and counted with 5 random areas.

Quantitative real‑time PCR (qPCR) assay

The RNA was extracted from BC cells by using TriZol reagent (Thermo) after treatment, 
reverse transcribed to cDNA by using Super Script III kit (Invitrogen). Subsequently, the 
relative level of ABCC9 was quantified by SYBR Premix kit (Takara, Japan), and nor-
malized to GAPDH. The results were calculated with 2−△△Ct method. All primers were 
obtained from RiboBio (China):

ABCC9: forward primer, 5′-TCA​ACC​TGG​TCC​CTC​ATG​TCT-3′; reverse primer, 
5′-CAG​GAG​AGC​GAA​TGT​AAG​AATCC-3′;

GAPDH: forward primer, 5′- ACA​ACT​TTG​GTA​TCG​TGG​AAGG-3′; reverse primer, 
5′- GCC​ATC​ACG​CCA​CAG​TTT​C-3′.

Western blotting

Protein extracts of BC cells were obtained by using RIPA lysis buffer (Beyotime), and 
subjected to SDS-PAGE and blotting to NC membranes. The blots were probed with 
primary antibodies including anti-ABCC9 (1:2000, Abcam, USA), anti-GPX4 (1:1000, 
Abcam), anti-SLC7A11 (1:1000, Abcam), anti-p53 (1:1000, Abcam), anti-caspase3 
(1:1000, Abcam, USA), anti-cleaved caspase3 (1:1000, Abcam, USA), anti-caspase9 
(1:1000, Abcam, USA), anti-cleaved caspase9 (1:1000, Abcam, USA), anti-β-actin 
(1:1000, Abcam). Secondary HRP-conjugated anti-mouse or anti-rabbit antibodies and 
ECL solution were adopted for detection and visualization in a Gel Image system (GE, 
USA).
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Detection of ferroptosis

Cell apoptosis was evaluated by detection of malondialdehyde (MDA), glutathione 
(GSH), lipid ROS and iron levels. Commercial detection kits including MDA assay kit, 
GSH assay kit, C11-BODIPY probe, and Iron Assay Kit were purchased from Thermo, 
and used in accordance with the manufacturer’s instructions.

Xenograft model and immuno‑histological chemistry (IHC)

Female SCID/nude mice aged 6 weeks were purchased from Charles River Laborato-
ries (China) and randomly divided into experimental groups (n = 5 for each group). 
All experiments were conducted under the guidance and authorization of Laboratory 
Animal Management Committee of Cancer Hospital of China Medical University. For 
in vivo mice model, MDA-MB-231 cells transfected with shABCC9 or MDA-MB-231/
Dox cells transfected with ABCC9 OE (1 × 106 per site) were suspended in saline 
(100  µL), and subcutaneously injected into the right flanks of nude mice (6-week-
old). The mice in control group were injected with saline. For treatment, ZONs (2 mg/
kg) were subcutaneously injected into tumor sites every 2 days, when the tumor vol-
ume reached 100 mm3. Tumor size was measured every 3 days, and calculated by the 
following equation: length × (width)2/2. At last, the mice were killed 25 days after 
inoculation of tumors, and the tumors were collected, photographed and weighed. To 
conduct ki67 staining, the collected tumors were fixed, paraffin-embedded, made into 
5-µm-thick slices. The slices were subjected to standard IHC procedures, and probed 
by ki67 antibody (1:100 Abcam). Five random fields of staining were photographed.

Characterization of ZON nanoparticles

The synthesized ZON were characterized by UV-VIS spectroscopy (AQ8000, Thermo, 
USA), Fourier transform infra-red (FTIR) spectroscopy, and scanning electron 
microscopy (SEM). The optical properties of ZON were checked at various wave-
lengths ranged from 200 to 800 nm. The functional group of nanoparticles were 
observed by FTIR. The morphology and size of the nanoparticles were evaluated by 
SEM.

Statistical analysis

SPSS 22.0 software was used for analysis of the data. Data were shown as means ± 
SD. The statistical differences between two or more groups were evaluated by Stu-
dent’s t-test or one-way ANOVA, and were considered to be statistically significant 
with p < 0.05.

