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Abstract: Breast cancer is the most frequently diagnosed cancer in females. Warburg effect could enhance tumo-
rigenesis and has garnered attention as a target for tumor treatment. In this study, we found that the mRNA and 
protein levels of hexokinase 2 (HK2), pyruvate kinase (PKM2), and pyruvate dehydrogenase kinase (PDK1) in breast 
cancer tissues were higher than those in corresponding noncancerous tissues. HK2, PKM2, and PDK1 expres-
sion was correlated statistically with the survival rate of the patients with breast cancer. We also demonstrated a 
shorter fragment of KISS1, Kisspeptin-10 (KP-10), inhibited the Warburg effect and induced mitochondrial injury in 
human breast cancer cell line, MDA-MB-231. We confirmed that KP-10-inhibited the Warburg effect by activating 
Smad pathway. The effects and related mechanisms of these treatments were also confirmed in murine xenografts. 
However, additional studies are needed to confirm these results in other cell types.
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Introduction

Breast cancer is the most common malignancy 
and the leading cause of cancer-related mor- 
tality among women in the world [1]. Human 
breast tumorigenesis is thought to require mul-
tiple gene mutations, and different tumors 
often have distinct molecular abnormalities [2]. 

KISS1 was initially discovered by Lee et al. [3] 
in experiments designed to identify the mole-
cules responsible for the antimetastatic effect 
of human chromosome 6. KISS1 encodes a 
145-amino acid protein, being processed into 
kisspeptins of several sizes [4, 5]. Associations 
between KISS1 expression loss and increased 
tumor progression and poor prognosis were 
found in several solid tumors, such as colorec-
tal cancer, lung cancer, and breast cancer 
[6-8]. Previous studies have shown the mecha-
nisms of KISS1. For example, metastin (encod-
ed from the KISS1 gene) induces Ca2+ in recep-
tor-transfected Chinese hamster ovary (CHO) 
cells, as well as phosphorylation of ERK1/2 
and weak phosphorylation of p38/MAPK but 

not of SAPK/JNK3 [9]. To our knowledge, no pre-
vious studies showed the relationship between 
Kisspeptin-10 (KP-10) and the Warburg effect 
in breast cancer cells. 

The Warburg effect, also known as aerobic gly-
colysis, is a shift from oxidative phosphoryla-
tion to glycolysis, and is considered to be the 
root of cancer development and progression 
[10]. We carried out this experiment to better 
understand and confirm if KP-10 could inhibit 
the Warburg effect in breast cancer cells.

Materials and methods

Patients

This study was approved by Our University 
Ethics Committee and was conducted in accor-
dance with the Helsinki Declaration. Written 
informed consent for participation in the study 
was obtained from participants. A total of 28 
patients with breast cancer was obtained fr- 
om the Department of Pancreas and Breast 
Surgery, Shengjing Hospital of China Medical 
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University. None of the patients underwent 
radiotherapy or chemotherapy before the ope- 
ration.

Real-time PCR

Total RNA was isolated from tissues using  
an RNeasy Mini Kit (Biomed, Beijing, China). 
First strand cDNA was reverse transcribed wi- 
th 1 μg of total RNA, using TaKaRa Reverse 
Transcription Kit (TaKaRa, Dalian, China) and 
oligo (dT) 15 primers (TaKaRa). The resultant 
cDNA was then used for quantitative PCR reac-
tions. The hexokinase 2 (HK2) primers were: 
sense-5’-ATTGTCCAGTGCATCGCGGA-3’ and an- 
tisense-5’-AGGTCAAACTCCTCTCGCCG-3’. The 
pyruvate kinase 2 (PKM2) primers were: sen- 
se-5’-GTCGAAGCCCCATAGTGAAG-3’ and anti-
sense-5’-GTGAATCAATGTCCAGGCGG-3’. The py- 
ruvate dehydrogenase kinase 1 (PDK1) prim- 
ers were: sense-5’-ATTCAAGTTCATGTCACGCT- 
GG-3’ and antisense-5’-TTTCCTCAAAGGAACG- 
CCAC-3’. GAPDH was used as internal controls 
for normalization of the results. The GAPDH 
primers were: sense-5’-AGAAGGCTGGGGCTCA- 
TTTG-3’ and antisense-5’-AGGGGCCATCCACA- 
GTCTTC-3’. Amplification was performed with  
1 cycle at 95°C for 10 min, and 40 cycles of 
95°C for 15 s and 60°C for 60 s. Calculation of 
the relative expression of each transcript was 
performed using the 2-ΔΔCt method.

