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Introduction

Phosphatase and tensin homolog (PTEN)-induced kinase 
1 (Pink1), a serine/threonine protein kinase, was initially 
identified as a gene upregulated by overexpression of a 
major tumor suppressor-PTEN.1 The Pink1 gene encodes 
581 amino acids and the N-terminal and C-terminal of 
this protein includes a mitochondrial-targeting sequence 
and an autoregulatory sequence, respectively; besides, it 
also contains a transmembrane domain and a highly con-
served kinase domain homologous to the Ca2+/calmodulin  
family.2,3 These structural compositions may be related to 
diverse functions of Pink1.

Starting shortly after Pink1 was identified, many stud-
ies on the function of Pink1 have been carried out in recent 
decades. Since loss-of-function mutations in Pink1 were dis-
covered to cause autosomal recessive forms of Parkinson’s 
disease (PD),4 subsequent studies have focused primarily on 
the role of Pink1 in PD and other neurodegenerative diseases, 
such as Alzheimer’s disease (AD), for a period of time.5,6 
Pink1 was also found to play an important role in cancer cell 
biology.7,8 Some epidemiologic studies have indicated an 
inverse association between the prevalence of neurodegen-
erative diseases and the development of some cancers.9,10 
Studies over the past decades have demonstrated that the 
Pink1 signaling system has been shown to control several 
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Pink1 was regarded as a tumor suppressor and 
plays an important role in cancer cell biology while 
relatively few researches was done on Pink1 in 
breast cancer especially in vivo. This study inves-
tigated the expression of Pink1 in 150 samples of 
breast cancer tissues and the results suggested 
that Pink1 was an indicator of malignancy in breast 
cancer, which was the first time to detect the 
expression of Pink1 protein in different subtypes 
of breast cancer up to now. In addition, proteomic 
data and Seahorse XF analysis revealed that Pink1 
affected glycolysis in MDA-MB-231 cell lines, which 
was regarded as a representative cell line of basal-
like subtype of breast cancer. The conclusion of 
this study indicated that Pink1 promotes the pro-
gression of breast cancer and presented oncogenic 
properties in breast cancer, which raised another 
perspective for understanding the regulation role of 
Pink1 in breast cancer.
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processes key to cancer cell biology and presents pro- and 
anti-tumorigenic properties with context-dependent tumor 
as it displays different expression across cancer cell types.11–13 
Mechanistically, Pink1 acts as a cross point connecting dif-
ferent pathways to regulate cell survival, death, and other 
cell activities. Recent data illustrated that Pink1 suppresses 
colon tumor growth via activation of the P53 signaling path-
way14 and regulates hepatocellular carcinoma cell growth 
through the hypoxia-inducible factor (HIF)/HEY1/Pink1 
pathway.15 Moreover, previous studies have demonstrated 
that Pink1 negatively regulates cell growth and the Warburg 
effect in glioblastoma,16 and silencing Pink1 is lethal in DNA 
mismatch repair-deficient cancers.17 Several studies have 
reported that Pink1 is involved in modulating inflammatory 
responses,18–20 which also indicates Pink1’s multifunctional 
features. Furthermore, evidence has shown the dual function 
of Pink1 in breast cancer, although the specific mechanism 
needs further elucidation.13,21,22

Breast cancer is one of the most common malignant 
tumors and is divided into four intrinsic subtypes based on 
the recognition of intrinsic biological subtypes within the 
breast cancer spectrum,23 of which basal-like subtype was 
regarded as the most serious subtype with high metastasis 
and poor prognosis. As studies on Pink1 in breast cancer 
have been controversial, it is essential to further specify the 
role of Pink1 in breast cancer, especially in basal-like subtype. 
Therefore, this investigation intends to detect Pink1 expres-
sion in breast cancer subtypes and tries to explore the role of 
Pink1 on basal-like subtype of breast cancer cells.

