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ARTICLE INFO ABSTRACT

Keywords: Overexpression of NQO1 is associated with poor prognosis in human cancers including lung, stomach, colon,
NQO1 cervical, and pancreatic cancers. However, the molecular mechanisms underlying the protumorigenic capacities
PKLR of NQO1 have not been fully elucidated. Here, we investigated this question and determined the molecular
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mechanisms underlying the roles of NQO1 in glycolysis reprogramming, proliferation, and metastasis breast
cancer (BC) cells. The results indicated that NQO1 overexpression in BC cells raises glucose metabolism and
metastasis related behaviors. Mechanistically, NQO1 bound to PKLR, activated the AMPK and AKT/mTOR
signaling pathway and consequently induced glycolytic reprogramming. In addition, 2-deoxy-p-glucose (2-DG)
or 3-bromopyruvate (3-BrPA) influenced proliferation and regulated the expression of genes involved in the
epithelial-to-mesenchymal transition (EMT) by restraining glycolytic reprogramming. Finally, overexpression of
NQO1 and PKLR in human BC tissues was remarkably related to lymph node (LN) metastasis and poor prognosis.
Together, these results demonstrate that the NQO1/PKLR axis can promote the progression of BC by modulating
glycolytic reprogramming and suggest that targeting NQO1 and its downstream effectors are promising ther-

apeutic targets for preventing the BC progression.

1. Introduction

Cancer metastasis is a complicated multistep cellular biological
process [1,2], which takes responsibility for more than 90% of cancer-
relevant deaths from various solid malignancies, containing breast
cancer (BC) [3]. Although encouraging progress has been made in re-
cent years owing to the development of targeted therapy, the prognosis
for BC remains poor due to invasion and metastasis [4]. Extensive
studies have revealed that the primary driver of the invasion/metastasis
process in BC cells is the consequence of genetic or epigenetic altera-
tions [5]. Hence, exploration of primary molecules and mechanisms
underlying BC metastasis regulation is stringent requirement.

NAD(P)H:quinone oxidoreductase-1 (NQO1), aka DT-diaphorase, is
a cytoplasmic flavoenzyme encoded by a gene located on human
chromosome 16q22 [6,7]. The enzyme uses nicotinamide adenine di-
nucleotide (NADH) or NAD phosphate (NADPH) as zymolyte to directly
block quinones to hydroquinone [8,9]. In recent years, the role of
NQO1 in different kinds of malignant tumors has gained widespread
attention from scholars [10,11]. Ma et al. revealed that NQO1 protein
expression was higher in squamous cell carcinoma tissue of the cervix
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than in normal cervical epithelia and was closely related to clinical
stage, differentiation and lymph node metastasis [12]. Zhang et al.
demonstrated that NQO1 overexpression restrains proliferation and
induces apoptosis in hepatocellular carcinoma (HCC) cells by activating
AMPK/PGC-1a signaling pathway [13]. Additionally, Cheng et al. de-
monstrated that NQO1 can potentiate non-small cell lung cancer
(NSCLC) cells proliferation by enhancing glycometabolism and that
NQO1 depletion triggers a metabolic shift in the tricarboxylic acid
(TCA) cycle independent of pyruvate dehydrogenase complex compo-
nent X (PDHX) and pyruvate dehydrogenase kinase (PDK) [14]. These
studies indicated that high expression of NQO1 is associated with ma-
lignant tumor progression in multiple cancers. Our previous studies
found that NQO1 can be used as an early diagnostic and prognostic
indicator for BC [10], but its role and mechanism in the progression of
BC remain unclear. Therefore, it is urgent to study the mechanism of
NQO1 underlying the biological behavior of BC and provide an effective
theoretical basis for targeted therapy for BC.

Metabolic reprogramming is one hallmark of cancer cells [15]. Even
in the exposure of oxygen, cancer cells primarily rely on glycolysis,
instead of oxidative phosphorylation, for adenosine triphosphate (ATP)
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Fig. 1. Overexpression of NQO1 is closely related to LN metastasis and poor prognosis in BC. A. Representative IHC images of NQO1 expression in BC tissues and
adjacent normal breast tissues ( x 200). B: Representative IHC images of NQO1 expression in Grade 1, 2, or 3 BC (X 200). C: Representative IHC images of NQO1
expression in BC with lymph node metastasis (LN (+)) and tumors without lymph node metastasis (LN (-)) (X100, x200). D: H-scores of NQO1 expression
(mean =+ SD). E: Relationships between NQO1 expression and clinicopathologically significant aspects of BC. F: Analysis of NQO1 expression levels in a TCGA data
set in normal vs BC tissues (P = 0.009). G: Expression of NQO1 mRNA in matched adjacent normal tissues and BC tissues in the GDS4077 dataset (P = 0.006,
Student's t-test). H: Correlation between NQO1 expression and overall survival in BC patients as assessed by Kaplan-Meier survival analysis (TCGA, n = 1081,
P = 0.013). I: Correlation between NQO1 expression and overall survival in BC patients as assessed by Kaplan-Meier survival analysis (Human Protein Atlas,
n = 1075, P = 0.010). The P values for the Kaplan-Meier curves were calculated using a log-rank test.

generation. The metabolic abnormity is generally referred to as the
“Warburg effect” (aerobic glycolysis) and confers a proliferative ad-
vantage to cancer cells [16,17]. The pyruvate kinase family accelerates
the first rigorous and irreversible step of glucose metabolism, and
manipulates the magnitude and direction of glucose flux [18,19]. Pyr-
uvate kinase, which is present in the liver and red blood cells (PKLR), is
the primary isozyme of the pyruvate kinase family and exhibits sig-
nificantly elevated expression in various malignancy types compared
with that in normal cells. Silencing PKLR interdicts autophagosome
formation in MCF-7 BC cell under optimal culture conditions [20].
Moreover, the alternative spliced isoform pyruvate kinase M2 (PKM2)
conduces to the Warburg effect by accelerating aerobic glycolysis, but
the PKM1 isoform affects oxidative phosphorylation [21,22]. However,
despite the crucial role of pyruvate kinase in tumorigenesis, its reg-
ulatory mechanism is not adequately understood.