Cell culture and treatment

MDA-MB-231 cell line was purchased from the 
American Type Culture Collection (Rockville, 
MD, USA) and maintained in DMEM supple-
mented with 10% FCS and antibiotics (100 µM 
penicillin and 100 µM streptomycin). Cells were 
maintained in a humidified cell incubator with 
5% CO2 at 37°C. Then the cells were treated 
with 62.5 nM KP-10 (Abcam, Cambridge, UK) 
for 24 hours at 37°C (11). 

Plasmid and transfection

MDA-MB-231 cells were seeded in 10-cm dish-
es and grown overnight to 70% confluency, tryp-
sinized and transfected with Smad2 shRNA 
plasmid (sc-38374-SH, Santa Cruz biotechnol-
ogy, Santa Cruz, CA, USA) using LipofectamineTM 
2000 (Invitrogen, Carlsbad, CA, USA) according 
to the manufacturer’s instructions.

Determination of mitochondrial membrane 
potential

Mitochondrial membrane potential (MMP) was 
analyzed using the fluorescent dye 5,5’,6,6’- 
tetrachloro-1,1’,3,3’-tetraethylbenzimidazoly-
carbocyanine iodide (JC-1) following the manu-
facturer’s protocol (KeyGEN, Nanjing, China). 
Briefly, cells were plated in 6-well culture plate. 
After treatment for 24 h, cells were washed 
twice with PBS, harvested and incubated with 
20 nM JC-1 for 30 min in the dark. MMP was 
then analyzed both using a FACS Calibur 
machine (Model FACSC 420, Baltimore, MD, 
USA) and an Olympus CX71 fluorescence micro-
scope (Olympus, Tokyo, Japan).

LDH activity, lactate production, and glucose 
utilization assay

Cells (1 × 106) were prepared for LDH activity 
and lactate production assay using a Lactate 
Dehydrogenase Activity Assay Kit and Lactate 
Assay Kit (Sigma Chemicals, St Louis, MO, USA) 
according to the manufacturer’s protocol. For 
glucose utilization assay, cells were incubated 
for 24 hours. The culture media were replaced 
with phenol-red free RPMI with 1% FBS in con-
tinuous culture for 3 days. Medium specimens 
were collected each day. Glucose concentra-
tions in the media were measured using a colo-
rimetric glucose assay kit (BioVision, Milpitas, 
CA, USA) and normalized according to cell 
number.

Western blot analysis

Proteins were resolved by 10% SDS-PAGE, 
transferred to a nitrocellulose membrane, and 
detected using the following antibodies: HK2 
(2016, Cell Signaling Technology, Danvers, MA, 
USA), PKM2 (3198, Cell Signaling Technolo- 
gy), PDK1 (3062, Cell Signaling Technology), 
P-Smad3 (sc-130218, Santa Cruz), Smad3 (sc-
101154, Santa Cruz), P-Smad2 (sc-135644, 
Santa Cruz), Smad2 (sc-6200, Santa Cruz), Bcl-
xL (sc-8392, Santa Cruz), Bcl-2 (sc-783, Santa 
Cruz), Bad (sc-8044, Santa Cruz), Bak (sc-7873, 
Santa Cruz), Bax (sc-7480, Santa Cruz), cas-
pase 3 (sc-7272, Santa Cruz), caspase 9 (sc-
7885, Santa Cruz), and β-actin (sc-47778, 
Santa Cruz). Immunostaining was detected 
using an enhanced chemiluminescence (ECL) 
system (Amersham Biosciences, Westborough, 
MA, USA).
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In vivo effects of KP-10 on gastric cancer xe-
nografts