Results
The silencing of ABCC9 represses BC malignant phenotypes in vitro and in vivo

We initially validated that the expression of ABCC9 was elevated in the clinical BC 
tissues (n = 152) and the high expression of ABCC9 was associated with the poor 
survival of BC patients (Additional file  1: Fig. S1A and B). Given that the function 
of ABCC9 in BC cells was unreported, we assessed the effect of ABCC9 on the 
malignant phenotypes of BC cells. We first determined the level of ABCC9 in dif-
ferent breast cancer cell lines, including the ER-positive cell line MCF-7 and T47D, 
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HER2-positive cell line SKBR-3, and triple-negative cell line MDA-MB-231 and MDA-
MB-468. The MDA-MB-231 and MDA-MB-468 exhibited highest levels of ABCC9, 
hence were chosen for subsequent experiments (Additional file  2: Fig. S2). The effi-
ciency of ABCC9 depletion by shRNAs was verified in the MDA-MB-231 and MDA-
MB-468 cells (Fig. 1A). Meanwhile, the silencing of ABCC9 by shRNAs significantly 
repressed the viability of MDA-MB-231 and MDA-MB-468 cells (Fig. 1B and C), in 
which ABCC9 shRNA-2 showed a higher effect and was selected in the application 
of subsequent analysis. Obviously, the knockdown of ABCC9 decreased the numbers 
of Edu-positive MDA-MB-231 and MDA-MB-468 cells (Fig. 1D). Conversely, MDA-
MB-231 and MDA-MB-468 cell apoptosis was increased by the inhibition of ABCC9 
(Fig. 1E). Consistently, the expression of cleaved caspase3 and cleaved caspase 9 was 
induced by the depletion of ABCC9 in the cells (Fig. 1F). Moreover, the silencing of 
ABCC9 reduced the capability of migration and invasion of MDA-MB-231 and MDA-
MB-468 cells (Fig.  1G). Significantly, tumorigenicity analysis demonstrated that the 

Fig. 1  The silencing of ABCC9 represses BC malignant phenotypes in vitro and in vivo. A–G The MDA-MB-231 
and MDA-MB-468 cells were treated with ABCC9 shRNA. A The presence of ABCC9 was analyzed by qPCR. 
B, C The cell viability was determined by CCK-8 assays. D The cell proliferation was detected by Edu analysis. 
E The apoptosis was assessed by flow cytometry analysis. F The expression of caspase3, cleaved caspase3, 
caspase9, and cleaved caspase9 was detected by Western blot analysis. G The cell invasion/migration was 
examined by transwell analysis. H, I The nude mice were injected with MDA-MB-231 cells treated with ABCC9 
shRNA. The tumor growth of MDA-MB-231 cells was detected in the xenograft model. **P < 0.01
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tumor growth of MDA-MB-231 cells was suppressed by the depletion of ABCC9 in 
the xenograft model of nude mice (Fig. 1H and I). Collectively, these results show that 
the silencing of ABCC9 represses BC malignant phenotypes in vitro and in vivo.

The overexpression of ABCC9 reverses erastin‑induced ferroptosis of BC cells

Next, we were interested in the impact of ABCC9 on BC cell ferroptosis. The overex-
pression of ABCC9 was validated in MDA-MB-231 and MDA-MB-468 cells (Fig. 2A). 

Fig. 2  The overexpression of ABCC9 reverses erastin-induced ferroptosis of BC cells. A–K The MDA-MB-231 
and MDA-MB-468 cells were treated with erastin (5 µM) and ABCC9 overexpressing vector. A The presence 
of ABCC9 was analyzed by qPCR. B, C The cell viability was determined by CCK-8 assays. D, E The cell 
proliferation was detected by Edu analysis. The levels of GSH (F), MDA (G), lipid ROS (H), and iron (I) were 
detected. J, K The expression of GPX4 and SLC7A11 was measured by Western blot analysis. **P < 0.01
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Significantly, the treatment of ferroptosis activator erastin repressed cell viabil-
ity of MDA-MB-231 and MDA-MB-468 cells and ABCC9 overexpression rescued 
the repression in the cells (Fig.  2B and C). Similarly, the numbers of Edu-positive 
MDA-MB-231 and MDA-MB-468 cells were inhibited by erastin and the overexpres-
sion of ABCC9 reversed the inhibitory effect of erastin (Fig.  2D and E). The levels 
of GSH were decreased and MDA, lipid ROS, and iron levels were increased by the 
treatment of erastin, while the ABCC9 overexpression could reverse this results in 
MDA-MB-231 and MDA-MB-468 cells (Fig.  2F–I). Consistently, erastin suppressed 
the expression of ferroptosis inhibitory factors, including GPX4 and SLC7A11, in 
MDA-MB-231 and MDA-MB-468 cells and the overexpression of ABCC9 rescued the 
expression (Fig. 2J and K), suggesting that overexpression of ABCC9 reverses erastin-
induced ferroptosis of BC cells.

