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Abstract: Tamoxifen and aromatase inhibitors (Als) have shown efficacy in prevention of estrogen receptor-positive
(ER+) breast cancer; however, there exists no proven prevention strategy for estrogen receptor-negative (ER-) breast
cancer. Up to 40% of ER- breast cancers have human epidermal growth factor receptor 2 overexpression (HER2+),
suggesting HER2 signaling might be a good target for chemoprevention for certain ER- breast cancers. Here, we
tested the feasibility of the HER2-targeting agent lapatinib in prevention and/or early intervention of an ER-/HER2+
early-stage breast disease model. We found that lapatinib treatment forestalled the progression of atypical ductal
hyperplasia (ADH)-like acini to ductal carcinoma in situ (DCIS)-like acini in ER-/HER2+ human mammary epithelial
cells (HMECs) in 3D culture. Mechanistically, we found that inhibition of HER2/Akt signaling by lapatinib led to down-
regulation of GLUT4 and a reduced glucose uptake in HER2-overexpressing cells, resulting in decreased prolifera-
tion and increased apoptosis of these cells in 3D culture. Additionally, our data suggest that HER2-driven glycolytic
metabolic dysregulation in ER-/HER2+ HMECs might promote early-stage breast disease progression, which can
be reversed by lapatinib treatment. Furthermore, low-dose lapatinib treatment, starting at the early stages of mam-
mary grand transformation in the MMTV-neu* mouse model, significantly delayed mammary tumor initiation and
progression, extended tumor-free survival, which corresponded to effective inhibition of HER2/Akt signaling and
downregulation of GLUT4 in vivo. Taken together, our results indicate that lapatinib, through its inhibition of key sig-
naling pathways and tumor-promoting metabolic events, is a promising agent for the prevention/early intervention
of ER-/HER2+ breast cancer progression.
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Introduction tamoxifen (Tam) and raloxifene have shown an
encouraging 42% decrease in estrogen recep-

Breast cancer is the second most commonly tor positive (ER+) breast cancer incidence,

diagnosed cancer and accounts for the second
highest number of cancer deaths among
American women, according to the American
Cancer Society (www.cancer.org). There is an
urgent need for effective prevention and early
intervention strategies to ultimately reduce
breast cancer morbidity and mortality. Although
chemo-prevention trials using anti-estrogenic

there is no effective agent for the prevention of
ER negative (ER-) breast cancer, which general-
ly have worse clinical outcomes among differ-
ent subtypes of breast cancer [1-3].

Breast cancer develops through multiple steps.
In a simplified scenario, many (although not all)
breast cancer develop from normal epithelium,
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to ductal hyperplasia, to atypical ductal hyper-
plasia (ADH or atypia), to ductal carcinoma in
situ (DCIS), to invasive (infiltrating) ductal carci-
noma (IDC), and ultimately, to metastatic breast
cancer [4]. HER2 amplification has been identi-
fied in about 50% of high-grade DCIS and 25%
of advanced-stage breast cancer [5]. The high
frequency of HER2 amplification in DCIS sug-
gests that HER2 overexpression may play an
important role in the early stage of mammary
carcinogenesis. Additionally, HER2 overexpres-
sion (HER2+) can be detected in up to 40% of
ER- breast cancer, and several lines of evidence
have suggested a positive correlation between
HER2 overexpression in benign breast lesion
and higher risk of breast cancer incidence [6].
Thus, targeting HER2 signaling could be a che-
moprevention strategy for certain ER- breast
cancer.

Lapatinib, a FDA approved dual tyrosine kinase
inhibitor for both epidermal growth factor
receptor (EGFR) and HER2 receptor tyrosine
kinases, is efficacious in clinical treatment of
breast cancer and may have potential in pre-
vention of HER2-overexpressing breast disease
progressing [7, 8]. Lapatinib offers several
advantages over other HER2-targeting agents:
orally available and well tolerated, making it
applicable for chemoprevention, especially, at
a lower dose than that used for treatment in
the clinic.

Dysregulation of cellular metabolism has been
described as a hallmark of cancer which facili-
tates tumor progression [9]. Tumor cells are
known to have enhanced aerobic glycolysis and
increased glucose uptake compared to normal
cells [10, 11]. Recently, it has been reported
that increased aerobic glycolysis occurs in ear-
ly-stages of breast cancer and contributes to
the transition from normal to neoplastic cells
[12]. Increased glucose uptake is required for
generation of higher energy and production of
precursor molecules needed for cell division
[13]. Transportation of glucose across cell
membrane is one of a rate limiting step in gly-
colysis, thus glucose transporters (GLUTS) plays
an important role in tumor initiation and pro-
gression [13, 14]. Overexpression of glucose
transporters have been observed in various
types of cancer including breast cancer [13,
15-17].