The current study investigated the clinicopathologic significance of
NQO1/PKLR expression in a large number of BC cases via an im-
munohistochemical (IHC) study. Furthermore, we analyzed the effects
of NQO1 overexpression on cell growth, metastasis and glycolytic re-
programming, which are thought to be fundamental to tumor pro-
gression. These findings suggest that the NQO1/PKLR axis can accel-
erate the progression of BC via activating AMPK and Akt/mTOR
signaling pathway, which provides potential targets for future BC
treatments.

2. Materials and methods
2.1. Ethics statement

This study complied with the principles of the Declaration of
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Helsinki and was approved by the human ethics and research ethics
committees of Yanbian University Medical College in China. All pa-
tients whose tissues used in this research were provided written in-
formed consent. Their resected specimens were stored by our hospital
and will potentially be used for scientific research. Their privacy will be
maintained.

2.2. Clinical samples

The study of 296 paraffin embedded BC samples, 77 DCIS samples,
95 adjacent non-tumor tissues were conducted. These samples were
selected randomly from patients who underwent surgery between 2002
and 2009, with strict follow-up for survival status. Clinicopathological
classification and staging were determined according to the American
Joint Committee on Cancer (AJCC) criteria.

2.3. Cell culture

The human BC cell lines MCF-7, Hs-578T, MDA-MB-231, MDA-MB-
468, MDA-MB-453 and SK-BR-3 were cultured-in Dulbecco's Modified
Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS) and
streptomycin-penicillin (100 U/mL). Cells were incubated at 37 °C in an
atmosphere of 5% CO,.

2.4. Antibodies

Antibodies against ZO-1, E-cadherin, Vimentin, Snail, Slug, Twist, p-
S6, S6, p-Akt, Akt, p-4EBP-1, 4EBP-1, PKM2 and [3-Actin were pur-
chased from Cell Signaling Technology (Boston, USA). Antibody against
G6PC, HOOK3, PKLR, AMPK and p-AMPK were purchased from
Proteintech (Wuhan, China). NQO1 was purchased from Santa Cruz
Biotechnology (CA, USA). MMP-2 was purchased from Affinity
(Cincinnati, USA).

2.5. Transfection

We purchased three different PKLR siRNA, including si-RNA1, si-
RNA2, and si-RNA3, from RIBOBIO (China). According to the KD effect,
si-RNA1 and si-RNA2 were used in this study. The sequence of si-RNA1
(si-PKLR 1) was 5-CAGACACCTTCCTGGAACA-3’; si-RNA2 (si-PKLR 2)
was 5-GTGCAATTTGGCATTGAAA-3’. Additionally, control siRNA (si-
control) was also used in this study. Cells were transfected with 30 nM
siRNA using Lipofectamine 3000 (Invitrogen) according to the manu-
facturer's instructions.

2.6. Stable cell line generation

Human Lenti-shNQO1-GFP, Lenti-NQO1-GFP and their controls
(Lentivector control and Lenti-shSCR) were packaged in HEK293T cells.
For stableinfection, 6 x 10%cells were plated in six-well plates.
Following lentiviral infection, single-cell clonal isolates were selected in
the presence of 2 ug/mL puromycin for 2 weeks to establish stable-ex-
pression cell lines. Transfection efficiency was confirmed by Western
blot (Fig. 2B).

2.7. Wound healing assay

Cells were plated into six-well plates at 95% confluence in complete
tissue culture medium. After the cells became confluent, cell wounds
were created by scratching cells using a micropipette tip. The medium
was then immediately replaced, and spontaneous cell migration was
monitored using a Nikon inverted microscope at 0 h, 24 h and 48 h. The
distance of wound closure was measured in three independent wound
sites per group. The wound gaps were measured at each time.
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2.8. Immunofluorescence

Cells grown in six-well culture slides fixed with 4% paraformalde-
hyde for 15min, permeabilized with 0.5% Triton X-100 (CWBIO,
China) and blocked with 3% BSA for 2h. Cells were incubated with
primary antibody in 3% BSA at 4 °C overnight, washed three times with
PBS, incubated with Alexa Fluor 488 or Alexa Fluor 546-labeled sec-
ondary antibody (Invitrogen) in 3% BSA for 2h, and then analyzed by
Leica SP5II confocal microscope.

2.9. Cell invasion and migration assays

Cell invasion and migration assays were performed in 24-well, two-
chamber plates with high-throughput screening multiwell inserts (BD
Biosciences, San Jose, CA, USA), which contained 8-um (pore size)
polycarbonate filters. For cell invasion, 5 x 10 cells were added to the
upper chamber, medium with fibronectin (20 pg/mL) was added to the
lower chamber, and the cells were incubated at 37 °C for hours. For cell
migration, 3 X 10*cells were added to the upper chamber, medium
without fibronectin was added to the lower chamber, and the cells were
incubated at 37 °C for hours. Invaded or migrated cells (on the lower
side of the membranes or in the lower well) were then fixed in 100%
methanol for 30min and stained with gentian violet solution for
10 min. Cells were counted under a microscope at X 200 magnification.
Each assay was performed in duplicate and repeated three times.

2.10. MTT and colony formation assays

The cells were seeded at a concentration of 1 x 10 cells per well in
96-well plates. After 48-h incubation with 5-AdC, the medium was re-
moved and replaced with 100 uL per well of fresh medium containing
20 uL. of MTT reagent (5 mg/mL) and incubated for 4 h at 37 °C. Then
100 puL of dimethyl sulfoxide was added, and the optical density was
measured at 550 nm using an ELISA plate reader.

2.11. EdU assay

Cell proliferation was determined by 5-ethynyl- 2’-deoxyuridine
(EdU) incorporation assay, which was carried out using Cell-Light™
EdU Apollo°488 In Vitro Imaging Kit (RiboBio) according to the man-
ufacturer's instructions and analyzed by Leica SP5II confocal micro-
scope.