Moreover, we validated that the depletion of ABCC9 inhibited cell viability of 
MDA-MB-231 and MDA-MB-468 cells and ferroptosis inhibitor ferrostatin-1 (Fer-1) 
rescued the repression in the cells (Additional file 3: Fig. S3A). Similarly, the numbers 
of Edu-positive MDA-MB-231 and MDA-MB-468 cells were repressed by ABCC9 
knockdown and Fer-1 reversed the inhibitory effect (Additional file 3: Fig. S3B). The 
levels of GSH were decreased and MDA, lipid ROS, and iron levels were increased 
by the silencing of ABCC9, while Fer-1 could reverse this results in MDA-MB-231 
and MDA-MB-468 cells (Additional file 3: Fig. S3C–F). Consistently, ABCC9 deple-
tion suppressed the expression of ferroptosis inhibitory factors, including GPX4 and 
SLC7A11, in MDA-MB-231 and MDA-MB-468 cells and Fer-1 rescued the expression 
(Additional file 3: Fig. S3G).

The silencing of ABCC9 attenuates Dox resistance of BC cells

Then, we are concerned about the function of ABCC9 in the modulation of Dox resist-
ance of BC cells. We established Dox-resistant MDA-MB-231 (MDA-MB-231/Dox) 
and MDA-MB-468 (MDA-MB-468/Dox) cells by constant treatment with Dox for 
10 months. The successful establishment of MDA-MB-231/Dox and MDA-MB-468/
Dox was validated by higher cell viability (Additional file 4: Fig. S4A) and prolifera-
tion (Additional file 4: Fig. S4B), comparing with the parental cells. Remarkably, the 
existence of ABCC9 was induced in Dox-resistant MDA-MB-231 (MDA-MB-231/
Dox) and MDA-MB-468 (MDA-MB-468/Dox) cells relative to MDA-MB-231 and 
MDA-MB-468 cells (Fig. 3A). The IC50 value of Dox was reduced by the knockdown 
of ABCC9 in MDA-MB-231/Dox and MDA-MB-468/Dox cells (Fig.  3B and C). The 
numbers of Edu-positive MDA-MB-231/Dox and MDA-MB-468/Dox cells were 
attenuated by the depletion of ABCC9 (Fig. 3D). Meanwhile, the apoptosis of MDA-
MB-231/Dox and MDA-MB-468/Dox cells was stimulated by the silencing of ABCC9 
(Fig. 3E). consistently, the expression of cleaved caspase3 and cleaved caspase 9 was 
induced by the depletion of ABCC9 in the cells (Fig. 3F). Together these data imply 
that silencing of ABCC9 attenuates Dox resistance of BC cells.
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ZON attenuates Dox resistance of BC cells through inducing ferroptosis

Given that the ABCC9 was a potential oncogene according to the above results, we 
tried to explore the inhibitory agents targeting ABCC9 in BC cells. Previous stud-
ies have demonstrated the tumor inhibitory effect of ZON and we focused on the 
function of ZON in this study. The characterization of ZON was realized by using 
UV-visible spectrometry, FTIR spectroscope, and SEM. The synthesized ZON nano-
particles exhibited an absorption peak at 350 nm (Additional file 5: Fig. S5A), which 
is consistent with previous report. Results from FTIR presented peaks at 882  cm−1, 
1130  cm−1, 1460  cm−1, 1747  cm−1, 2854  cm−1, 2949  cm−1, and 3447  cm−1, which 
indicated C=C bending, C–O stretching, C–H bending, C=O stretching, C–H bond, 
alkane–CH stretching, and –OH stretching vibrations, respectively (Additional file 5: 
Fig S5B). Besides, Additional file  5: Fig S5C shows the SEM micrograph of synthe-
sized ZnO nanoparticles. Next, we observed that the treatment of ZON decreased 
the IC50 value of Dox in the suppression of MDA-MB-231/Dox and MDA-MB-468/
Dox cell viability (Fig. 4A). Meanwhile, the treatment of ZON reduced the numbers 
of Edu-positive MDA-MB-231/Dox and MDA-MB-468/Dox cells (Fig. 4B). The apop-
tosis of MDA-MB-231/Dox and MDA-MB-468/Dox cells was induced by the treat-
ment of ZON (Fig. 4 C). Besides, given that previous study showed that ZON induced 
tumor suppressor function by activating p53, we validated the effect of ZON on p53 
in BC cells. We confirmed that the total expression of p21, BAX, and nucleus accu-
mulation of p53 were enhanced by the treatment of ZON in MDA-MB-231/Dox and 
MDA-MB-468/Dox cells (Fig. 4D).