Materials and methods

Formalin-fixed paraffin-embedded breast 
tissue specimen, tissue microarray, and 
immunohistochemistry for Pink1

A total of 150 samples of formalin-fixed paraffin-embedded 
(FFPE) breast cancer tissues and 18 samples of breast fibroma 
were obtained from the Department of Pathology of the 
Huzhou Central Hospital (ZheJiang, China), and subtypes of 
these breast cancer tissues were examined by immunohisto-
chemistry (IHC) profiles as we described previously: luminal 
A subtype (estrogen receptor (ER)-positive) and/or proges-
terone receptor (PR)-positive, human epidermal growth fac-
tor receptor (HER)-positive with 2+, or ER-positive and/
or PR-positive, HER2-negative and index of Ki67 < 14%), 
luminal B subtype (ER-positive and/or PR-positive, HER2-
negative and index of Ki67 ≧ 14%), basal-like subtype 
(ER-negative, PR-negative, HER2-negative and cytokera-
tin 5/6-positive and/or estimated glomerular filtration rate 
(EGFR)-positive), and HER2-overexpression subtypes were 
defined as 0, 1+, 2+, and 3+ referred to the guidelines from 
American Society of Clinical Oncology/College of American 
Pathologists (ASCO/CAP). All samples of breast tissues 
were stained with hematoxylin and eosin (HE) and evalu-
ated by two experienced pathologists. Each breast tumor 
block was perforated one core at the tumor location iden-
tified by the pathologist and the tissue microarray (TMA) 
consisting of 168 FFPE breast tissues was generated. All of 
the specimens were taken from the primary lesions and none 
of these patients had received radiotherapy or chemotherapy 

before surgical operation; besides, clinicopathological infor-
mation of these patients including age, tumor size, histopa-
thology grade, lymph node metastasis, and TNM (tumor (T), 
nodes (N), and metastases (M)) stage were also analyzed in 
this experiment. The study was permitted by the Huzhou 
Central Hospital Ethics Committee and informed consent 
of patients.

The immunohistochemical process was as follows: rabbit 
polyclonal anti Pink1 antibody was purchased from Abcam 
Company at a dilution ratio of 1:100, and a DAB staining 
kit (ZSGQ-BIO) was used for staining. After antibody stain-
ing, the nuclei were labeled with hematoxylin. The stain-
ing results were determined according to the staining depth 
as follows: mild staining (1+), moderate staining (2+), and 
severe staining (3+); a total of 1000 cells were counted in 
each section at 400× magnification randomly selected from 
five fields (200 cells in each field) to calculate the percent-
age of positive cells as the low expression group (number 
of positive cells < 50%), medium expression group (number 
of positive cells between 50 and 75%) and high expression 
group (number of positive cells > 75%). Finally, the samples 
were divided into a high expression group and a weak/mod-
erate expression group based on the evaluation of staining 
intensity and percentage of positive cells.

Cell lines and cell culture

The breast cancer cell line MDA-MB-231 was purchased from 
the Cell Bank of the Chinese Academy of Sciences (Shanghai, 
China) and cultured in complete medium: Dulbecco’s 
Modified Eagle’s medium (DMEM) with 10% fetal bovine 
serum (FBS), and penicillin/streptomycin (100 U/mL and 
100 μg/mL; Gibco, Life Technologies) in a humidified incu-
bator with 5% CO2 at 37 °C.

Pink1 Double Nickase Plasmid (h) and Control CRISPR/
Cas9 Plasmid were purchased from Santa Cruz Biotechnology 
(Heidelberg, Germany), and the target- specific guide RNA 
sequences were 5′-tatctgatagggcagtccat-3′ and 5′-gcaa-
gcgtctcgtgtccaac-3′. MDA-MB-231 cells were grown in six-
well plates until they reached 80% confluence and then 
transfected with Pink1 Double Nickase Plasmid (h) and 
Control CRISPR/Cas9 Plasmid with Lipofectamine 3000 
according to the instructions. The cells were expanded  
24–72 h post-transfection and selected with complete 
medium containing puromycin (10 μg/mL) until the non-
transfected cells were all killed. Then, surviving cells were 
seeded in 96-well plates and grown in complete medium 
with the lowest puromycin (1 μg/mL) for isolation of the 
single-cell colonies.

For MTT assay, MDA-MB-231con cells and MDA-MB-
231Pink1−/−cells (3×103 cells/well) were seeded in 96-well 
plates and cultured in complete medium. The cells were 
treated with WST-8 at 6, 24, 48, 72, 96 and 120 h to measure 
cell viability. Each group was treated biologically in tripli-
cate, and at least five wells of cells were tested at each time 
point.