2.12. Western blot

Immuno-blot analysis was performed as previously described [23].
Cells were collected and lysed with protease inhibitors. Equal amounts
of proteins was loaded on SDS-PAGE gels and then transferred to a
PVDF membrane (Millipore). After blocking with 5% non-fat milk, the
membrane was incubated overnight at 4 °C with the primary antibody
and then with horseradish peroxydase-coupled secondary antibody
(Millipore). Signal was detected with enhanced chemiluminescence
(Millipore).

2.13. Immunohistochemistry

THC analysis was performed using the DAKO LSAB kit (DAKO A/S,
Glostrup, Denmark). Briefly, tissue sections were deparaffinized, rehy-
drated and incubated with 3% H,0, in methanol for 15 min at RT. The
antigen was retrieved at 95 °C for 20 min using a 0.01 M sodium citrate
buffer (pH 6.0). The slides were then incubated with the primary an-
tibody at 4 °C overnight. After incubation with the secondary antibody
at RT for 1 h, immunostaining was developed using DAB, and the slides
were counterstained with hematoxylin.

Two pathologists (Lin Z & Piao J) who did not possess knowledge of
the clinical data examined and scored all tissue specimens. In case of
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Fig. 2. NQOL1 influences BC cell growth. A: Protein expression levels of NQO1 in BC cell lines as determined by Western blot analysis. B: MCF-7/Hs-578T cells with
NQO1 silencing and MDA-MB-231/MDA-MB-468 cells with NQO1 overexpression were established by viral transduction. The NQO1 levels in these established cell
lines were verified by Western blot analysis at 48 h after transfection. C: Cell viability was examined by MTT assay. D: Results of EAU assays on BC cells.
Representative photographs are shown at the original magnification, X 100. E: Survival was measured by clonogenic assay. F: Images of mice with tumors formed by
injecting the indicated cells. G: The tumor weight curves are summarized in the line chart (*P < 0.05 and **P < 0.01). H: IHC staining of the proliferation marker
Ki67 in xenograft tumors. The percentage of Ki67-positive cells is summarized in the bar chart. The P values were obtained using Mann-Whitney U tests or t-tests
(*P < 0.05, **P < 0.01). All results are from three independent experiments. The error bars represent the SD.

Table 1

NQOL1 expression in BC.
Diagnosis No. of  Positive cases Positive Strongly

cases cases rates positive rates
-+ ++ +++
Breast cancers 296 43 58 113 82 85.5%** 65.9%**
DCIS 77 35 16 19 7 54.5%* 33.8%*
Adjacent non- 95 69 16 10 0 27.4% 10.5%
tumor

*P < 0.05and **P < 0.01: compared with adjacent non-tumor.
DCIS: ductal carcinoma in situ.

Table 2
Correlation between NQO1 protein expression and the clinicopathological
parameters of BC.

Variables No. of NQOT1 strongly positive xrv P value
cases cases (%)

Age 1.127 0.288
=50 152 101 (66.4%)
<50 144 94 (65.3%)

Menopausal status 3.752 0.053
premenopausal 118 70 (59.3%)
Postmenopausal 178 125 (70.2%)

Tumor size 0.993 0.319
T1 132 91 (68.9%)
T2 164 104 (63.4%)

Histological grade 18.605 0.000**
Grade-1 99 40 (40.4%)
Grade-2 108 77 (71.3%)
Grade-3 89 69 (77.5%)

Clinical stage 9.429 0.002%*
0-11 178 105 (59.0%)
-1V 118 90 (76.3%)

LN metastasis 9.779 0.002%**
Yes 107 77 (72.0%)
No 189 101 (53.4%)

ER 0.582 0.446
Positive 176 119 (67.6%)
Negative 120 76 (63.3%)

PR 0.456 0.499
Positive 137 93 (67.9%)
Negative 159 102 (64.2%)

Her2 status 18.742  0.000**
Positive 142 107 (75.4%)
Negative 154 88 (57.1%)

**p < 0.01.

discrepancies, a final score was established by reassessment by both
pathologists on a double-headed microscope. Briefly, the IHC staining
for NQO1, PKLR, HOOK3, G6PC, PKM2, E-cadherin, Vimentin and Ki67
were semi-quantitatively scored as ‘-’ (negative) (no or less than 5%
positive cells), ‘4’ (5-25% positive cells), ‘ + +’ (26-50% positive cells)
and ‘+ + +’ (more than 50% positive cells). The cytoplasmic expres-
sion pattern was considered as positive staining. Tissue sections scored
as ‘++’ and ‘4++ 4+’ were considered as strong positives (over-
expression) of NQO1, PKLR, HOOK3, G6PC, PKM2, E-cadherin,
Vimentin and Ki67 protein.

2.14. Measurement of glucose, lactate, and ATP

The media from cultured cells were used for measuring glucose and
lactate by a FlexBioanalyzer (NOVA Biomedical). Amounts of glucose
remained in the cell culture medium reflected the subtraction of the
consumption by cells from total glucose level in uncultured medium.
ATP levels were measured using Bioluminescence Assay Kit CLS II from
Roche Scientific (Indianapolis, IN, USA), as per the manufacturer's
protocol. Cell lysates were used for the determination. Measurements of
the metabolites were normalized to cell number.

2.15. ROS and measurement of NADPH

Cells were transfected with indicated expression vectors as de-
scribed above, then the same number of the cells were re-seeded to 24
well-plates. Intracellular ROS level was stained using CellROX Green
Reagent (Life Technologies, Carlsbad). Images were taken with
DMI6000B (Leica, Heidelberg, Germany) and analyzed using ImageJ
software. The results were expressed as the mean fluorescence intensity
per cell. The intracellular levels of NADPH and total NADP were mea-
sured with the NADP/NADPH-Glo Kit (Promega, cat. no. G9081) ac-
cording to the manufacturer's instructions.

2.16. Co-immunoprecipitation

MCF-7 and Hs-578T cells were lysed with RIPA Cell Lysis buffer
(Beyotime). Lysates were incubated with the anti-NQO1 antibody
(Santa Cruz Biotechnology) or the anti-PKLR antibody (Proteintech) in
presence of protein A/G agarose beads (Santa Cruz Biotechnology)
overnight at 4 °C. Beads were centrifuged at 4000 r.p.m. for 30s and
washed with cold RIPA lysis buffer. Proteins were resolved by SDS-
PAGE, transferred to membranes, and analyzed by western blotting as
described above.

