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Abstract
Pyruvate kinase type M2, which is expressed in multiple tumor cell types and plays a key role in aerobic glycolysis, also has
nonglycolytic functions and can regulate transcription and cell proliferation. The results of this study show that epidermal growth
factor receptor activation induces pyruvate kinase type M2 nuclear translocation. To further determine the relationship between
pyruvate kinase type M2 and epidermal growth factor receptor, we analyzed pathological data from mammary glands and per-
formed epidermal growth factor receptor/human epidermal growth factor receptor 2 knockdown to reveal that pyruvate kinase
type M2 is associated with epidermal growth factor receptor and human epidermal growth factor receptor 2. Lapatinib is a small
molecule epidermal growth factor receptor tyrosine kinase inhibitor that can inhibit epidermal growth factor receptor and human
epidermal growth factor receptor 2, though its effect on pyruvate kinase type M2 remains elusive. Accordingly, we performed
Western blotting and reverse transcription polymerase chain reaction and analyzed pathological data from mammary glands, with
results suggesting that lapatinib inhibits pyruvate kinase type M2 expression. We further found that the antitumor drug lapatinib
inhibits breast cancer cell proliferation by influencing pyruvate kinase type M2 expression, as based on Cell Counting Kit-8
analyses and pyruvate kinase type M2 overexpression experiments. Signal transducer and activator of transcription 3, which is a
transcription factor-associated cell proliferation and the only transcription factor that interacts with pyruvate kinase type M2, we
performed pyruvate kinase type M2 knockdown experiments in Human breast cancer cells MDA-MB-231 and Human breast
cancer cells SK-BR-3 cell lines and examined the effect on levels of Signal transducer and activator of transcription 3 and
phosphorylated Signal transducer and activator of transcription 3. The results indicate that pyruvate kinase type M2 regulates
Signal transducer and activator of transcription 3 and phospho-Stat3 (Tyr705) expression. Together with previous reports, our
findings show that lapatinib inhibits breast cancer cell proliferation by influencing pyruvate kinase type M2 expression, which
results in a reduction in both Signal transducer and activator of transcription 3 and phosphorylated Signal transducer and activator
of transcription 3.

Keywords
pyruvate kinase, isoenzyme, lapatinib, cell proliferation, breast cancer

1 Department of Clinical Laboratory, Tianjin Baodi Hospital, Tianjin Baodi Affiliated Hospital of Tianjin Medical University, Baodi District, Tianjin, China
2 Department of Clinical Laboratory, Tianjin Children’s Hospital, Beichen District, Tianjin, China
3 Department of Breast Surgery, Tianjin Medical University Cancer Institute and Hospital, National Clinical Research Center of Cancer, Key Laboratory of Breast

Cancer Prevention and Therapy, Tianjin Medical University, Ministry of Education, Hexi District, Tianjin, China
4 Department of Clinical Laboratory, Tianjin Medical University Cancer Institute and Hospital, National Clinical Research Center of Cancer, Key Laboratory of

Breast Cancer Prevention and Therapy, Tianjin Medical University, Ministry of Education, Hexi District, Tianjin, China

Corresponding Author:

Yunli Zhou, MD, PhD, Department of Clinical Laboratory, Tianjin Medical University Cancer Institute and Hospital, National Clinical Research Center of Cancer,

Key Laboratory of Breast Cancer Prevention and Therapy, Tianjin Medical University, Ministry of Education, Huanhuxi Road No 1, Hexi District, Tianjin 300060,

China.

Email: zhouyunli@tjmuch.com

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Non Commercial 4.0 License
(http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Technology in Cancer Research &
Treatment
Volume 17: 1–12
ª The Author(s) 2018
Reprints and permission:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/1533034617749418
journals.sagepub.com/home/tct

mailto:zhouyunli@tjmuch.com
https://us.sagepub.com/en-us/journals-permissions
https://doi.org/10.1177/1533034617749418
http://journals.sagepub.com/home/tct


Abbreviations
CCK-8, Cell Counting Kit-8; DMSO, dimethyl sulfoxide; EGFR, epidermal growth factor receptor; FISH, fluorescence in situ
hybridization; HER2, human epidermal growth factor receptor 2; mRNA, messenger RNA; PK, pyruvate kinase; PKM2, pyruvate
kinase type M2; RT-PCT, reverse transcription polymerase chain reaction; siRNA, small inhibitory RNA; SD, standard deviation.

Received: March 21, 2017; Revised: November 02, 2017; Accepted: November 22, 2017.

Introduction

Breast cancer is one of the most common malignant tumors in

females. Occurrence of this cancer is related to apoptosis

imbalance, aberrant cell proliferation, and signal transduction

abnormalities as well as many other factors.