982

In this study, we tested the prevention and/
or early intervention effect of lapatinib on
ER-/HER2+ overexpressing early stage breast
disease progression. We investigated the effi-
cacy of lapatinib for preventing/inhibiting the
transition from ADH-like to DCIS-like acini of
ER-/HER2+ human mammary epithelial cells
(HMECs) in 3D cell culture and in MMTV-neu*
transgenic mouse models in vivo [18-20].
Excitingly, we found that lapatinib treatment
decreased glucose uptake rate by inhibiting
GLUT4 expression, leading to decreased cell
proliferation in ER-/HER2+ early stage breast
disease model. Together, data from our investi-
gations indicate that lapatinib could intervene
ER-/HER2+ early stage breast disease progres-
sion toward cancer both in vitro and in vivo.

Materials and methods

Cell line and cell culture

MCF210A cell line was obtained from American
Type Culture Collection (ATCC) and cultured in
MCF10A medium, and the modified variants
were obtained, generated, and cultured as pre-
viously described [21, 22].

Antibodies and reagents

Rabbit monoclonal antibodies against Erk1/2
(4695), p-Erk1/2 (4370), total AKT (4691),
p-AKT (4060), EGFR (4267), p-EGFR (3777),
c-caspase-3 (9664) and cyclin D2 (3741) were
from Cell Signaling Technology. Rabbit poly-
clonal antibody against HER2/ErbB2 and
p-HER2/ErbB2 (2244) were also from Cell
Signaling Technology. Mouse monoclonal anti-
B-actin antibody (A5441) was from Sigma.
Mouse anti-laminin-5 (MAB1947) and rabbit
anti-Glut4 antibodies were from EMD Millipore.
Rabbit polyclonal antibodies against Ki67
(@b833) was from Abcam and against GLUT1
(sc7903) was from Santa Cruz. The HRP linked
secondary antibodies against mouse (NA931)
and rabbit (NA934) were from GE Healthcare.
Alexa Fluor 488 anti-rabbit (A11008) and Alexa
Fluor 594 anti-mouse (A21201) secondary
antibodies and ProLong® Gold antifade reagent
with DAPI (P36931) were obtained from Life
Technologies. Lapatinib was purchased from
GlaxoSmithKline and LC Laboratories. Akt
inhibitor MK-2206 (S1078) was purchased
from Selleckchem.
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Generation of GLUT4 knockdown cells

To knockdown GLUT4 in the MCF10A.B2 cells,
two GLUT4 siRNA (MISSION siRNA, Sigma) tar-
geting the GLUT4 mRNA were used in the ex-
periments: siGLUT4.1 and siGLUT4.2. Pep-
Mute™ siRNA transfection reagent (SignaGen
Laboratories) was used for siRNA transfection
and the protocol was followed per manufactur-
er’s instruction.

Cell proliferation assay

Cells were plated at 1000 cells/well in triplicate
in 96-well cell culture plates. Four hours before
each time points (24, 48 and 72 hr), 20 ul of 5
mg/ml MTT in PBS (pH 7.5) were added into
200 ul of culture media and incubated at 37°C
in the dark. After 4 hours of incubation, media
with MTT was removed and 100 pl of DMSO
were added into each well. After mixing wells,
the absorbance was determined at 570 nm and
620 nm with a microtiter plate reader (BioTek).

Glucose uptake assay

2x10° cells/well were cultured in 6-well plate
for 24 hours, in triplicate. Before the assay,
cells were washed with cold PBS and cultured
in 1 ml DMEM glucose free medium (Gibco) for
3 hours. 1 uCi of 2-deoxy-D-glucose [1,2-3H(N)]
(Moravek Biochemicals) was directly added into
medium and incubated for 1 hour. Tritium sig-
nal (®H), which corresponds to glucose uptake,
was detected by liquid scintillation analyzer
(PerkinElmer). Cell associated radioactivity was
detected by hemocytometer and normalized
with total cell number.

Measurement of lactate production

Cells were plated at 1000 cells/well in triplicate
in 96-well cell culture plates for 24 hours.
Before the assay, the medium was replaced
with fresh complete medium and incubated for
1 hour. Lactate production was then measured
by using Lactate Colorimetric/Fluorometric
Assay Kit (BioVision) and the protocol was fol-
lowed per manufacturer’s instruction.

Measurement of oxygen consumption rate

Cells were plated at 5000 cells/well in triplicate
in 96-well cell culture plates for 24 hours. Prior
to analysis, cell culture media was replaced
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with DMEM XF base medium (Seahorse Bio-
sciences) and real-time oxygen consumption
rates were analyzed on an XF96 Extracellular
Flux Analyzer (Seahorse Biosciences) under
basal conditions.