2.17. In vivo tumorigenesis and metastasis assays

BALB/c nude mice (4-6 weeks old) were purchased from the Vital
River Laboratory Animal Technology Co. Ltd., (Beijing, China). All mice
were housed in specific pathogen-free conditions following the guide-
lines of the Institutional Animal Care. To assess the effect of NQO1 on
tumorigenicity in vivo, Hs-578T cells (3 x 10°cells, with vector or
shNQO1) and MDA-MB-231 cells (3 x 10°cells, with lacZ or NQO1)
were subcutaneously injected into the left flank of the mice. Xenograft
growth was monitored every week using a caliper. Tumor volume (V)
was monitored by measuring the length (L) and width (W) of the tumor
with calipers and was calculated with the formula V= (L X W3) x 0.5.
Immunohistochemical staining for NQO1, PKLR, Vimentin, E-cadherin,
HOOK3, G6PC, PKM2, Ki67 were performed on sections from the tu-
mors. All experiments were performed in keeping with the procedures
and protocols of the Animal Ethics Committee of Yanbian University.
To produce experimental metastases, Hs-578T cells (1 x 10° cells, with
vector or sShNQO1) and MDA-MB-231 cells (1 x 10° cells, with lacZ or
NQO1) were harvested in serum-free DMEM medium and injected into
the tail vein of nude mice (7 mice/group). The mice were sacrificed
after 6 weeks and the lungs were surgically excised and stained with H&
E. Lung metastatic lesions were evaluated under a dissecting micro-
scope (X 200 magnification).
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Fig. 3. NQO1 promotes cellular invasion, metastasis and the EMT in vitro and in vivo. A: A scratch wound-healing assay was used to determine the effects of NQO1 on
BC cell motility. B and C: Results of a transwell migration assay (B) and a Matrigel invasion assay (C) for cellular invasion. The mean number of cells in five fields per
membrane is shown ( x 200). D: Representative images of gross and hematoxylin and eosin (H&E) staining and the numbers of lung surface metastatic foci detected in
each group (**P < 0.01; x 200). The scale bar is 25 um. E: Representative images showing the morphological changes in the indicated cell lines. F: The expression of
epithelial markers (E-cadherin and ZO-1) and mesenchymal markers (Vimentin, Snail, Slug, Twist and MMP-2) was determined by Western blot analysis. B-Actin was
used as a loading control. G: The expression of EMT markers was detected by immunofluorescence staining in BC cells (100 X ). H: IHC staining for E-cadherin and
Vimentin protein in tumor specimens from xenografts (200 X ). The P values were obtained using Mann-Whitney U tests or t-tests (P < 0.05, **P < 0.01). All

results are from three independent experiments. The error bars represent the SD.

2.18. Statistical analysis

The data analysis was performed using SPSS 17.0 software and
GraphPad Prism 6.0 software. Associations between NQO1, PKLR ex-
pression and clinicopathological features were evaluated by a Chi-
square test and Fisher's exact test. The Kaplan-Meier method was used
for analysis of survival curves, and statistical significance was assessed
using the Log-rank test. Group comparisons for continuous data were
done by Mann-Whitney U Test, one-way ANOVA or Student's t-test.
Biochemical experiments were performed in triplicate and a minimum
of three independent experiments were evaluated. Spearman correla-
tion analysis was used for ranking correlation tests. The value of
P < 0.05 was considered statistically significant.

3. Results

3.1. NQO1 overexpression correlates with lymph node metastasis and poor
prognosis in BC

To investigate the role of NQO1 in human BC, we first examined

NQO1 expression in 296 pairs of BC tissues, 77 ductal carcinoma in situ
(DCIS) tissues and 95 normal breast tissues by IHC. As shown in Fig. 1A,
staining for NQO1 was negative in nontumor breast tissues but positive
in BC tissues. IHC staining also showed that NQO1 is predominantly
localized in the nucleus and cytoplasm of tumor cells. The positive
staining rate of NQO1 was 85.5% (253/296) in BC tissues, which was
significantly higher than that in DCIS (54.5%, 42/77) and adjacent
nontumor tissues (27.4%, 26/95) (P < 0.001) (Table 1). Notably,
NQO1 protein level was markedly up-regulated in BC tissues with
Grade 2 and Grade 3 compared with Grade 1 (Fig. 1B). Moreover,
NQO1 expression was detected in 72.0% (77/107) of the tissue mi-
croarray (TMA) samples and all the samples with lymph node metas-
tases (Fig. 1C). H-scores in patients with lymph node metastasis were
significantly higher than those without metastasis (Fig. 1D). As shown
in Table 2, NQO1 expression was correlated with histological grade
(P = 0.000), clinical stage (P = 0.002), and Her2 status (P = 0.000)
(Fig. 1E). However, statistically significant associations were not ob-
served between NQO1 expression and age (P = 0.288), menopausal
status (P = 0.053), tumor size (P = 0.319), ER status (P = 0.446) or PR
status (P = 0.499).
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Fig. 4. NQO1 supports increased glycolysis by NADPH homeostasis. A: Overexpression of NQO1 promotes aerobic glycolysis. Cell culture media were collected to
measure glucose (a and d), lactate (b and e) and cellular ATP (c and f) levels were measured. The metabolite levels were normalized to the number of cells. The value
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in the control group was set as “1”. The means

SD for 3 independent experiments are presented (**P < 0.01). B: The expression of metabolic enzymes (G6PC,

PKM2 and HOOK3) was determined by Western blot analysis. 3-Actin was used as a loading control. C: IHC staining for G6PC, PKM2 and HOOK3 protein in tumor
specimens from xenografts (200 x ). D and E: NADPH/NADP* (D) or intracellular ROS (E) levels in the indicated cells cultured in attached or detached conditions.