The metabolism of tumor cells is different from that of nor-

mal cells, with tumor cells requiring sufficient nutrition, nucleic

acids, and biomolecules to synthetize substances required for

proliferation. Tumor cells metabolize large quantities of glucose

to produce lactic acid, and when there is a large accumulation

under high-oxygen conditions, a phenomenon known as the

Warburg effect, or aerobic glycolysis, occurs.1 Pyruvate kinase

(PK) is an important rate-limiting enzyme in glycometabolism,

with 4 known isoenzyme forms: L type, R type, M1 type, and

M2 type. Pyruvate kinase type M2 (PKM2), which is mainly

expressed in proliferating cells, such as embryonic tissue, adult

stem cells, and tumor cells, is associated with nucleic acid synth-

esis.2-6 There are 3 forms of PKM2: a nonactive monomer, a

slightly active dimer, and a highly active tetramer.7 In tumor

cells, PKM2 exists mainly in the dimeric form, and dimeric

PKM2 is known as tumor M2-PK. In addition, PKM2 is allos-

terically regulated by fructose 1,6-bisphosphate.4,8,9 A number

of studies have shown that malignant transformation is accom-

panied by changes in the isoenzyme spectrum, with PK activity

and isozyme spectrum alterations being universal to the pro-

cesses of tumorigenesis and development.10-13

Epidermal growth factor receptor (EGFR), which belongs to

the tyrosine kinase receptor family, plays a key role in cell

growth, proliferation, and differentiation. Epidermal growth

factor receptor is activated by its growth factor ligands and can

homodimerize or heterodimerize.14 Human epidermal growth

factor receptor 2 (HER2) is an orphan receptor that forms het-

erodimers with 3 other receptors belonging to the V-Erb-B2

Avian Erythroblastic Leukemia Viral Oncogene Homolog

(ErbB) family.15 Once activated, the intracellular tyrosine

kinase domain autophosphorylates tyrosine residues, which

eventually leads to cell division, migration, engraftment, and

differentiation via cellular signaling. In breast cancer, the over-

expression of EGFR and HER2 is associated with poor prog-

nosis, low rates of survival and disease-free survival, high

transfer rates, and resistance to chemotherapy and hormone

treatment. Some studies have shown that EGFR activation reg-

ulates PKM2 expression16,17 and that there is a relationship

between HER2 and PKM2.18

Molecular-targeted therapy is a novel category of biological

treatment that is performed after surgery, radiotherapy, and

chemotherapy and is currently the subject of many research

endeavors in the field of breast cancer. Some patients with

breast cancer exhibit EGFR and HER2 overexpression and

have serious disease and poor prognosis. Lapatinib is an EGFR

tyrosine kinase inhibitor that blocks the functions of both

EGFR and HER2. Clinical trials have shown that it is well

tolerated and can be used alone or with other drugs for breast

cancer treatment.19-25 Although it is known to target EGFR and

HER2, the effect of lapatinib on PKM2 remains unclear; in

addition, further research is required to determine whether the

inhibition of tumor cell proliferation by lapatinib is associated

with PKM2. In this report, we show that suppression of PKM2

expression via lapatinib-mediated inhibition of EGFR and

HER2 results in reduced Stat3 and pStat3 expression, which

leads to lower levels of gene transcription and impedes tumor

cell proliferation.

Methods and Materials

Patients

The study was approved by Tianjin Medical University’s Insti-

tutional Human Assurance Committee and was performed in

accordance with the Declaration of Helsinki. Eighty-two pri-

mary breast cancer tissues and adjacent normal breast tissues

were obtained from patients who were diagnosed according to

the modified Scarff system at Tianjin Medical University

Cancer Institute & Hospital from 2013 to 2014. All participants

were female with a mean age of 45 (31-54) years. The tissues

Table 1. Expression of PKM2 in Breast Tissues.

Parameters N

PKM2 Expression

Negative, n (%) Positive, n (%)

Breast tissues

Normal tissues 82 69 (84.15) 13 (15.85)

Tumor type

Invasive ductal carcinoma 68 8 (11.76) 60 (88.24)a

Ductal carcinoma in situ 14 4 (28.57) 10 (71.43)a

TNM stage

T1 40 9 (22.50) 31 (77.50)a

T2 34 2 (5.88) 32 (94.12)a

T3 8 1 (12.50) 7 (87.50)a

Lymph node metastases

N0 52 9 (17.31) 43 (82.69)a

N1-3 30 3 (10.00) 27 (90.00)a

Abbreviation: PKM2, pyruvate kinase type M2; TNM, TNM Classification of

Malignant Tumours.
aCompared to normal breast tissues, P < .05.
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were obtained from the Tissue Bank Facility of Tianjin Med-

ical University Cancer Institute & Hospital. The tissue collec-

tion procedure was approved by the institutional review board.

All participants were informed that their tissue samples were

being collected in a tissue bank, and they provided written

informed consent.

Western Blotting

The primary antibodies used included a rabbit monoclonal anti-

EGF receptor antibody (1:1000, CST, Danvers, Massachusetts,

#4267), rabbit monoclonal anti-HER2/ErbB2 antibody

(1:1000, CST, #4290), rabbit polyclonal anti-HER3/ErbB3

antibody (1:500, Santa Cruz Biotechnology, Dallas, Texas,

sc-285), rabbit monoclonal anti-PKM2 antibody (1:1000, CST,

4053), rabbit monoclonal anti-PKM2 (Tyr(P)-105) antibody

(1:500, CST, #3827), rabbit monoclonal anti-Stat3 antibody

(1:500, CST, #4904), and rabbit monoclonal anti-Stat3

(Tyr(P)-705) antibody (1:500, CST, #9145).