Protein extraction

MDA-MB-231con and MDA-MB-231Pink1−/− cells were col-
lected with cell scrapers and homogenized in RIPA lysis 
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buffer (Beyotime, containing 50 mM Tris pH 7.4, 150 mM 
NaCl, 1% Triton X-100, 1% sodium deoxycholate, and 0.1% 
SDS) on ice for 30 min and then centrifuged at 16,000 g at 4 
°C for 10 min to harvest the protein samples. Protein content 
was measured with a BCA Protein Assay Kit (Beyotime) and 
stored at −80 °C until use.

Protein digestion and iTRAQ labeling

One hundred micrograms of protein solution of each sam-
ple was digested with 2.5 μg trypsin at 37 °C for 4 h, and 
then another 2.5 μg trypsin was added to the protein mix-
ture to continue incubation for 8 h at 37 °C. The acquired 
peptide mixture was desalted on a strata X C18 column 
(Phenomenex) and vacuum-dried.

Some iTRAQ labeling reagents were recovered to ambient 
temperature, and then 50 μL isopropanol was added to each 
sample with vortex agitation. The vacuum-dried peptides 
were dissolved in 30 μL of 0.5 M triethylammonium bicar-
bonate (TEAB) buffer and then added to different iTRAQ 
labeling tags. Peptide labeling was performed by an iTRAQ 
Reagent 8-plex Kit according to the manufacturer’s proto-
col. The labeled peptides with different tags were combined 
and desalted with a Strata X C18 column (Phenomenex) and 
dried with a rotary vacuum concentrator.

HPLC fractionation and LC-MS/MS analysis

The labeled peptides were separated on a Shimadzu LC-20AB 
HPLC Pump system coupled with a high pH Gemini 
 column. The peptides were redissolved with 2 ml buffer 
A (5% acetonitrile (ACN), 95% H2O, pH at 9.8) and passed 
through the column at a flow rate of 1 mL/min. Then, the 
peptides were eluted in order with a gradient of 5%, 5–35%, 
and 35–95% buffer B (5% H2O, 95% ACN, pH = 9.8) for 10, 40, 
and 1 min. Then, the system was maintained in 95% buffer 
B for 3 min, and then the gradient of elution was decreased 
to 5% within 1 min followed by equilibration for 10 min. 
Eluting peptides were monitored by measuring absorbance 
at 214 nm during the separation process, and fractions were 
collected every 1 min. Finally, 20 fractions were obtained by 
combining chromatographic elution peaks with samples and 
vacuum-dried as above.

The vacuum-dried fraction was resuspended in buffer A 
(2% (ACN), 0.1% FA) and separated by a Shimadzu LC-20AD 
NASL liquid chromatograph system after centrifugation at 
20,000 g for 10 min. The supernatant was loaded on a trap col-
umn for sample enrichment and desalination and then sepa-
rated at a flow rate of 300 nL/min on a C18 column under the 
following conditions. First, the gradient of 5% buffer B (98% 
ACN, 0.1% FA) was applied for 8 min, and then the gradient 
of buffer B was increased from 5% to 35% in 40 min followed 
by another 40 min for a gradient of buffer B from 35% to 60%. 
Next, the samples were eluted in 50 min for a gradient of 
buffer B from 60% to 80% followed by maintenance at 80% 
buffer B for 50 min. Finally, the fractions were equilibrated at 
5% buffer B for 50 min followed by mass spectrometry.

The separated peptides from nanoHPLC were subjected 
to tandem mass spectrometry Q EXACTIVE HF X (Thermo 
Fisher Scientific, San Jose, CA, USA) for DDA (data-depend-
ent acquisition) detection by nanoelectrospray ionization. 
The parameters of MS analysis were as follows: electrospray 

voltage at 1.6 kV; mass-to-charge ratio of precursor scan 
ranges from 350 to1600 m/z at a resolution of 70,000 in 
Orbitrap; MS/MS fragment scan range > 100 m/z at a resolu-
tion of 17,500 in HCD mode and normalized collision energy 
at 30% and dynamic exclusion time set for 15 s. Automatic 
gain control (AGC) for full MS target and MS2 target was 3E6 
and 1E5, respectively.