+

The means

SD for 3 independent experiments are presented (**P < 0.01). The P values were obtained using Mann-Whitney U tests or t-tests (*P < 0.05,

**P < 0.01). All results are from three independent experiments. The error bars represent the SD.

We further analysis the mRNA expression of NQO1 in BC from the
Cancer Genome Atlas (TCGA), and discovered that NQO1 mRNA levels
were significantly up-regulated in BC tissues (P = 0.009, Fig. 1F). Si-
milarly, overexpression of NQO1 in BC samples was identified in the
GDS4077 dataset (P = 0.006, Fig. 1G). Importantly, the TCGA cohort
and the Human Protein Atlas showed that BC patients with high NQO1
expression had obvious shorter survival time than those in low NQO1
group (Fig. 1H: P = 0.013; Fig. 1I: P = 0.010). Overall, these results
indicate that high expression of NQO1 is well correlates with metastasis
and poor prognosis in BC patients.

3.2. NQO1 enhances tumorigenesis in vitro and in vivo

To determine the biological functions of NQO1 in BC, we first ex-
amined NQO1 expression in immortalized benign human mammary
epithelial MCF-10A cells and a series of BC cell lines (MCF-7, MDA-MB-
231, MDA-MB-453, MDA-MB-468, Hs-578T, and SK-BR-3) by Western
blot analysis. Among the six BC cell lines, NQO1 displayed the highest
expression levels in MCF-7 and Hs-578T cells and the lowest expression
levels in MDA-MB-231 and MDA-MB-468 cells (Fig. 2A). Therefore, we
established stable overexpression of NQO1 (designated NQO1) in MDA-
MB-231 and MDA-MB-468 cells and stable knockdown of NQO1 (de-
signated shNQO1) in MCF-7 and Hs-578T cells. Western blot was per-
formed to measure the protein levels of NQO1 expression (Fig. 2B).
MTT and EdU assays revealed that NQO1 knockdown markedly in-
hibited cell proliferation and the percentage of EdU-positive cells
(Fig. 2C and D), whereas NQO1 overexpression enhanced cell pro-
liferation and the percentage of EdU-positive cells. Additionally, a
clonogenic assay demonstrated that silencing NQO1 resulted in
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considerably fewer and smaller colonies, whereas NQO1 overexpression
enhanced clonogenicity (Fig. 2E).

In order to verify the results in vitro, we investigated the effects of
NQO1 on tumorigenesis using xenograft mouse model. As shown in
Fig. 2F and G, the average volume and weight of tumors in the shNQO1
group were markedly decreased in comparison with the control group.
Moreover, IHC staining showed that the shNQO1 group had lower Ki67
proliferation indexes than in the control group (Fig. 2H). The result was
further confirmed in NQO1 overexpressed group. Together, these re-
sults indicate that NQO1 can regulate the proliferation process of BC.

3.3. NQO1 induces the EMT and promotes cellular migration and invasion

The aforementioned results suggest that NQO1 was associated with
BC metastasis. To further explore the effects of NQO1 on metastatic
ability of BC, in vitro and in vivo assays were performed. As shown in
Fig. 3A-C, wound-healing and transwell assays demonstrated that cell
migration and invasion were markedly increased in NQO1 cells but
were decreased in shNQO1 cells, compared to the corresponding con-
trol cells. Furthermore, to test the in vivo suppressive effect of NQO1 on
metastasis, Hs-578T-vector, Hs-578T-shNQO1, MDA-MB-231-LacZ and
MDA-MB-231-NQO1 cells were injected into the caudal vein of nude
mice (n = 6). As shown in Fig. 3D, compared with those in the control
group, mice injected with shNQO1 had fewer lung metastases. Con-
versely, mice injected with NQO1 had more. In summary, these results
indicate that high NQO1 expression promotes BC invasion and metas-
tasis.

It is generally known that EMT enables cancer cells acquire the
ability of invasion and metastasis [24]. Interestingly, the results
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Fig. 5. NQO1 promotes BC progression by modulating aerobic glycolysis. A and B: NADPH/NADP™* (A) or intracellular ROS (B) levels of indicated cells cultured in
attached or detached conditions. The means * SD for 3 independent experiments are presented (**P < 0.01). C: EdU assays in MDA-MB-231 and MDA-MB-
468 cells overexpressing NQO1 and treated with 2-DG or 3-BrPA. Representative photographs of the EdU assays are shown at the original magnification, ( x 100). D:
Representative images showing the colony formation ability of MDA-MB-231 and MDA-MB-468 cells overexpressing NQO1 and treated with 2-DG or 3-BrPA after 2
weeks of seeding (X 100). E and F: For migration and invasion assays, NQO1 cells were cultured in a Boyden chamber and treated with 2-DG or 3-BrPA. After 24 and
48 h, the cells were fixed and stained with crystal violet. Stained cells on the bottom membrane were counted in five microscopic fields per sample (x 200). G:
Western blots of NQO1 cells overexpressing NQO1 and treated with 2-DG or 3-BrPA. The results demonstrated a reduction in the levels of EMT protein markers. H:
Relative expression levels of AMPK, phosphorylated AMPK, AKT, phosphorylated AKT, mTOR, phosphorylated mTOR, S6, phosphorylated S6, and EMT markers in
BC cells. The P values were obtained using Mann-Whitney U tests or t-tests (P < 0.05, **P < 0.01). All results are from three independent experiments. The error

bars represent the SD.

indicated that shNQO1 cells attained an epithelial morphology, while
NQOT1 cells acquired a dispersed, spindle-shaped morphology (Fig. 3E).
We detected increased levels of epithelial markers (ZO-1 and E-cad-
herin) and decreased levels of mesenchymal markers (Vimentin, Snail,
Slug and Twist) in shNQOL1 cells. Conversely, the opposite effect was
shown in NQO1 cells (Fig. 3F and G). In agreement with the results in
vitro, IHC staining of the subcutaneous tumor indicated that E-cadherin
expression was increased while Vimentin expression was decreased in
shNQO1 group, and overexpressing NQO1 induced the opposite results
(Fig. 3H). Taken together, these results indicate that NQO1 plays im-
portant roles in BC invasion and metastasis.