Figure 1. Pyruvate kinase type M2 is highly expressed in breast cancer tissues. A, Immunohistochemical staining with an anti-PKM2 antibody

was performed on breast cancer tissues and adjacent normal tissues. (a), (c), and (e) Positive staining of PKM2 in tumor tissues (at �400). (b),

(d), and (f) Negative results for PKM2 in normal tissues (at �400). (g) Negative control, with the primary antibody against PKM2 omitted and

replaced with preimmune serum (at �400). B, Western blot of breast cancer tissues and adjacent normal tissues was performed with an anti-

PKM2 antibody. b-Actin was used as a loading control. PKM2 denotes pyruvate kinase type M2.

Table 2. Correlation Between EGFR/HER2 and PKM2.

n

PKM2 Expression

w2 PNegative, n (%) Positive, n (%)

Breast cancer

HER-2-negative 54 11 (20.37) 43 (79.63) 2.93 <.05

HER-2-positive 28 1 (3.57) 27 (96.43)

EGFR-negative 55 11 (20.00) 44 (80.00) 2.66 <.05

EGFR-positive 27 1 (3.70) 26 (96.30)

Abbreviations: EGFR, epidermal growth factor receptor ; HER2, human epi-

dermal growth factor receptor 2; PKM2, pyruvate kinase type M2.
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Figure 2. Expression of EGFR, HER2, HER3 and PKM2 in breast cancer cell lines. Inhibition of PKM2 expression by siEGFR in MDA-MB-

231 cells, inhibition of PKM2 expression by siHER2 in SK-BR-3 cells, and determination of the working concentrations of lapatinib and EGF.

A, Epidermal growth factor receptor was expressed in MDA-MB-231 cells, whereas HER2 and HER3 were not. HER2 and HER3 were

expressed in SK-BR-3 cells, whereas EGFR was not. Human epidermal growth factor receptor 3 was expressed in MCF-7 cells, whereas EGFR

and HER2 were not. Three cell lines expressed PKM2. The experiments were repeated 3 times. B, Epidermal growth factor receptor knockdown

analyses were performed in MDA-MB-231 cells. Cells were transfected with 20 mM siEGFR for 48 hours and lysed for Western blotting. We

successfully achieved EGFR gene silencing with Stealth RNAi siRNA oligoribonucleotide duplexes of EGFR. Knocking down EGFR resulted

in a reduction in PKM2 expression compared to control groups. WT represents the wild-type control group. Scr represents the negative control

group. The experiments were repeated 3 times. C, Human epidermal growth factor receptor 2 knockdown analyses were performed in SK-BR-3

cells. Cells were transfected with 20 mM siHER2 for 48 hours and lysed for Western blotting. We successfully achieved HER2 gene silencing

with Stealth RNAi siRNA oligoribonucleotide duplexes of HER2. Knocking down HER2 resulted in a reduction in PKM2 expression compared

to control groups. WT represents the wild-type control group. Scr represents the negative control group. The experiments were repeated 3 times.

D-F, The working concentration of lapatinib was 1.0 mM. Expression of PKM2 was significantly reduced with 1.0 mM lapatinib treatment in

MDA-MB-231 (D) and SK-BR-3 (E) cells compared with lower concentrations of 0 mM and 0.5 mM; expression was not notably changed
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Statistical Analysis

Data are expressed as the means (SD). One-way analysis of

variance with Bonferroni correction for multiple comparisons

and Student t test and continuous correction for the w2 test were

employed to analyze significant differences (SPSS 19.0 Inc,

Chicago, Illinois). A value of P < .05 was considered to be

significant.

Results

Pyruvate Kinase Type M2 Expression Is Upregulated and
Positively Correlated With EGFR and HER2 Expression in
Breast Cancer Tissues

Previous studies demonstrated that PKM2 is expressed in mul-

tiple types of tumor cells.2-6 To determine the level of PKM2

expression in breast cancer, we analyzed pathological data by

performing immunohistochemistry analysis of 82 primary

breast cancer tissues and adjacent normal tissues from patients

diagnosed according to the modified Scarff system at Tianjin

Medical University Cancer Institute & Hospital from 2013 to

2014. The results showed that the expression of PKM2 in inva-

sive ductal carcinomas (88.24%) was significantly increased

compared with that in adjacent normal tissues (15.85%) and in

ductal carcinoma in situ (71.43%) compared with that in adjacent

normal tissues (15.85%). For different breast cancer Classifica-

tion of Malignant Tumours (TNM) stages, PKM2 expression (T1:

77.50%; T2: 94.12%; T3: 87.50%) was significantly increased

compared to that in adjacent normal tissues (15.85%). Pyruvate

kinase type M2 expression was also significantly increased in

breast cancer with (90.00%) and without (82.69%) lymph node

metastasis compared to that in adjacent normal tissues (15.85%;

Table 1). Immunohistochemical staining and Western blotting

showed PKM2 to be highly expressed in breast cancer tissues

(Figure 1). These results indicate that PKM2 expression is

increased in breast cancer tissues compared to adjacent normal

tissues.

Pathological data for mammary glands from the above-

mentioned 82 patients with breast cancer showed that PKM2

expression was increased in HER2-positive (96.43%) compared

to HER2-negative (79.63%) breast cancer tissues (Table 2).