Glycolysis assay and ATP measurement

Cells were counted and plated at 1.0×104 cells per well in a 
Seahorse XF24 Cell Culture Microplate for all experiments 
(Agilent). Cells were then prepared for glycolysis stress  
testing and real-time adenosine triphosphate (ATP) rate 
testing after cell adhesion according to the instructions. For 
the glycolysis stress test, the cells were washed twice with 
Agilent Seahorse XF DMEM (Agilent) without glucose and 
pyruvate, and then a final volume of 525 μL was placed in 
each well. The cells were then incubated in a chamber free 
of CO2 at 37 °C for 1 h before being placed into a Seahorse 
XFe24 Analyzer (Agilent). Then, the cells were treated by 
automatic injection into the wells with glucose (2 mg/mL), 
oligomycin (1 μM), and 2-deoxy-D-glucose (2-DG, 100 mM), 
successively. For the real-time ATP rate assay, the cells were 
incubated with test solution containing glucose and pyru-
vate and were treated with 1.5 μM oligomycin and 0.5 μM 
rotenone/antimycin A. The values of OCR and ECAR were 
measured three times after each compound was adminis-
tered. All Seahorse experiments were repeated at least three 
times and OCR and ECAR data were normalized to cell 
number using CyQUANT (Thermo Fisher Scientific).

Quantitative real-time analysis

Total RNA was extracted with TRIzol reagent (Life 
Technologies, USA), and 1 μg of total RNA was used to syn-
thesize cDNA with the PrimeScriptTM RT Reagent Kit with 
gDNA Eraser according to the kit directions. Quantitative 
real-time PCR (qRT-PCR) was performed on an ABI7500 sys-
tem (Life Technologies, USA) using SYBR® Premix Ex TaqTM 
II (Tli RNaseH Plus) reagents (Takara, Japan) and specific 
primer sets (Table 1). The amplification reactions were per-
formed with the following parameters: 30 s at 95 °C, 40 cycles 

Table 1. Primer sets used in the experiment.

Gene 
name

Primer sequences(5′–3′) Product 
length (bp)

Pink1 For: TGGACACGAGACGCTTGCAG
Rev: TCCTGGTGCACTGGTACCTG

179

PDH For: GAGTGACCCTGGAGTCAGTTAC
Rev: CTGGGCAGCATCCTCAATCTC

172

PKM For: CGATCAGTGGAGACGTTGAAG
Rev: CAGCTCCACCTCTGCAGTG

237

HKII For: CACCAAGCGTGGACTACTCTTC
Rev: GGCCACCACAGTGCACACCTC

199

LDH For: GCAGGTGGTTGAGAGTGCTTAT
Rev: GGCCTCTTCCTCAGAAGTCAGA

250

β-actin For: ACGCCAACACAGTGCTGTCTG
Rev: GGCCGGACTCGTCATACTCC

219

Pink1: Phosphatase and tensin homolog–induced kinase 1; for: forward; rev: 
reverse; PDH: pyruvate dehydrogenase; PKM: pyruvate kinase; HKII: hexokinase 
2; LDH: lactate dehydrogenase.
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of 95 °C for 5 s, and 60 °C for 34 s. The relative expression 
levels of the targeted gene were normalized to the expression 
value of the internal control gene β-actin. Relative transcript 
levels of Pink1 in breast cell lines were analyzed with the ∆Ct 
value, and the relative expression of four important catalytic 
enzymes of glycolysis was evaluated by the 2−∆∆Ct method. 
All experiments were performed in triplicate biologically, 
and each contained three technical replicates.

Western blot analysis

MDA-MB-231con and MDA-MB-231Pink1−/− cells were col-
lected with cell scrapers, homogenized in RIPA lysis buffer 
(Beyotime, China) on ice for 30 min, and then centrifuged at 
16,000 g at 4 °C for 10 min to harvest the protein samples. 
Protein content was measured with a BCA Protein Assay 
Kit (Beyotime). Each protein sample mixed with an appro-
priate amount of loading buffer was incubated at 95 °C for 
5 min, and 10 μg of protein from each sample was spotted 
for 12% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) for 2 h at 120 V constant pressure. The 
proteins were transferred onto polyvinylidene difluoride 
(PVDF) membranes for 30 min at 25 V with Bio-Rad Trans-
Blot Turbo, and the PVDF membranes were blocked with 
5% skimmed milk for 1 h at room temperature followed 
by incubation with primary antibodies overnight at 4 °C. 
The next day, the membranes were immersed in second-
ary antibody for 2 h at room temperature followed by the 
addition of reagent to scan the strips. Primary antibodies 
against HKII and PDHA were from Abcam (Cambridge, 
UK), β-actin was from Bioker (Hangzhou, China), and sec-
ondary antibodies against rabbits were from Cell Signaling 
Technology (MA, USA).