Moreover, we found that treatment with erastin, a ferroptosis activator, led to sup-
pressed viability and proliferation of Dox-resistant MDA-MB-231 (Additional file 6: 
Fig. S6A–C) and MDA-MB-468 cells (Additional file 6: Fig. S6D–F), compared with 
the control group. These data suggested that targeting ferroptosis can lead to the 
attenuation of doxorubicin resistance.

Fig. 3  The silencing of ABCC9 attenuates Dox resistance of BC cells. A The expression of ABCC9 was detected 
by qPCR in MDA-MB-231 and MDA-MB-468 cells and MDA-MB-231/Dox and MDA-MB-468/Dox cells. B–E The 
MDA-MB-231/Dox and MDA-MB-468/Dox cells were treated with ABCC9 shRNA. B, C The IC50 value of Dox 
was analyzed by CCK-8 assays. D The cell proliferation was detected by Edu analysis. E The apoptosis was 
assessed by flow cytometry analysis. F The expression of caspase3, cleaved caspase3, caspase9, and cleaved 
caspase9 was detected by Western blot analysis. **P < 0.01
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Fig. 4  ZON attenuates Dox resistance of BC cells. A–D The MDA-MB-231/Dox and MDA-MB-468/Dox cells 
were treated with ZON. A The IC50 value of Dox was analyzed by CCK-8 assays. B The cell proliferation was 
detected by Edu analysis. C The apoptosis was assessed by flow cytometry analysis. D The expression of p21, 
BAX, and the total expression and nucleus expression of p53 was measured by Western blot analysis. **P < 
0.01

Fig. 5  ZON induces ferroptosis of BC cells by targeting p53. A, B The MDA-MB-231/Dox and MDA-MB-468/
Dox cells were treated with erastin and ZON. The cell viability was determined by CCK-8 assays. C–F The 
MDA-MB-231/Dox and MDA-MB-468/Dox cells were treated with erastin, p53 shRNA, and ZON. The levels of 
GSH (C), MDA (D), lipid ROS (E), and iron (F) were detected. **P < 0.01
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ZON induces ferroptosis of BC cells by targeting p53

Given that p53 is a crucial ferroptosis regulator, we validated the correlation of ZON 
with p53 in the regulation of ferroptosis of BC cells. We observed that the treatment of 
erastin suppressed the cell viability of MDA-MB-231/Dox and MDA-MB-468/Dox cells 
and the treatment of ZON enhanced the phenotype (Fig. 5A and B). Meanwhile, the lev-
els of GSH were reduced and the MDA, lipid ROS, and iron levels were enhanced by the 
treatment of erastin and the depletion of p53 could reverse the effect of erastin, while 
the co-treatment of ZON further reversed the effect of p53 depletion in MDA-MB-231/
Dox and MDA-MB-468/Dox cells (Fig. 5C–F).