Pathological data for mammary glands also showed that in

invasive ductal carcinoma, PKM2 expression in EGFR-

positive tissues (96.30%) was increased compared to that in

EGFR-negative tissues (80.00%; Table 2). Therefore, the

results of these analyses indicate a positive relationship

between PKM2 and EGFR expression in breast cancer tissues.

To further determine the relationship between PKM2 and

EGFR, we performed EGFR knockdown. Knocking down

EGFR expression in the breast cancer cell line MDA-MB-

231 (Figure 2A) resulted in a significant reduction in PKM2

expression compared to that in wild-type and negative control

cells (Figure 2B).

We also performed HER2 knockdown in the breast cancer

cell line SK-BR-3 (Figure 2A), which resulted in a significant

reduction in PKM2 expression compared to wild-type and neg-

ative control cells (Figure 2C). These results show that PKM2

expression is upregulated and positively correlated with EGFR

and HER2 expression in breast cancer tissues.

Lapatinib Inhibits PKM2 Expression in Breast Cancer
Cell Lines

The small EGFR tyrosine kinase inhibitor lapatinib can block

the functions of EGFR and HER2. We previously showed that

PKM2 is associated with EGFR and HER2, and we next exam-

ined whether lapatinib influences PKM2 expression in breast

cancer cells. First, Western blot analyses of breast cancer cell

lines MDA-MB-231, SK-BR-3, and MCF-7 were performed.

As shown in Figure 2A, MDA-MB-231 cells expressed EGFR

and expression of HER2 and HER3 was not detected in these

cells. In contrast, we found that SK-BR-3 cells expressed HER2

and HER3, but not EGFR. MCF-7 cells expressed HER3, but

not EGFR and HER2. Three cell lines expressed PKM2.

Although some studies have reported that SK-BR-3 cells

expresses EGFR,26,27 we did not observe expression of EGFR

in these cells, possibly because the level was below the limit

of detection.

The ligand EGF activates EGFR to regulate cell prolifera-

tion,28,29 and some studies have reported that EGF stimulates

SK-BR-3 cells and regulates proliferation.30 To determine the

working concentrations of lapatinib and EGF, we established a

concentration gradient using lapatinib at 0, 0.5, 1.0, and 2.0 mM

and EGF at 0, 5, 10, 20, 50, and 100 ng/mL. MDA-MB-231,

SK-BR-3, and MCF-7 cells were seeded into 60-mm dishes;

after attachment, the cells were starved overnight to synchro-

nize them in the same proliferative cycle. Lapatinib and EGF

were then added at different concentrations, and the cells were

cultured for 48 hours. Because lapatinib’s half-life is 24 hours,

we changed the culture medium of the cells treated with

Figure 2. (continued). compared with 2.0 mM lapatinib treatment. In MCF-7 cells, the effect of Lapatinib on the expression of PKM2 was not

obvious (F). All cells were treated for 48 hours. The experiments were repeated 3 times. G, The working concentration of EGF was 10 ng/mL.

Expression of PKM2 was significantly increased with 10 ng/mL EGF treatment of MDA-MB-231 cells compared to lower concentrations of

0 and 5 ng/mL, and there was no marked change compared to higher concentrations of 20, 50, and 100 ng/mL. All cells were treated for 48 hours.

The experiments were repeated 3 times. H, The working concentration of EGF was 50 ng/mL. Expression of PKM2 was significantly increased

with 50 ng/mL EGF treatment of SK-BR-3 compared to lower concentrations of 0, 5, 10, and 20 ng/mL, and there was no obvious change

compared to higher concentration of 100 ng/mL. All cells were treated for 48 hours. The experiments were repeated 3 times. I, In MCF-7 cells,

there was a trend of increasing the protein levels of PKM2 in MCF-7 cells induced with EGF. All cells were treated for 48 hours. The

experiments were repeated 3 times. EGFR indicates epidermal growth factor receptor; HER2, human epidermal growth factor receptor 2;

HER3, human epidermal growth factor receptor 3; PKM2, pyruvate kinase type M2; siRNA, small inhibitory RNA; siEGFR, small inhibitory

EGFR; siHER2, small inhibitory HER2; MDA-MB-231, Human breast cancer cells MDA-MB-231; MCF-7, Michigan Cancer Foundation-7;

SK-BR-3, Human breast cancer cells SK-BR-3.

Guan et al 5



lapatinib and added the inhibitor after 24 hours of culture. After

culturing for 48 hours, the cells were lysed to obtain protein

extracts for Western blotting to detect PKM2 expression. The

results showed that PKM2 expression was significantly

reduced in both MDA-MB-231 and SK-BR-3 cell lines treated

with 1.0 mM lapatinib compared with lower concentrations.