This study was approved by China Medical 
University Ethics Committee. NOD SCID mice (4 
to 6-weeks-old, Charles River, Wilmington, MA, 
USA) were injected subcutaneously with MDA-
MB-231 cell (5 × 107 cells in 200 μL PBS) into 
the axilla of each mouse. The mice were exam-
ined every five day. Tumors were measured 
using calipers, and tumor volumes were calcu-
lated (tumor volume = length × width2 × 0.52). 
The survival status of the mice was observed 
until the experiments were terminated.

Immunohistochemistry

Immunohistochemistry was performed on 
deparaffinized 5 μm sections. Paraffin sections 
were stained with the first antibody as described 
in Western blot by incubating overnight at 4°C. 
Secondary staining with biotinylated secondary 
antibodies and tertiary staining with a strepta-
vidin horseradish peroxidase (HRP) complex 
(Beyotime, Beijing, China) were performed for 

60 min at room temperature. Then, the sec-
tions were counterstained with hematoxylin 
(Beyotime).

Statistical analysis

Data are presented as the mean ± standard 
deviation (SD). Differences between groups 
were analyzed using Student’s t-test. Statistical 
analysis was performed using the Statistical 
Package for the Social Sciences (SPSS, version 
17.0; SPSS, Inc.) and significance was estab-
lished at P<0.05.

Results

HK2, PKM2, and PDK1 were down-regulated 
in breast cancer tissues compared with nor-
mal tissues

In Figure 1A and 1B, the levels of HK2, PKM2, 
and PDK1 mRNA and protein in breast cancer 
tissues were significantly higher than those in 
corresponding adjacent noncancerous tissue. 
The results of immunohistochemical staining 

Figure 1. HK2, PKM2, and PDK1 mRNA and protein levels in breast cancer. A. Representative results of HK2, PKM2, 
and PDK1 expression in two paired of breast cancer tissues and corresponding normal tissue by western-blot. 
β-actin was used as an internal control. B. The level of HK2, PKM2, and PDK1 mRNA was measured in specimens 
by using Real-time PCR. GADPH was used as internal controls. C. Immunohistochemical staining for HK2, PKM2, 
and PDK1 protein in specimens. N: Normal, C: Cancer. D. Kaplan-Meier curves for cumulative survival rate of the 
patients with breast cancer according to the HK2, PKM2, or PDK1 expression.
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showed that positive staining was seen in the 
cytoplasm of the cancer cells, in contrast, 
almost no positive cells were seen in normal 
tissues (Figure 1C). Furthermore, we found that 
the HK2, PKM2, and PDK1 expression was cor-
related with the recurrence of breast cancer 
(Table 1, P < 0.05). Breast cancer patients with 
HK2, PKM2, or PDK1 expression were associ-
ated with a lower survival rate than the ones 
without HK2, PKM2, or PDK1 expression (Fig- 
ure 1D, P < 0.05).

The effects of KP-10 on the Warburg effect in 
breast cancer cells

Immunofluorescence analysis showed the ch- 
anges of MMP in breast cancer cells with KP- 
10 treatment (Figure 2A). Quantitative results 
were calculated by using flow cytometry, which 
showed that the ratio of red/green was reversed 
in breast cancer cells after KP-10 treatment 
(Figure 2B). To determine whether KP-10 treat-
ment exerts any effects on Warburg effect in 
breast cancer cells, glucose uptake, LDH activ-
ity, and oxygen consumption were determined. 
Oxygen consumption was increased in breast 
cancer cells by KP-10 treatment (Figure 2D, P < 

0.05), while glucose uptake, lactate produc-
tion, and LDH activity was decreased in KP-10 
treated ones (Figure 2C, 2E and 2F, P < 0.05). 
Furthermore, in the aspect of pyruvate, the 
cytoplasmic pyruvate level was decreased in 
KP-10 treated cells (Figure 2G, P < 0.05). In- 
terestingly, the effects of KP-10 on the Warburg 
effect in breast cancer cells were offset by 
using Smad2 shRNA (Figure 2, P < 0.05). These 
results indicated that KP-10 may play its effects 
in breast cancer cells through the Smad signal-
ing pathway.