ABCC9‑repressed ferroptosis of BC cells is reversed by ZON

Next, we explored the correlation of ZON with ABCC9 in the modulation of ferrop-
tosis of BC cells. We confirmed that the treatment of ZON remarkably repressed the 
expression of ABCC9 in MDA-MB-231/Dox and MDA-MB-468/Dox cells (Fig. 6A and 
B). ZON repressed the cell viability of MDA-MB-231/Dox and MDA-MB-468/Dox cells 
and the overexpression of ABCC9 reversed the repression (Fig.  6  C). Moreover, the 
treatment of ZON reduced GSH levels and enhanced MDA, lipid ROS, and iron levels 

Fig. 6  ABCC9-repressed ferroptosis of BC cells is reversed by ZON. A, B The MDA-MB-231/Dox and 
MDA-MB-468/Dox cells were treated with ZON. A The mRNA expression of ABCC9 was detected by qPCR. 
B The protein expression of ABCC9 was analyzed by Western blot analysis. C The MDA-MB-231/Dox and 
MDA-MB-468/Dox cells were treated with ZON and ABCC9 overexpressing vectors. The cell viability was 
determined by CCK-8 assays. D–G The MDA-MB-231/Dox and MDA-MB-468/Dox cells were treated with 
erastin, ABCC9 overexpressing vectors, and ZON. The levels of GSH (D), MDA (E), lipid ROS (F), and iron (G) 
were detected. **P < 0.01
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in erastin-stimulated MDA-MB-231/Dox and MDA-MB-468/Dox cells, while the over-
expression could reverse the effect of ZON (Fig. 6D–G). Moreover, although treatment 
with erastin and ZON induced ferroptosis, and suppressed the viability and proliferation 
of Dox-resistant cells, the overexpression of ABCC9 abolished these effects (Additional 
file 7: Fig. S7). Above results indicated that ABCC9 overexpression suppressed ferropto-
sis, possibly through p53 signaling.

ZON attenuates tumor growth of BC cells by targeting ABCC9 in vivo

We then validated whether ZON regulated BC cell growth by targeting ABCC9 in vivo. 
The tumorigenicity analysis in xenograft model showed that the treatment of ZON 
attenuated the tumor growth of MDA-MB-231/Dox cells, while the overexpression of 
ABCC9 reversed the attenuation in the model (Fig. 7A and B). Meanwhile, we confirmed 
that the levels of Ki-67 and ABCC9 were repressed by ZON but the overexpression of 
ABCC9 could rescue the levels in the model (Fig. 7C and D).

Discussion
BC is a prevalent gynecological cancer with high mortality and the chemotherapy resist-
ance remains a huge clinical challenge for cure of BC. The mechanisms underlying chem-
oresistance are complicated and widely studied. These mechanisms include retarded 
transmembrane uptake of drugs via disrupting the function of influx drug transporters, 
enhancing activity of MDR efflux pumps of the ATP-binding cassette (ABC) superfamily 
including P-glycoprotein (ABCB1), multidrug resistance associated protein 1 (MRP1), 
and breast cancer resistance protein (ABCG2), as well as altered expression of drug 
targets, drug sequestration within organelles, metabolic drug inactivation, and antia-
poptotic mechanisms (Amawi et al. 2019). P53 is a critical transcription factor that mod-
ulates the expression of multiple genes and responds to DNA damage, inducing cycle 
arrest or apoptosis (Sigal and Rotter 2000). It is reported that over half of human cancers 

Fig. 7  ZON attenuates tumor growth of BC cells by targeting ABCC9 in vivo. A–D The nude mice were 
injected with MDA-MB-231/Dox cells were treated with ZON and ABCC9 overexpressing vectors. A, B The 
tumor growth of MDA-MB-231 cells was detected in the xenograft model. C The levels of Ki-67 were analyzed 
by IHC in the model. D The expression of ABCC9 was measured by Western blot analysis in the model. **P < 
0.01
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exhibit loss of function p53 mutation, which leads to impaired DNA binding, altered 
cell cycle progression, and apoptosis, and the consequent MDR (Sigal and Rotter 2000; 
Cao et al. 2020). Moreover, it is reported that p53 inhibits cystine uptake and sensitizes 
cells to ferroptosis upon reactive oxygen species (ROS)-induced stress, via repressing 
expression of SLC7A11 (Jiang et al. 2015). On the other hand, p53 promotes ferroptosis 
through enhancing expression of SAT1 (spermidine/spermine N1-acetyltransferase 1) 
and GLS2 (glutaminase 2) (Kang et al. 2019).

A recent study has reported that ABCC9 is upregulated in the clinical BC samples and 
functions as a potential diagnostic biomarker for BC patients (Zhang et  al. 2020a, b), 
but the role of ABCC9 in BC is still elusive. In this work, we validated that ABCC9 was 
enhanced in clinical BC tissues and the high expression of ABCC9 was associated with 
a poor survival rate of BC patients and we identified the innovative function of ABCC9 
in promoting Dox resistance and repressing ferroptosis of BC cells and discussed the 
inhibitory effect of ZONs on ABCC9.