Furthermore, expression was not markedly changed compared

to that with 2.0 mM lapatinib (Figure 2D and E). In MCF-7

cells, the effect of lapatinib on the expression of PKM2 was not

obvious (Figure 2F). These results suggested that the inhibition

of EGFR and HER2 by lapatinib in MDA-MB-231 and SK-BR-

3 cells, respectively, induces a downregulation of PKM2. In

addition, expression of PKM2 was significantly increased in

MDA-MB-231 cells treated with 10 ng/mL EGF compared to

lower concentrations, and there was no obvious change com-

pared to higher concentrations (Figure 2G). In SK-BR-3 cells,

expression of PKM2 was significantly increased with 50 ng/mL

EGF compared with lower concentrations; furthermore, there

was no marked change compared to 100 ng/mL EGF (Figure

2H). In MCF-7 cells, there was a trend of increasing the protein

Figure 3. Lapatinib inhibits PKM2 expression in breast cancer cell lines. A, Lapatinib inhibits PKM2 and PKM2 (Tyr (P)-105) expression in

MDA-MB-231 cells. In DMSO treatment groups, PKM2 expression was increased after stimulation with EGF compared to controls, and PKM2

expression after EGF stimulation for 48 hours was more increased than after 24 hours. PKM2 (Tyr(P)-105) expression was increased after

stimulation with EGF compared to controls (left). In lapatinib treatment groups, PKM2 and PKM2 (Tyr(P)-105) expression was not notably

changed after stimulation with EGF compared to controls (right). The PKM2 expression in DMSO treatment groups increased more than in

lapatinib treatment groups with EGF stimulation for the same time period. The experiments were repeated 3 times. B, Lapatinib inhibits PKM2

and PKM2 (Tyr (P)-105) expression in SK-BR-3 cells. In DMSO treatment groups, PKM2 expression was increased after stimulation with EGF

for 48 hours compared to controls. The PKM2 (Tyr(P)-105) expression was increased after stimulation with EGF compared to controls. The

PKM2 (Tyr(P)-105) expression with EGF stimulation for 48 hours was increased more than after 24 hours (left). In lapatinib treatment groups,

PKM2 and PKM2 (Tyr(P)-105) expression were not obviously changed after stimulation with EGF compared to controls (right). PKM2

expression in DMSO treatment groups was increased more than in lapatinib treatment groups with EGF stimulation for the same time period.

The experiments were repeated 3 times. C, Lapatinib inhibits mRNA levels of PKM2 in MDA-MB-231. In DMSO treatment groups, PKM2

expression was significantly increased after stimulation with EGF compared to controls (P < .05). In lapatinib treatment groups, PKM2

expression was not markedly changed after stimulation with EGF compared to controls. The PKM2 expression in DMSO treatment groups was

increased more than in lapatinib treatment groups with EGF stimulation for the same time period (P < .05). The experiments were performed in

triplicate. Data are presented as means (SD). D, Lapatinib inhibited mRNA levels of PKM2 in SK-BR-3 cells. In DMSO treatment groups,

PKM2 expression was significantly increased after stimulation with EGF compared to controls (P < .05). In lapatinib treatment groups, PKM2

expression was not obviously changed after stimulation with EGF compared to controls. PKM2 expression in DMSO treatment groups was

increased more than in lapatinib treatment groups with EGF stimulation for the same time period (P < .05). The experiments were performed in

triplicate. Data are presented as means (SD). DMSO denotes dimethyl sulfoxide; EGF, epidermal growth factor; mRNA, messenger RNA;

PKM2, pyruvate kinase type M2; SD, standard deviation; MDA-MB-231, Human breast cancer cells MDA-MB-231; SK-BR-3, Human breast

cancer cells SK-BR-3.
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levels of PKM2 in MCF-7 cells induced with EGF (Figure 2I).

These results suggest that 50 ng/mL EGF is an appropriate

working concentration for treating MDA-MB-231 and SK-

BR-3 cell lines in subsequent experiments. Additionally,

MCF-7 cells expressed PKM2 and they did not express EGFR

and HER2. We will do an additional study to further elucidate

the mechanisms of PKM2 regulation may exits, whether HER3

was also involved in the regulation of PKM2.

To examine the influence of lapatinib on PKM2, we per-

formed Western blotting and reverse transcription polymerase

chain reaction (RT-PCR). As shown in Figure 3, PKM2 expres-

sion in MDA-MB-231 cells stimulated by EGF was increased

compared with controls treated with dimethyl sulfoxide

(DMSO) alone. Furthermore, expression of PKM2 after EGF

stimulation for 48 hours was increased more than at 24 hours.

Pyruvate kinase type M2 (Tyr(P)-105) expression in MDA-

MB-231 cells stimulated by EGF was increased compared with

the DMSO group (Figure 3A left and C), and PKM2 and PKM2

(Tyr(P)-105) expression in MDA-MB-231 cells stimulated by

EGF and treated with lapatinib showed no obvious changes

compared with controls (Figure 3A right and C). In both cell

lines, expression of PKM2 in the DMSO treatment group was

increased more than that in the lapatinib treatment group with

the same duration of EGF stimulation. At 48 hours, PKM2 and

PKM2 (Tyr(P)-105) expression in SK-BR-3 cells stimulated by

EGF was increased compared with the DMSO group. Pyruvate

kinase type M2 (Tyr(P)-105) expression was more enhanced by

EGF stimulation for 48 hours than 24 hours (Figure 3B left and

D). Moreover, PKM2 and PKM2 (Tyr(P)-105) expression in

SK-BR-3 cells stimulated by EGF showed no notable differ-

ence compared with the lapatinib treatment group (Figure 3B

right and D). At the same duration of EGF stimulation, expres-

sion of PKM2 was increased in SK-BR-3 cells treated with

DMSO compared to those treated with lapatinib. The results

indicate that messenger RNA (mRNA) levels of PKM2 are not

decreasing with lapatinib treatment alone, which indicates that

lapatinib is not downmodulating the expression of PKM2 at the

transcriptional level and lapatinib modulates PKM2 by regulat-

ing its phosphorylation.