KP-10 activated the Smad signaling pathway 
in breast cancer cells

Western blot analysis showed that the levels of 
HK2, PKM2, and PDK1 protein were significant-
ly decreased in breast cancer cells after KP-10 
treatment (Figure 3, left panel). Furthermore, 
we found that phosphorylated levels of Smad2 
and Smad3 significantly increased in breast 
cancer cells with KP-10 treatment (Figure 3, 
left panel), while total protein levels of Smad2 
and Smad3 remained unchanged (Figure 3, left 
panel). The results above showed that the 
changes of mitochondria in breast cancer cells 

Table 1. Relationship between HK2, PKM2, and PDK1 expression and clinicopathological parameters 
of patients with breast cancer

Clinicopathological features
HK2 PKM2 PDK1

n Low High χ2 P Low High χ2 P Low High χ2 P
Median age (range) 54 years (38-71 years)
Median tumor size (range) 27 mm (6-65 mm)
Histology 2.157 0.340 0.469 0.7909 4.279 0.1177
    Invasive ductal carcinoma 10 2 8 4 6 6 4
    Invasive lobular carcinoma 12 6 6 4 8 4 8
    Medullary carcinoma 6 2 4 3 3 5 1
Stage 0.052 0.974 0.574 0.7505 1.197 0.5498
    1 8 3 5 3 5 3 5
    2A 8 3 5 4 4 5 3
    2B 12 4 8 4 8 7 5
Grade 2.813 0.245 4.578 0.1045 0.562 0.7550
    1 11 6 5 7 4 5 6
    2 8 2 6 2 6 5 3
    3 9 2 7 2 7 5 4
Lymph node status 0.029 0.864 0.377 0.539 0.673 0.4120
    - 12 4 8 6 6 8 4
    + 16 6 10 5 11 7 9
Recurrence status 5.324 0.02 13.93 0.0002 7.269 0.007
    - 8 6 2 8 0 8 0
    + 20 4 16 3 17 7 13
Abbreviations: PR positive rate, χ2 Chi-square distribution.
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with KP-10 treatment. As shown in Figure 3 
(right panel), we found that a decrease in Bcl-2 
and Bcl-xL expression and an increase in Bax, 
Bad, and Bak expression in breast cancer cells 
with KP-10 treatment. After KP-10 treatment, 
caspase 9 and caspase 3 was significantly 
increased in breast cancer cells (Figure 3, right 
panel). We used β-actin as an internal control in 
the entire process.

KP-10 inhibited tumor growth in vivo

We next determined whether KP-10 displays 
anti-tumor properties in established xenograft 
tumor models. Macroscopic appearance of 
subcutaneous tumors was shown in Figure 4A. 
Furthermore, we also found liver metastases in 
the mice without KP-10 treatment and the mice 
with both KP-10 and Smad2 shRNA treatment 
(Figure 4B). KP-10 resulted in a significantly 
reduced tumor size in nude mice (Figure 4C, P 
< 0.05). We also found that the KP-10-treated 
group had a better survival rate compared to 
that of the untreated mice, and both KP-10 and 

Smad2 shRNA treated groups (Figure 4D, P < 
0.05). The results of immunohistochemistry 
showed that the levels of P-Smad2, P-Smad3, 
Bax and Bad significantly increased with KP-10 
treatment in both in situ tumor and metastatic 
tumor (Figure 4E and 4F). 

Discussion

The Warburg effect is proven to enhance tumor-
igenesis and has garnered attention as a target 
for tumor treatment [12, 13]. In this study, we 
found that the HK2, PKM2, and PDK1 expres-
sion was correlated statistically with the recur-
rence of breast cancer. Liu et al. [14] reported 
that the KISS1 inhibits aerobic glycolysis and 
increases oxidative phosphorylation, strongly 
suggesting that aerobic glycolysis it may con-
tribute to successful metastasis. In our previ-
ous studies, we have found that KP-10 inhibits 
the migration of breast cancer cells [11]. In this 
study, we found that KP-10 could inhibit the 
Warburg effect in breast cancer cells. These 
results indicated that Warburg effect is related 
to tumor metastasis. 