The regulatory mechanisms of ferroptosis and Dox resistance in BC are complicated. 
FOXM1 regulates Dox resistance in BC by regulating DNA repair (Park et  al. 2012). 
FSTL1 regulates stemness and chemoresistance in BC cells by integrin β3/Wnt signal-
ing (Cheng et al. 2019). Cytoprotective autophagy and BAG3 modulate Dox resistance 
in BC cells (Das et  al. 2018). ACSL4 modulates ferroptosis by regulating cellular lipid 
composition in BC cells (Doll et  al. 2017). GSK3β/Nrf2 signaling modulates erastin-
stimulated ferroptosis in BC (Wu et  al. 2020). Meanwhile, it has been reported that 
TRIM11 contributes to chemoresistance by the activation of β-catenin/ABCC9 signal-
ing in nasopharyngeal carcinoma (Zhang et al. 2020a, b). ABCC9 is potential prognos-
tic and diagnostic marker in BC (Zhang et al. 2020a, b). In the present work, we found 
that silencing of ABCC9 significantly repressed the proliferation, invasion/migration, 
and induced apoptosis of BC cells. Tumorigenicity analysis demonstrated that the tumor 
growth of BC cells was suppressed by the depletion of ABCC9 in the xenograft model of 
nude mice. Moreover, the treatment of ferroptosis activator erastin induced ferroptosis-
related phenotypes and ABCC9 overexpression rescued the induction. The IC50 value 
of Dox was reduced by the knockdown of ABCC9 in Dox-resistant BC cells (BC/Dox). 
The numbers of Edu-positive BC/Dox cells were attenuated by the depletion of ABCC9. 
Meanwhile, the apoptosis of BC/Dox cells was stimulated by the silencing of ABCC9. 
These data suggest that ABCC9 is a new contributor to BC progression. The clinical 
expression of ABCC9 and its correlation of ABCC9 with overall survival of BC should 
be validated by more studies. The potential agents targeted ABCC9 may be developed in 
the treatment of BC.

Moreover, the anti-tumor effect of ZONs in BC has been reported. ZONs induce 
apoptosis and oxidative stress in BC cells (Wahab et al. 2014). Chitosan-capped ZONs 
regulates apoptosis and cell cycle arrest by inducing p53 in BC cells (Anitha et al. 2019). 
Frizzled-7-targeted delivery of ZONs modulate drug resistance of BC cells (Ruenraro-
engsak et al. 2019). Our mechanical investigation showed that the treatment of ZONs 
attenuated Dox resistance of BC cells. ZONs remarkably repressed the expression 
of ABCC9 in BC/Dox cells. ZONs inhibited the cell viability of BC/Dox cells and the 
overexpression of ABCC9 reversed the repression. Moreover, the treatment of ZONs 
reduced GSH levels and enhanced MDA, lipid ROS, and iron levels in erastin-stimulated 
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BC/Dox cells, while the overexpression could reverse the effect of ZONs. The tumori-
genicity analysis in xenograft model showed that the treatment of ZONs attenuated the 
tumor growth of BC/Dox cells, while the overexpression reversed the attenuation in the 
model. There were still some limitations in the current study. For example, the Defer-
oxamine or bathocuproine can be used to shown specific of the reaction. The clinical 
significance of ZONs should be explored in future investigations.

Our data indicate that ZONs are one of the potential candidates to inhibit ABCC9 in 
BC development. Our finding provides new molecular basic of the application of ZONs 
in the treatment of BC by targeting ABCC9. The relationship of the targets, such as 
ABCC9 and p53, of ZONs-inhibited cancer progression should be evaluated in further 
studies. We identified that ZONs could suppress the expression of ABCC9 and the over-
expression of ABCC9 could reverse the effect of ZONs on BC/Dox cells. The mecha-
nisms underlying ZONs-mediated ABCC9 need to be identified in future investigations.

Conclusions
In conclusion, we discovered that the inhibition of ABCC9 by zinc oxide nanoparticles 
induces ferroptosis and attenuates Dox resistance in BC.
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