3.4. NQO1 supports increased glycolysis by NADPH homeostasis

It is well accepted that tumor formation and progression require a
transformation of glucose metabolism. Under the stress associated with
such processes, cancer cells rely on glycolysis to fuel their malignant
properties [25]. We explored whether NQO1 plays a role in glycolysis of
BC. As expected, glucose uptake, lactate secretion, and ATP levels were
markedly increased in NQO1 cells but were conversely decreased in
shNQOL1 cells (Fig. 4A). Consistent with these observations, glycolytic
enzymes, including HK3, G6PC and PKM2, were upregulated in BC cells
with NQO1 overexpression but downregulated with NQO1 knockdown
(Fig. 4B). To provide further evidence, we measured the expression of
these glycolytic metabolic enzymes in BC cell tumor xenografts using
IHC staining and obtained consistent results (Fig. 4C). Thus, we con-
clude that NQO1 promotes the reprogramming of glycolytic metabolism
in BC by affecting the expression of related metabolic enzymes.

Increasing evidence indicates the importance of NADPH home-
ostasis in the survival of cancer cells under conditions of metabolic
stress, such as during metabolic resource limitation and therapeutic
intervention [26]. To further substantiate the necessity of NQO1 in
NADPH generation and glucose metabolism, we evaluated the effect of
NQO1 knockdown or overexpression on cellular NADPH and glycolytic
activity. The data showed that the cellular NADPH level, which was
significantly increased by NQO1 silencing, was clearly restored when
NQO1 was overexpressed (Fig. 4D). NADPH is a key factor in sup-
pressing intracellular reactive oxygen species (ROS) and enhancing ATP
generation [27,28]. Consistent with the trend shown for NADPH, NQO1
silencing robustly increased intracellular ROS, which could be de-
creased by NQO1 overexpression (Fig. 4E). These findings unequi-
vocally demonstrate that NQO1 plays an essential role in maintaining
high glycolytic activity in BC cells by supplying NADPH homeostasis.

3.5. NQOI1 promotes BC cell growth and metastasis via regulating glycolytic
reprogramming

Aberrant cancer metabolism plays important roles in the migration,
invasion, and metastasis of cancer by regulating the EMT [29,30].
Therefore, we evaluated whether the effects of NQO1 on proliferation,
metastasis and the EMT were dependent on the glycolytic pathway.
NQO1 cells were treated with the glycolytic inhibitors 2-deoxy-p-glu-
cose (2-DG) or 3-bromopyruvate (3-BrPA) for 24 h. We observed that 2-
DG or 3-BrPA significantly increased intracellular ROS and decreased
NADPH levels in NQO1 cells in comparison with control cells (Fig. 5A

and B). In addition, inhibition of glycolysis markedly inhibited cell
proliferation as determined by 5-ethynyl-2’-deoxyuridine (EdU) and
colony formation assays (Fig. 5C and D). Similarly, inhibition of gly-
colysis significantly reduced migration and invasion capacity (Fig. 5E
and F). Moreover, 2-DG or 3-BrPA reversed the NQO1-induced upre-
gulation of Vimentin, Snail, Slug, and Twist and downregulation of E-
cadherin (Fig. 5G). These results indicate that NQO1 regulates cell
growth, metastasis, and the EMT in a manner dependent on the gly-
colytic pathway.

Previous articles have reported that the AMPK and AKT/mTOR
signaling pathway plays crucial roles in the EMT [31-33]. We assumed
that NQOL1 likely to induced tumor growth and progression in BC cells
via the AMPK and AKT/mTOR pathway. We assessed the expression
levels of AMPK and AKT/mTOR signaling pathway and downstream
molecules by Western blot analysis. As shown, markers of the AMPK
and AKT/mTOR signaling pathway, such as the levels of phosphory-
lated AMPK, AKT, mTOR and S6 were upregulated by overexpression of
NQO1 (Fig. 5H), which suggest that NQO1 promotes glycolytic repro-
gramming in BC, at least in part by regulating the AMPK and AKT/
mTOR signaling pathway.

3.6. Identification of PKLR as a target gene of NQO1 in BC

In order to deeply explore the mechanism of NQO1 regulates cell
metastasis and glycolysis in BC, PCR arrays and bioinformatics strate-
gies were used. Using InBio Map analysis, we found that NQO1 en-
richment in cells was significantly associated with the PKLR gene
(Fig. 6A). Then, according to these microarray datasets, we carried out
Gene Set Enrichment Analysis. As shown in Fig. 6B, the PKLR gene was
significantly enriched in NQO1-knockdown MCEF-7 cells. Western blot
analysis showed that overexpression of NQO1 increased PKLR expres-
sion while shNQO1 reduced it (Fig. 6C). Similarly, we revealed that
NQO1 expression is relevant to PKLR status in vivo (Fig. 6D). We next
examined the potential binding interaction between NQO1 and PKLR
using coimmunoprecipitation and colocalization approaches. As shown
in Fig. 6E, NQO1 was indeed pulled down by an anti-PKLR antibody in
MCF-7 and Hs-578T cells, indicating close binding between NQO1 and
PKLR. In accordance with the results, immunofluorescence microscopy
also showed colocalization of NQO1 and PKLR in the nucleus and cy-
toplasm of MCF-7 and Hs-578T cells (Fig. 6F). Together, these data
suggest that PKLR is a target gene of NQO1 in BC cells.