Plasma PKM2 Levels Are Significantly Reduced in
Patients With Breast Cancer Treated With Lapatinib

To further support the finding that lapatinib inhibits PKM2

expression, we performed in vivo experiments by analyzing

pathological data from 120 patients with HER2 (þ þ þ)

tissues according to immunohistochemistry or HER2 gene

amplification according to fluorescence in situ hybridization

(FISH). The 120 patients included 60 patients treated with

adjuvant lapatinib chemotherapy as the experimental group and

60 treated with chemotherapy as the control group. All patients

underwent 4 phases of treatment: pretherapy, treatment for 1

cycle, treatment for 3 cycles, and treatment for 6 cycles, and the

level of plasma PKM2 was detected by enzyme-linked immu-

nosorbent assay during different treatment phases. The results

showed significantly reduced plasma PKM2 levels during the

treatment periods of 3 cycles and 6 cycles compared with pre-

therapy in the same group. In addition, plasma PKM2 levels in

the lapatinib treatment group were markedly reduced compared

to the control group during the treatment periods of 3 cycles

and 6 cycles (Table 3). Data represent the means (standard

deviation, SD) of 3 independent experiments. The results indi-

cate that lapatinib can reduce plasma PKM2 levels in patients

with breast cancer.

Lapatinib Inhibits Breast Cancer Cell Proliferation
by Influencing PKM2 Expression

Some researchers have shown that PKM2 regulates gene tran-

scription and cell proliferation.6,31-33 As an anticancer drug,

lapatinib inhibits tumor cell proliferation, and we previously

demonstrated that lapatinib inhibits PKM2 expression. Thus,

we next examined whether lapatinib inhibits breast cancer cell

proliferation by influencing PKM2 expression. Cell Counting

Kit-8 (CCK-8) analyses showed that lapatinib-treated cells pro-

liferated at a significantly slower rate than control cells after

culturing for 1 day, with no obvious changes between DMSO

and untreated groups (Figure 4A and B). To assess whether

lapatinib inhibits breast cancer cell proliferation by influencing

PKM2 expression, we established MDA-MB-231 and SK-BR-3

cell stably overexpressing PKM2, as shown in Figure 4C and E.

Cell proliferation tests showed that after culturing for 1 day

under the effect of lapatinib, PKM2-overexpressing cells prolif-

erated at a significantly faster rate than those in negative control

groups, and there was no obvious change between negative con-

trol and wild-type groups, as shown in Figure 4D and F. Data

represent the means (SD) of 6 independent experiments. We

hypothesized that lapatinib inhibits breast cancer cell prolifera-

tion by influencing PKM2 expression.

Table 3. Plasma PKM2 Levels in Patients With Breast Cancer Under-

going Lapatinib Treatment.a,b

Groups Treatment Period n �X (SD), U/mL

Lapatinib treatment

group

Pretherapy 60 22.05 (7.71)

Treatment for 1 cycle 60 20.87 (5.65)

Treatment for

3 cycles

60 15.58 (4.34)c,d

Treatment for 6 cycles 60 11.39 (3.89)c,d

Control group Pretherapy 60 21.98 (7.45)

Treatment for 1 cycle 60 20.75 (5.43)

Treatment for

3 cycles

60 17.88 (5.26)c

Treatment for 6 cycles 60 16.31 (4.22)c

Abbreviations: PKM2, pyruvate kinase type M2; HER2, human epidermal

growth factor receptor 2; SD, standard deviation.
aOne hundred twenty patients exhibited HER2 (þþþ) based on immunohis-

tochemistry or HER2 gene amplification of the HER2 gene according to fluor-

escence in situ hybridization (FISH).
bData represent the means (SD) of 3 independent experiments.
cCompared to pretherapy: P < .05.
dCompared to the same period in the control group: P < .05.
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Lapatinib-Mediated Inhibition of Breast Cancer Cell
Proliferation Reduces Stat3 and Phosphorylated
Stat3 Levels

The results presented above demonstrate that lapatinib inhibits

cell proliferation by influencing PKM2 expression. Stat3 is

correlated with cell proliferation34-37 and the only transcriptional

factor that interacts with PKM2.33 We thus examined whether

inhibition of PKM2 by lapatinib reduces levels of Stat3 and

phosphorylated Stat3. Pyruvate kinase type M2 knockdown

analyses after the transfection of PKM2 small inhibitory RNA

(siRNA) into MDA-MB-231 and SK-BR-3 cells revealed a

reduction in Stat3 and Stat3 (Tyr(P)-705) expression compared

to control groups in both MDA-MB-231 and SK-BR-3 cell

Figure 4. Lapatinib inhibits breast cancer cell proliferation by influencing PKM2 expression. A, Lapatinib inhibits MDA-MB-231 cell

proliferation. MDA-MB-231 cells were treated with lapatinib and DMSO. The results showed that cells proliferated at a significantly slower rate

in the lapatinib treatment group compared with DMSO treatment and untreated groups (P < .05). There were no obvious changes in the DMSO

treatment group compared to the untreated group in terms of cell proliferation. Both DMSO treatment groups and untreated groups served as

control groups. Data represent the means (SD) of 6 independent experiments. B, Lapatinib inhibits SK-BR-3 cell proliferation. SK-BR-3 cells

were treated with lapatinib and DMSO. The results showed that cells proliferated at a significantly slower rate in the lapatinib treatment group

compared to DMSO treatment and untreated groups (P < .05). There were no obvious changes in cell proliferation in the DMSO treatment group

relative to the untreated group. Dimethyl sulfoxide treatment groups and untreated groups served as control groups. Data represent the means