Bioinformatics and statistical analysis

In this study, the original mass spectrum data were converted 
into MGF files and searched using the Mascot engine against 
the Uni-Prot database and the decoy database. For protein 
identification, differentially expressed proteins (DEPs) were 
screened out by the cutoff value of fold change and p-value, 
and DAVID Database (version 6.7) was applied to perform 
all of the pathways and gene ontology (GO) enrichment 
analyses of these DEPs. Relative mRNA expression of tar-
get genes was analyzed by GraphPad Prism 5.0 software 
and t-tests were used to evaluate statistical significance with 
p < 0.05.

Results

Pink1 expression in different subtypes and 
clinicopathological and histopathological features 
of breast cancer using the TMA-IHC method

Pink1 was universally expressed in all breast cancer sub-
types, and 147 of 150 cases of invasive breast ductal carci-
noma exhibited positive staining (Figure 1). Yellow Pink1 
particles were observed to be distributed diffusely in the 
nucleus and cytoplasm, and different subtypes and fibroma 
of breast tissue all displayed nonuniform intensity of stain-
ing even within the same group of tissue samples.

The relationships between Pink1 expression in different 
subtypes of breast cancer and the clinicopathological param-
eters are analyzed and presented in Table 2. The expression 
of Pink1 in breast cancer is associated significantly with his-
topathology grade of breast cancer tissues, as 40 of 117 cases 
with well-differentiated cancer cells (grade I–II, 34.2%) and 
19 of 33 cases with poorly differentiated cancer cells (grade 
III, 57.6.2%; χ2 = 5.90, p = 0.015) display strong staining of 
Pink1 protein. Besides, there was no significant difference 
in Pink1 expression among the four subtypes, and also no 
significant associations between Pink1 expression and other 
clinicopathological parameters, including age (t = −0.97, 
p = 0.33), tumor size (t = 0.92, p = 0.36), lymph node metasta-
sis (χ2 = 0.129, p = 0.719), and TNM stage (χ2 = 2.831, p = 0.092).

Pink1 mRNA expression in different subtypes of 
breast cell lines

At present, the qRT-PCR assay is applied to detect the mRNA 
levels of Pink1 in different subtypes of breast cell lines and 
the data are normalized to β-actin and presented as the ∆Ct 
value (∆Ct = CTPink1 − CTβ-actin). In this study, breast cancer 
cell lines were classified to different subtypes based on the 
IHC staining of ER, PR, HER-2, CK5/6, and EGFR, as pre-
sented in Table 3. MCF-10A and MDA-MB-231 cells were 
identified as representatives of the basal-like subtype. MCF-7 
and SK-BR-3 cells belonged to the luminal A and HER2 over-
expression subtypes, respectively, and MDA-MB-453 cells 
belonged to the unclassified subtype.24 As the data indicated, 
relative expression of Pink1 mRNA was the lowest in MCF-
10A cells (ER−, PR−, EGFR 2+), followed by MCF-7 cells 
(ER+, PR+, EGFR 1+) and SK-BR-3 cells (ER−, PR−, EGFR 
2+, HER 3+), while MDA-MB-231 cells (ER−, PR−, EGFR 
1+) and MDA-MB-453 cells (ER−, PR−, EGFR−) displayed 
relatively high expression levels of Pink1, as smaller ∆Ct  
values were obtained in these two cell lines. It is interesting 
that the expression of Pink1 mRNA in breast cell lines was 
essentially consistent with the results obtained from breast 
tissue IHC in this study: Pink1 expression was positively cor-
related with the histological grade of breast cancer tissues.

Effect of Pink1 deletion on the MDA-MB-231 cells

To investigate the role of Pink1 in breast cancer cells, the 
Pink1 gene was deleted with the CRISPR/Cas9 gene edit-
ing method (Figure 2(B)) in MDA-MB-231 cells. Compared 
to MDA-MB-231con cells, the MDA-MB-231Pink1−/− cells 
appeared to be round, lost cell processes, and connected 
with each other closely and almost no individual cell outline 
could be clearly observed (Figure 2(A)). In addition, the MTT 
assay revealed that Pink1 deletion also affected cell viability,  
and the proliferation rate of MDA-MB-231Pink1−/− cells was 
almost 30% lower than that of MDA-MB-231con cells (p < 0.05; 
Figure 2(C)). These results demonstrated that Pink1 may 
affect the growth of MDA-MB-231 cells.