Next, we transfected siRNA-Ctrl (si-Con) or siRNAs against PKLR (si-
PKLR) into NQO1-overexpressing cells to investigate the effects of PKLR
on glycolytic reprogramming and metastasis mediated by NQO1
(Fig. 6G). We found that knockdown of PKLR could effectively offset the
effects of NQO1 overexpression on glucose metabolism in MDA-MB-231
and MDA-MB-468 cells, as revealed by glucose uptake, lactate secre-
tion, and ATP levels (Fig. 6H). SIRNA-PKLR influenced intracellular
ROS and decreased NADPH levels (Fig. 61 and J). Furthermore, we
found that PKLR siRNA eliminated the effects of NQO1 in inducing
cellular proliferation (Fig. 6K) and abolished NQO1-mediated cell in-
vasion and migration (Fig. 6L and M). In addition, G6PC, PKM2 and
HK3 expression increased by PKLR knockdown was restored to basal
levels by NQO1 overexpression (Fig. 6N). Strikingly, siRNA-PKLR
transfection into NQO1-overexpressing cells increased E-cadherin and
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Fig. 6. Identification of PKLR as a target gene of NQO1 in BC. A: Diagram illustrating the approach used to select potential NQO1 targets for experimental validation.
B: Heat maps to indicate the most differentially expressed genes in MCF-7 cells with NQO1 knockdown. The colored bands represent the expression changes for the
indicated genes (green indicates downregulation, and red indicates upregulation). C: The protein expression levels of PKLR were analyzed by Western blot analysis
after knockdown or overexpression of NQO1 in BC cells. D: The protein expression levels of NQO1 and PKLR were analyzed by IHC staining in tumor specimens from
xenografts (200 x). E: The interaction between endogenous NQO1 and PKLR protein was analyzed by coimmunoprecipitation in MCF-7 and Hs-578T cells. F:
Immunofluorescence double-labeling experiments confirmed the existence of two colocalization phenomena (400 X ). G and H: NQO1 cells were transduced with si-
Con, si-PKLR-1 or si-PKLR-2 for 48 h. The cell culture media were changed, and 24 h later, whole-cell extracts were used for immunoblots (G). Extracellular glucose
and lactate and intracellular ATP (H) were measured. The metabolite levels were normalized to the number of cells. The value in the control group was set as “1”. The
means *+ SD for 3 independent experiments are presented (**P < 0.01). Iand J: NADPH/NADP™* (1) or intracellular ROS (J) levels of the indicated cells cultured in
attached or detached conditions. The means = SD for 3 independent experiments are presented (**P < 0.01). K-M: MDA-MB-231 and MDA-MB-468 cells with or
without NQO1 overexpression were mock-transduced or transduced with si-Con, si-PKLR-1 or si-PKLR-2 for 48 h. Cell colony formation (K), migration (L) and
invasion (M) were determined. N: Western blots of NQO1-overexpressing cells treated with siRNA-PKLR-1 or siRNA-PKLR-2. The results demonstrated a reduction in
the levels of EMT protein markers. The P values were obtained using Mann-Whitney U tests or t-tests (*P < 0.05, **P < 0.01). All results are from three
independent experiments. The error bars represent the SD.
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Fig. 7. High expression of NQO1 in breast tissues correlates with elevated PKLR. A. Representative IHC images of PKLR expression in adjacent normal breast tissues
(a) and BC tissues (b-d) (x 200). B: Representative IHC images of PKLR expression in tumor tissues with lymph node metastasis (LN (+)) and those without lymph
node metastasis (LN (-)) (X100, x200). C: Representative IHC staining of NQO1 and PKLR in normal breast tissues and in BC tissues (x 200, X 400). D:
Quantification of NQO1 and PKLR expression in human breast tissues (low: overall negative or weak staining; high: overall moderate or strong staining). Pearson's
chi-square test was used to analyze the distribution difference of NQO1 and PKLR between healthy and BC tissues (P < 0.01). E: H-scores of PKLR in breast tissues
with low or high levels of NQO1 (**P < 0.01). F and G: Overall Survival curves of patients with or without elevated PKLR levels. Patient data from a study on BC in
the TCGA database were analyzed. H and I: Recurrence-Free Survival curves of patients with or without elevated PKLR levels. Patient data from a study on BC in the
TCGA database were analyzed.
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Table 3
PKLR expression in BC.
Diagnosis No. of  Positive cases Positive Strongly
cases cases rates positive rates
- 4+ ++ +++
Breast cancers 296 52 58 107 79 82.4%** 62.8%**
DCIS 77 38 14 19 6 50.6%* 32.5%*
Adjacent non- 95 65 19 11 0 31.6% 11.6%
tumor

*P < 0.05and **P < 0.01: compared with adjacent non-tumor.
DCIS: ductal carcinoma in situ.

Table 4
Correlation between PKLR protein expression and the clinicopathological
parameters of BC.

Variables No. of PKLR strongly positive x»v P value
cases cases (%)
Age 0.358 0.550
=50 152 98 (64.5%)
<50 144 88 (61.1%)
Menopausal status 1.420 0.233
premenopausal 118 79 (66.9%)
Postmenopausal 178 107 (60.1%)
Tumor size 2.070 0.150
T1 132 77 (58.3%)
T2 164 109 (66.5%)
Histological grade 41.346  0.000**
Grade-1 99 37 (37.4%)
Grade-2 108 81 (75.0%)
Grade-3 89 68 (76.4%)
Clinical stage 9.967 0.002%*
0-1I 178 99 (55.6%)
-1V 118 87 (73.7%)
LN metastasis 11.874 0.001**
Yes 107 81 (75.7%)
No 189 105 (55.6%)
ER 2.680 0.102
Positive 176 110 (62.5%)
Negative 120 86 (71.7%)
PR 0.000 0.983
Positive 137 86 (62.8%)
Negative 159 100 (62.9%)
Her2 status 12.646  0.000**
Positive 142 104 (73.2%)
Negative 154 82(53.2%)
**p < 0.01.
Table 5
Association of NQO1 and PKLR expressions in BC by IHC.
PKLR expression NQOI1 expression No. of cases r P value
- +  ++ +++
- 40 9 3 0 52 0.893  0.000
+ 2 47 3 6 58
++ 1 2 100 4 107
+++ 0 0 7 72 79
No. of cases 43 58 113 82 296

decreased Vimentin, Slug and Snail expression, which reversed the
NQO1-stimulated mesenchymal cell phenotype (Fig. 6N). These ob-
servations suggest that PKLR knockdown can partially reverse the
biological behaviors induced by NQO1 in BC cells.