Figure 2. KP-10 reversed Warburg effect in breast cancer cells. Mitochondrial-Membrane Potential (Δψm) was ana-
lyzed by immunofluorescence (A) and flow cytometry (B). (C) Glucose uptake, (D) Oxygen consumption, (E) LDH activ-
ity, (F) Lactate production and (G). Cytoplasmic pyruvate were detected in breast cancer cells. Untreated: Untreated 
MDA-MB-231 cells; KP-10: MDA-MB-231 cells treated with KP-10; KP-10+Smad2 shRNA: MDA-MB-231 cells treated 
with KP-10 and transfected with Smad2 shRNA.
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Furthermore, we found that KP-10 could acti-
vate the Smad signaling pathway in breast can-
cer cells. According to the specific functions, 
Smads can be classified into the receptor-regu-
lated Smads (R-Smads: Smad1, 2, 3, 5 and 8), 
inhibitory Smads (anti-Smads: Smad6 and 7), 
and the common mediator Smads (Co-Smads: 
Smad4) [15]. Xia et al. [16] found crizotinib-acti-
vated Smad signaling pathway could induce 
apoptosis in Lewis lung carcinoma cells. Tang 
et al. [17] also found that CSMD1 exhibits anti-
tumor activity in A375 melanoma cells through 
activation of the Smad pathway. Smad path-
way-mediated apoptosis involves activation of 
caspase proteases, enhanced generation of 
reactive oxygen species (ROS), loss of mito-
chondrial membrane potential and alterations 
in expression of the Bcl-2 family of proteins 
[18]. Consistent with previous studies, we also 
found mitochondrial injury in breast cells with 
activation of Smad pathway. In addition, a 
decrease in Bcl-2 and Bcl-xL expression and an 
increase in Bax, Bad, and Bak expression also 

were observed in breast cancer cells with 
KP-10 treatment.

Conclusion

To sum up, our results suggest that HK2, PKM2, 
and PDK1 expression was correlated with the 
prognosis of the patients with breast cancer. 
KP-10 inhibits the Warburg effect and induces 
mitochondrial injury in breast cancer cells. 
These effects may be linked to activation of the 
Smad signaling pathway. Our findings will need 
to be validated in other cancer cell lines in 
future.
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Figure 3. The potential mechanisms of KP-10 suppressed Warburg effect. Cell lysates were electrophoresed and 
HK2, PKM2, PDK1, P-Smad3, Smad3, P-Smad2, Smad2, Bcl-xL, Bcl-2, Bad, Bak, Bax, caspase 3, and caspase 9 
proteins were detected by their specific antibodies. Untreated: Untreated MDA-MB-231 cells; KP-10: MDA-MB-231 
cells treated with KP-10; KP-10+Smad2 shRNA: MDA-MB-231 cells treated with KP-10 and transfected with Smad2 
shRNA.
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Figure 4. The role of KP-10 in xenograft mouse models. A. Macroscopic appearance of subcutaneous tumors in 
mice with KP-10 treatment or KP-10 and Smad2 shRNA treatment. B. Liver metastases were found in the mice 
without KP-10 treatment and the mice with both KP-10 and Smad2 shRNA treatment. C. Tumor volume of the mice 
with KP-10 treatment or KP-10 and Smad2 shRNA treatment. D. Kaplan-Meier survival curves of each mice. E. Im-
munohistochemistry showed that the levels of P-Smad2, P-Smad3, Bax and Bad significantly increased with KP-10 
treatment in in situ tumor. F. Immunohistochemistry showed that the levels of P-Smad2, P-Smad3, Bax and Bad 
significantly increased with KP-10 treatment in metastatic tumor.
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