(SD) of 6 independent experiments. C and E, The pcDNA3.1-PKM2 recombinant plasmid was successfully transfected into MDA-MB-231 and

SK-BR-3 cell lines. WT represents the wild-type group. Vec represents the negative control group. The experiments were repeated 3 times. D

and F, Lapatinib inhibits breast cancer cell proliferation by influencing PKM2 expression. The PKM2 sequences were transfected into MDA-

MB-231 and SK-BR-3 cell lines under treatment with lapatinib for overexpression. The CCK-8 results show that cells proliferated at a

significantly faster rate in transfected groups compared to control groups (P < .05), and there was no obvious change between negative control

groups and wild-type groups. WT represents the wild-type group. Vec represents the negative control group. Data represent the means (SD) of 6

independent experiments. CCK-8 denotes Cell Counting Kit-8; DMSO, dimethyl sulfoxide; PKM2, pyruvate kinase type M2; SD, standard

deviation; MDA-MB-231, Human breast cancer cells MDA-MB-231; SK-BR-3, Human breast cancer cells SK-BR-3.
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lines (Figure 5A and B). The results indicate that PKM2 reg-

ulates Stat3 and Stat3 (Tyr(P)-705) expression in breast cancer

cell lines.

We further evaluated whether PKM2 regulates Stat3 and

Stat3 (Tyr(P)-705) expression under the effect of lapatinib.

As shown in Figure 5C and D, PKM2 expression was signifi-

cantly reduced in lapatinib-treatment groups compared to con-

trol groups, and Stat3 and Stat3 (Tyr(P)-705) expression was

also significantly reduced after treatment with lapatinib com-

pared to control groups in both cell lines.

The results indicate that inhibition of PKM2 by lapatinib

reduces levels of Stat3 and phosphorylated Stat3. As activated

Stat3 can induce cell proliferation,34-37 all these results indicate

that lapatinib inhibits breast cancer cell proliferation by influ-

encing PKM2 expression, which results in reduced levels of

Stat3 and phosphorylated Stat3 (Figure 6).

Discussion

Tumor cell metabolism differs from that of normal cells. With a

sufficient oxygen supply, tumor cells carry out glycolysis to

produce energy, and aerobic glycolysis in tumor cells repre-

sents a special pattern of glycometabolism that provides the

material basis for biosynthesis.38 Pyruvate kinase is the key

enzyme of glycometabolism, of which there are 4 known iso-

forms: Pyruvate kinase type L, Pyruvate kinase type R,

Figure 5. Inhibition of PKM2 by lapatinib reduces levels of Stat3 and phosphorylated Stat3. A, Knockdown of PKM2 results in reduced Stat3

and Stat3 (Tyr(P)-705) expression in MDA-MB-231 cells. Cells were transfected with 20 mM siPKM2 for 48 hours and lysed for Western

blotting. Knockdown of PKM2 resulted in decreased Stat3 and Stat3 (Tyr(P)-705) expression compared to WT and negative control groups. The

experiments were repeated 3 times. B, Knockdown of PKM2 results in reduced Stat3 and Stat3 (Tyr(P)-705) expression in SK-BR-3 cells. Cells

were transfected with 20 mM siPKM2 for 48 hours and lysed for Western blotting. Knockdown of PKM2 resulted in decreased Stat3 and Stat3

(Tyr(P)-705) expression compared to WT and negative control groups. The experiments were repeated 3 times. C and D, Inhibition of PKM2 by

lapatinib reduces levels of Stat3 and phosphorylated Stat3. MDA-MB-231 and SK-BR-3 cell lines were treated with lapatinib. The results

showed that PKM2 expression was significantly reduced in lapatinib treatment groups compared to control groups; Stat3 and Stat3 (Tyr(P)-705)

expression was also significantly reduced after treatment with lapatinib compared to control groups in both cell lines. The experiments were

repeated 3 times. PKM2 denotes pyruvate kinase type M2; Stat3, Signal transducer and activator of transcription 3; Stat3(Tyr(P)-705), phospho-