3.7. PKLR is positively correlated with the expression of NQO1 and lymph
node metastasis in BC patients

To determine the clinical significance of the experimental results
described above, we examined the relationship between the expression

Cancer Letters 453 (2019) 170-183

of NQO1 and PKLR and the lymph node metastasis in BC tissues by
performing IHC. Tellingly, 244/296 (82.4%) of the primary tumor
samples showed positive PKLR expression, while more than 75.7% (81/
107) of the metastatic lymph node lesions were positive for PKLR ex-
pression (Fig. 7A and B, Tables 3 and 4). Healthy breast tissues gen-
erally displayed low NQO1 signals with little or no PKLR signals
(Fig. 7C). In contrast to healthy tissues, nearly 90% of BC tissues ex-
hibited increased expression of NQO1, and approximately 80% of BC
cases were positive for PKLR (Fig. 7D). The H-scores also demonstrated
intense PKLR signals in cancerous tissues with high NQO1 expression
(Fig. 7E). In addition, by analyzing consecutive BC sections, we found
that PKLR expression was significantly associated with NQO1 expres-
sion (P = 0.000, Table 5). The clinicopathological analysis revealed
that PKLR expression was closely correlated with histological grade
(P = 0.000), clinical stage (P = 0.002), LN metastasis (P = 0.001) and
Her2 status (P = 0.000). Importantly, patients with upregulated PKLR
had a significantly shorter survival period than those with normal PKLR
expression (P < 0.000) (Fig. 7F-I). Taken together, these results in-
dicate that the NQO1/PKLR axis is activated in primary and metastatic
BC and is well correlated with poor prognosis.

4. Discussion

Over the past decades, NQO1 has been identified as a key player
involved in multiple cellular events related to cancer development and
has been proposed as a potential therapeutic target for cancer [34-36].
NQO1, which regulates chromatin-binding proteins and gene expres-
sion, oxidative stress, DNA damage is often aberrantly expressed in
cancers [37,38]. However, the detailed mechanisms by which NQO1 is
involved in aberrant metabolic remodeling and metastasis in cancer
development remain largely unexplored.

Previous studies have shown that NQO1 can promote the EMT of BC
cells, although the mechanism is unclear [36]. Katikireddy et al. found
that NQO1 plays a vital role in mediating the EMT by activating Snaill
in postmitotic corneal cells, thus conducing to the pathogenesis of
Fuchs endothelial corneal dystrophy (FECD) [39]. Consistent with the
results of these studies, we revealed that several EMT markers are up-
regulated in NQO1-overexpressing BC cells (Fig. 3). Recently, mounting
research has determined that cancer cells rewrite their metabolism to
an abnormal state that favors their survival, proliferation and metas-
tasis [40-42]. Interestingly, we found that blocking the glycolytic
pathway with specific inhibitors significantly attenuated NQO1-en-
hanced proliferation and metastasis in BC cells. Furthermore, we deli-
neated a molecular mechanism or cellular signaling pathway under-
lying the NQO1-mediated regulation of these EMT markers. In detail,
we focused on pyruvate kinase family members, which are key reg-
ulatory enzymes that play important roles in various malignancies
[42,43] and interact with other glycolytic enzymes [44]. For the first
time, our findings revealed that NQO1 can bind to PKLR (Fig. 6) and
trigger signal transduction in BC cells, consequently activating the
AMPK and AKT/mTOR pathway and promoting cell motility capability.

Another study has suggested that NQO1 can enhance NSCLC cell
proliferation by increasing cellular glycometabolism and HKII, which is
a key regulator of this mechanism [6]. Some of our results are con-
sistent with this finding, as we found that PKLR expression is regulated
by NQO1 (Fig. 6). Interestingly, PKLR is thought to be a pivotal reg-
ulator of glycolytic reprogramming; for example, inhibition of PKLR
activity leads to influenced anaerobic metabolism [45,46]. Nguyen
et al. found that PKLR expression was increased in liver metastases as
well as in primary colorectal tumors of patients with metastatic disease
[47]. Nie et al. demonstrated that mineralocorticoid receptor (MR)
inhibits the Warburg effect and cancer progression via the miR-338-3p-
PKLR axis in HCC [48]. As expected, our findings revealed that PKLR
knockdown clearly repressed proliferation, migration, and invasion by
using siRNA in NQO1-overexpressing cells (Fig. 6). Consistent with
these data, we also showed that knockdown of PKLR reversed NQO1-
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Fig. 8. Schematic model showing the role of NQO1 in the regulation of metastasis and glucose metabolism in BC.

mediated cellular glycolysis and EMT progression. Our findings suggest
that PKLR is a downstream effector of NQO1 and regulates glucose
metabolism in BC cells. Collectively, the results suggest that disrupting
the NQO1/PKLR signaling axis may be effective in preventing primary
tumor glycolysis and the EMT.

Our clinical study included 296 patients with early surgically re-
sectable BC, analysis of this cohort indicated that high expression of
NQO1 may be a prognostic biomarker and is closely related to LN
metastasis. Similar results have been observed in HCC, suggesting that
NQO1 plays an important role in cellular defense [35]. Our data ob-
served that NQOL is significant role for the activation of PKLR-related
pathways in BC and that positive NQO1 and PKLR expressions are
significantly associated with LN metastasis in BC (Tables 2 and 4). We
also revealed that PKLR expression is higher in III-IV-stage BC than in 0-
II-stage BC (Table 4), indicating that PKLR expression may facilitate
NQO1-induced metastasis in late-stage disease. This link might also
explain the higher incidence of lymph node metastasis in BC than in
other types of cancer. In addition, patients with upregulated PKLR had a
significantly shorter survival period than those with normal PKLR levels
(P < 0.00) (Fig. 7F). Taken together, these data suggest that the
NQO1/PKLR axis is associates with poor prognosis in BC patients,
which indicates the possibility of targeting NQO1 and its downstream
effectors as a therapeutic strategy.

In summary, the work presented here shows that NQO1 and PKLR
are over-expressed in BC with LN metastasis and are well correlate with
poor survival. NQO1 enhances BC cell proliferation and metastasis by
modulating glycolytic reprogramming, providing the first evidence of
an NQO1/PKLR network in BC (Fig. 8). These data indicates that
NQO1/PKLR signaling may be an effective therapeutic target for BC
treatment. However, further studies should be performed to identify the
precise sites mediating the association between NQO1 and PKLR, which
will be a key to developing specific inhibitors targeting NQO1/PKLR
signaling.
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