Protein profiling of MDA-MB-231 cells and protein 
responses to Pink1 deletion

To explore the role of Pink1 deletion in breast cells in 
vitro, the iTRAQ technique was applied to compare the 
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comprehensive protein expression profiles between MDA-
MB-231con and MDA-MB-231Pink1−/− cells. After processing 
the MS/MS spectra using Mascot software, we obtained a 
high-quality dataset, of which a total of 232,405 spectra were 
generated, and 11,522 peptides (11,179 unique peptides) and 
3252 proteins were identified with 1% false discovery rate 
(FDR). According to the cutoff of a fold change ⩾ 1.2 or ⩽ 0.83 
and p < 0.05, 426 proteins were identified to be significant in 
MDA-MB-231 cells in response to Pink1 ablation, including 
257 upregulated proteins and 169 downregulated proteins 

(Supplemental Table S1 and Table S2). These results indi-
cated that Pink1 deletion induced a distinct proteomic profile 
in MDA-MB-231 cells.

All DEPs were subjected to Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analysis and they were found to 
be involved in cellular processes, metabolism, organismal 
systems, and human diseases (Figure 3). Similarly, the sig-
nificantly up- and downregulated DEPs were also anno-
tated with pathway enrichment analysis. Obviously, most 
of the DEPs were assigned to pathways related to energy 

Figure 1. Representative pictures of Pink1 expression in different subtypes of breast cancer tissues and breast adenosis using TMA-ISH method. 1, 2 and 3, 4: 
expression of Pink1 in basal-like subtype tissue, grade I (weak staining) and grade III (strong staining). 5, 6 and 7, 8: expression of Pink1 in HER2 over-expression 
subtype tissue, grade I (weak staining) and grade III (strong staining). 9, 10 and 11, 12: expression of Pink1 in Luminal B subtype tissue, grade I (weak staining) and 
grade III (strong staining). 13, 14 and 15, 16: expression of Pink1 in Luminal A subtype tissue, grade I–II and breast adenosis. (A color version of this figure is available 
in the online journal.)
Ruler scale = 100.8 μm.
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metabolism: carbon metabolism, glycolysis/gluconeogen-
esis, citrate cycle, pyruvate metabolism, and glutathione 
metabolism (Figure 4). Together, the DEP analysis results 
indicated that Pink1 is related to cell metabolism, especially 
glucose metabolism, in MDA-MB-231 cells.

Validation of gene expression of metabolic 
reprogramming in MDA-MB-231Pink1−/− cells

To further explore the effect of Pink1 on glucose metabo-
lism in MDA-MB-231 cells, we investigated four impor-
tant catalytic enzymes of glycolysis that were found to be 
significantly up- or downregulated proteins by real-time 
PCR and Western blotting, including hexokinase 2 (HK II), 
pyruvate kinase (PKM), pyruvate dehydrogenase (PDH), 
and lactate dehydrogenase (LDH). As the results shown 
by qPCR analysis, the mRNA expression levels of HKII, 
PKM, and LDH were significantly decreased by silencing 
Pink1, while PDH was increased in MDA-MB-231Pink1−/− 
cells (Figure 5(A)). In addition, Western blot analysis fur-
ther verified that the expression of HKII was reduced, and 
PDH was slightly increased in MDA-MB-231Pink1−/− cells 
compared to control cells (Figure 5(B) and (C)), which was 
also in agreement with the proteomic data. These results 

Table 2. Relationship between Pink1 expression and clinicopathologic features in patients with breast tumor.