Stat3 (Tyr705); MDA-MB-231, Human breast cancer cells MDA-MB-231; SK-BR-3, Human breast cancer cells SK-BR-3; WT, Wild type.
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Pyruvate kinase type M1, and Pyruvate kinase type M2. Pyr-

uvate kinase type M2 plays a crucial role in aerobic glycolysis

in tumor cells39 and exists in 3 forms: a nonactive monomer, a

low-activity dimer, and a high-activity tetramer. Pyruvate

kinase type M2, which mainly exists in the dimeric form in

tumor cells,40 increases the rate of ATP generation in aerobic

glycolysis compared to oxidative phosphorylation.41 Addition-

ally, dimeric PKM2 induces a larger accumulation of inter-

mediate products of glycometabolism, thus providing a

material basis for the synthesis of nucleic acids and other bio-

logical macromolecules.42 Some recent studies have reported a

nonglycolytic function of PKM2. Indeed, PKM2 is expressed

in multiple tumor cells43 and can regulate gene transcription

and cell proliferation.6,31-33

Epidermal growth factor receptor belongs to the tyrosine

kinase receptor family and plays a key role in cell growth,

proliferation, and differentiation. Epidermal growth factor

receptor is activated by growth factor ligands and forms homo-

dimers or heterodimers.14 As an orphan receptor, HER2 can

form heterodimers with 3 other receptors belonging to the ErbB

family.15 Upon activation, the intracellular tyrosine kinase

domain autophosphorylates tyrosine residues, eventually lead-

ing to cell division, migration, engraftment, and differentiation

through various signaling pathways.

Epidermal growth factor receptor activation induces nuclear

translocation of PKM2, which regulates cyclin D1 expres-

sion.16 To further determine the relationship between PKM2

and EGFR, we analyzed pathological data from mammary

glands and EGFR knockdown experiments. The results demon-

strated that PKM2 is associated with EGFR. Previous studies

have shown that activation of EGFR regulates the expression of

PKM2.17 In addition, analyses of pathological data from

mammary glands and HER2 knockdown experiments revealed

that PKM2 is associated with HER2. Human epidermal growth

factor receptor 2 plasma levels have previously been reported

to be associated with tumor type M2 PK.18

Lapatinib is a small molecule tyrosine kinase inhibitor that

can block EGFR and HER2. Clinical trials show that this drug

is well tolerated and can be used alone or with other drugs for

breast cancer treatment.19-25 Although it is a known EGFR and

HER2 inhibitor, lapatinib’s effect on PKM2 is still unclear. In

this study, we demonstrate that lapatinib inhibits PKM2 expres-

sion, as based on in vitro Western blotting and RT-PCR data in

MDA-MB-231 and SK-BR-3 cells as well as analysis of patho-

logical data for mammary glands from 120 patients. These

patients exhibited HER2 (þþþ) according to immunohisto-

chemistry analysis or amplification of the HER2 gene accord-

ing to FISH. To further examine whether lapatinib inhibits

breast cancer cell proliferation by influencing PKM2 expres-

sion, we performed CCK-8 analyses. MDA-MB-231 and SK-

BR-3 breast cancer cell lines stably overexpressing PKM2

were established, and after treatment with lapatinib, overex-

pressing cells proliferated significantly faster than control

groups. These results suggested that the inhibition of EGFR

and HER2 by lapatinib in MDA-MB-231 and SK-BR-3 cells,

respectively, induces a downregulation of PKM2. Quantitative

Figure 6. Lapatinib inhibits breast cancer cell proliferation by influencing PKM2 expression, which reduces levels of Stat3 and phosphorylated

Stat3. Downregulation of PKM2 expression by lapatinib-mediated suppression of EGFR and HER2 reduces Stat3 and pStat3 expression, which

leads to a lower level of gene transcription and inhibition of tumor cell proliferation. EGFR denotes epidermal growth factor receptor; HER2,

human epidermal growth factor receptor 2; PKM2, pyruvate kinase type M2; Stat3, Signal transducer and activator of transcription 3; pStat3,

Phosphorylated Stat3.
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PCR results indicated that mRNA levels of PKM2 are not

decreasing with lapatinib treatment alone, which indicates that

lapatinib is not downmodulating the expression of PKM2 at the

transcriptional level, and lapatinib modulates PKM2 by regu-

lating its phosphorylation. All the results indicated that lapati-

nib inhibits breast cancer cell proliferation by influencing

PKM2 expression.

Stat3 is a transcription factor associated with cell prolifera-

tion34-37; to date, it is the only transcription factor known to

interact with PKM2.33 We next explored the involvement of

Stat3 and phosphorylated Stat3. Pyruvate kinase type M2

knockdown via transfection of PKM2 siRNA into MDA-

MB-231 and SK-BR-3 cells showed that knocking down

PKM2 led to reduction in Stat3 and Stat3 (Tyr(P)-705)

expression compared to control groups. The results indicate

that PKM2 regulates Stat3 and Stat3 (Tyr(P)-705) expression.

We further examined whether PKM2 modulates Stat3 and

Stat3 (Tyr(P)-705) expression under the effects of lapatinib

and found that PKM2 expression was significantly reduced in

lapatinib-treated cells compared to control cells, and Stat3

and Stat3 (Tyr(P)-705) expression was also significantly

reduced after treatment with lapatinib compared to control

groups in both cell lines. The results show that inhibition

of PKM2 by lapatinib reduces Stat3 and phosphorylated

Stat3 levels.

Together with previous studies, we found that lapatinib inhi-

bits breast cancer cell proliferation by influencing PKM2 expres-

sion and reduces Stat3 and phosphorylated Stat3 levels.
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