Pathological factors Cases (n) Pink1 expression (%) p-value

Weak/moderate Strong

Malignant/benign
 Benign  18 16 (88.9)  2 (11.1) 0.014*

χ2 = 5.990 Malignant 150 89 (59.3) 61 (40.7)
Subtype of carcinoma
 Luminal A  18 12 (66.7)  6 (33.3) 0.331

χ2 = 3.423 Luminal B  20 14 (70)  6 (30)
 HER-2  24 17 (70.8)  7 (29.2)
 Basal-like  88 48 (54.5) 40 (45.5)
TNM staging
 0–I  42 30 (71.4) 12 (28.6) 0.092

χ2 = 2.831 II–IV 108 61 (56.5) 47 (43.5)
Lymph node metastasis
 −  79 49 (62) 30 (38) 0.719

χ2 = 0.129 +  71 42 (59.2) 29 (40.8)
Grade
 I–II 117 77 (65.8) 40 (34.2) 0.015*

χ2 = 5.900 III  33 14 (42.4) 19 (57.6)
Age (years) 150 52.96 ± 10.75 54.70 ± 11.16 0.330

t = −0.97
Tumor size (cm) 150  2.83 ± 1.23  2.63 ± 1.40 0.360

t = 0.920

HER-2: human epidermal growth factor receptor 2; TNM: tumor, nodes, and metastases.
*p < .05.

Table 3. Pink1 expression and histopathological features in different breast cell lines.

Cell lines Subtype Pink1((∆ct)) ER PR HER2 EGFR CK5/6 Ki-67

MCF-10A Basal-like 17.10 ± 0.06 − − 0–1+ 2+ +  30%
MCF-7 Lumina A 15.16 ± 1.00 + + 0–1+ 1+ −  90%
SK-BR-3 HER2

over-expression
11.15 ± 0.51 − − 3+ 2+ −  20%

MDA-MB-453 Unclassified 10.70 ± 0.20 − − 0 0 −  80%
MDA-MB-231 Basal 10.99 ± 0.18 − − 0–1+ 1+ − 100%

ER: estrogen receptor; PR: progesterone receptor; HER-2: HER-2: human epidermal growth factor receptor 2; EGFR: estimated glomerular filtration rate.
∆ct = CTPink1 − CTβ-actin, the smaller of ∆ct value means the higher expression of Pink1.

Figure 2. Deletion of Pink1 in MDA-MB-231 cells. (A) Morphology of MDA-
MB-231 cells loss of Pink1. Scale bar = 100 μm. (B) Verification of deletion of 
Pink1 by Western blot. (C) Cell proliferation rate of MDA-MB-231Pink1−/− was 
decreased compared to control.
*p < 0.05, **p < 0.01, ***p < 0.001.
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demonstrated that deletion of Pink1 weakened glycolytic 
activity in MDA-MB-231 cells.

Pink1 regulates metabolic reprogramming in  
MDA-MB-231Pink1−/− cells

As validated by the proteomic data above, Pink1 may be 
involved in the regulation of glycolysis in MDA-MB-231 
cells, and we employed Seahorse XF Extracellular Flux 
Analyzers to measure the extracellular acidification rate 
(ECAR) and oxygen consumption rates (OCRs), which could 
reflect the overall glycolytic flux. Interestingly, we found that 
Pink1 deletion in MDA-MB-231 cells led to decreased gly-
colysis, including glycolytic capacity and glycolytic reserve 
(Figure 6(A) to (C)). In addition, real-time ATP rate assays 
revealed that deletion of Pink1 in MDA-MB-231 cells led to 
increased ATP production, which was generated mainly by 
mitochondrial respiration (Figure 6(D) to (F)). These findings 

further indicated that Pink1 may influence metabolic pat-
terns in MDA-MB-231 cells.

Taken together, the proteomic data and DEP verification 
experiments suggested that Pink1 promoted cell growth and 
affected glycolysis in breast cancer cells.

Discussion

Pink1 is a serine/threonine kinase and is expressed ubiq-
uitously in most human tissues. During the past decade, 
a wealth of research on Pink1 has demonstrated the role of 
Pink1 in cell survival, stress resistance, mitochondrial func-
tion, and bioenergetics. However, relatively fewer studies 
on Pink1 in breast cancer have been reported compared with 
other tumor types. This study detected Pink1 expression in 
breast cancer and explored the role of Pink1 in MDA-MB-231 
cell growth. The IHC results demonstrated that Pink1 pre-
sented at relatively higher levels in all breast cancer subtypes 
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compared to breast fibroma tissues, and was distributed in 
the nuclei and cytoplasm, which was inconsistent with a 
previous report,13 inferring that the different subcellular 
localizations were probably associated with the heteroge-
neity of specimens in breast cancer. In addition, we found 
that staining intensity was statistically dependent on the 

differentiation grade, suggesting that Pink1 may be an 
indicator of malignancy and that Pink1 mRNA expression 
in breast cells of different subtypes confirmed the results 
obtained from histological examination. Then, the Pink1 
gene was knocked down to explore the effect of Pink1 on 
MDA-MB-231 cells, which are regarded as a representative 
cell line of basal-like subtype, the most serious subtype with 
high metastasis and poor prognosis.

As deletion of Pink1 reduced the proliferation rate of 
MDA-MB-231 cells, proteomics experiments presented a 
relatively comprehensive profile of proteins induced by dele-
tion of Pink1 in MDA-MB-231 cells, which provided large-
scale information to investigate the role of Pink1 in cell line 
of basal-like subtype of breast cancer. Interestingly, signaling 
pathways enriched in upregulated and downregulated DEPs 
demonstrated that metabolic reprogramming, including gly-
colysis, citrate cycle, and pyruvate metabolism, may play 
an important role in the progression of basal-like subtype. 
These interesting findings were then verified by detection 
of key proteins related to glycolysis and Seahorse analysis.

Accelerated glucose metabolism under aerobic conditions 
is one of the features of cancer cells,25 and cellular metabolism 
make the switch from mitochondrial oxidative phosphoryla-
tion (OXPHOS) to glycolysis, which lead to accumulation of 
lactic acid and facilitate tumor cell metastasis.26 Molecularly, 
abnormal activities of some catalytic enzymes occur in gly-
colysis pathway, such as HK II and PDH. Increased expres-
sion of HKII has been found in several cell types, such as in 
nonsmall-cell lung cancer and breast cancer.27,28 It also has 
been reported that in breast cancer cells, elevated expres-
sion of HKII is closely associated with a high glycolytic rate, 
which lead to apoptosis inhibition and drug resistance.29 
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PDH is a key catalytic enzyme that couples glycolysis and 
OXPHOS as it modulate pyruvate flux from the cytoplasm 
to the mitochondria,30 and previous studies have suggested 
that attenuation of PDH activity may be associated with 
metabolic changes in a variety of tumor cells.31 In this study, 
deletion of Pink1 in MDA-MB-231 cells led to the decreased 
expression of key catalytic in glycolysis pathways, while 
increased the expression of PDH, indicating that Pink1 affects 
the glycolysis and Pink1 deletion drive metabolic mode from 
glycolysis to OXPHOS, which was also proven by measure-
ments of ECAR as well as observed ATP production levels. 
Together, these data indicate that Pink1 affects the metabo-
lism of MDA-MB-231 cells, and further investigations are 
needed to elucidate the mechanism of specific mechanism 
of Pink1 in breast cancer.

Breast cancer is a heterogeneous disease and this study 
suggested that Pink1 promotes the cell growth and affect 
the glycolysis of breast cancer, which are inconsistent with 
the results reported by Yin et al.14 in colon tumor. However, 
recent study reported by Rabas et al.32 suggested that Pink1 
promotes invasiveness in breast cancer was related to the 
package of mitochondrial (mtDNA)-containing extracellular 
vesicles, but Zhu et al.33 obtained the conclusion by Pan-
analysis that Pink1 presents anti-tumorigenic property in 
breast cancer but plays a detrimental role in colorectal cancer, 
and remains controversial in ovarian cancer, and they also 
pointed out these discrepancies of PINK1 expression cross 
cancers might be due to the heterogeneity of data collection 
and different cancer type presents specific biological prop-
erties. Therefore, Pink1 is worthy of further study in tumor 
biology as a multifunctional protein.

Conclusions

In summary, this study demonstrated that Pink1 expres-
sion was related to the histological grade of breast cancer 
tissues, which suggested that Pink1 may be an indicator of 
malignancy of breast cancer. Moreover, deletion of Pink1 
suppressed cell proliferation in MDA-MB-231 cells, and pro-
teomics data revealed the role of Pink1 in glycolysis regula-
tion during the progression of basal-like subtype of breast 
cancer, which raised another perspective for understand-
ing the regulatory role of Pink1 in breast cancer. However, 
further investigations are needed to elaborate the specific 
mechanism of Pink1 in breast cancer.
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