Western blot analysis

Western blot analysis was performed as previ-
ously described [23]. Briefly, total cell lysates
were collected with immunoprecipitation (IP)
lysis Buffer (20 mM Tris [pH 7.5], 150 mM NacCl,
1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5
mM sodium pyrophosphate, 1 mM beta-glycer-
olphosphate, 1 mM sodium orthovanadate, 1
mM PMSF and protease inhibitor cocktail).
Protein concentration was measured using
BCA protein assay kit (Pierce) and equal con-
centration of cell lysates were subjected to
electrophoresis using SDS-PAGE. Once the pro-
tein was run in gel, it was transferred to PVDF
membrane (Bio-Rad). Membranes were blocked
with 5% milk in phosphate buffer saline with
0.05% Tween (PBS-T) for 30 min, followed by
primary antibody incubation at 4°C for over-
night. Membranes were washed thrice with
PBST (5 min each), incubated with secondary
antibody (5% milk in PBS-T) for 60 min and sig-
nal was detected by ECL (Amersham) following
the manufacture’s instruction.

Three dimensional (3D) cell culture assay

Three dimensional culture assay was per-
formed by following the protocol as previous-
ly described [18, 24]. 3D culture assay me-
dium (DMEM/F12 supplemented with 2% do-
nor horse serum, 10 ug/mL insulin, 1 ng/mL
cholera toxin, 100 yg/mL hydrocortisone, 50
units/mL penicillin, and 50 pug/mL streptomy-
cin) containing 5 ng/mL epidermal growth fac-
tor and 2% growth factor-reduced Matrigel (BD
Biosciences) was replaced every 4 days. Cell
Recovery Solution (BD BioSciences) were used
to remove Matrigel and collect cells at the end
point of the experiment.

Immunofluourescence staining on 3D culture
cells

Cells in 3D cultures were fixed with 4% parafor-
maldehyde and permeabilized with 0.5% Triton
X-100 in PBS for 10 minutes. Cells were then
washed thrice with PBS/Glycine buffer (130
mM, 7 mM, Na,HPO4, 3.5 mM NaH_P04, and
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100 mM glycine) and incubated with IF buffer
(130 mM, 7 mM Na,HPO4, 3.5 mM NaH,PO4,
7.7 mM NaN,, 0.1% bovine serum albumin,
0.2% Triton X-100, and 0.05% Tween 20) for 1
hour. Cells were further incubated with primary
antibodies which were suspended in IF buffer
for overnight at 4°C. Next day, cells were
washed thrice with PBS for 5 minutes each
and were incubated with Alexa fluorophore
conjugated rabbit or mouse secondary antibod-
ies (Life Technologies), counterstained with 4/,
6-diamidino-2-phenylindole (DAPI) and mount-
ed with anti-fade solution (Life Technologies).
Imaging was done using Zeiss LSM 710 laser
scanning confocal microscope (Carl Zeiss AG).

Animal experiments

All procedures involving mice and experimental
protocols (ACUF ID #: 04-02-05134) were
approved by the Institutional Animal Care and
Use Committee (IACUC) of University of Texas
M.D. Anderson Cancer Center. MMTV-neu NDL
2-5 (referred to as MMTV-neu*) transgenic
mouse model, which expresses activated neu
under the control of the mouse mammary
tumor virus (MMTV) promoter and spontane-
ously develops estrogen receptor negative (ER-)
and HER2+ mammary tumors were used [19].
Female MMTV-neu* mice were treated with
either vehicle (0.5% hydroxypropyl methylcellu-
lose with tween-80) or lapatinib dose (30 mg/
Kg) by oral gavage once daily for 6 days a week.
Tumor sizes were measured twice a week us-
ing digital caliper. Tumor-free survival was
defined as the time from date of first treatment
to the first appearance of a palpable mammary
tumor at least 100 mm?2 in size. For histological
analyses non-serial sections thought-out the
MFPs were analyzed. Tumor-free survival was
monitored.

RNA extraction, RT-PCR (reverse-transcription-
polymerase chain reaction) and quantitative
real-time RT-PCR

Total RNA from cells were isolated using Trizole
reagent (Invitrogen) following the manufactur-
er's instruction. 1 pg of total RNA was reverse
transcribed into cDNA using iScript™ cDNA
synthesis kit (Bioad) following the manufactur-
er’s instruction. An equivalent volume (1 pL) of
cDNA was used as template for quantitative
real-time PCR with iQ™ SYBR Green Super-
mix (Biorad) and the StepOnePlus™ (Applied
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Biosystem) instrument according to the manu-
facturer’s instruction. The sequences of the
primers are given in the following table. The
threshold cycles for specific targets were then
normalized to the threshold cycles of GAPDH to
calculate the relative fold change difference.

Primers

Gene  Primers
CCND2 F:5-ACCTTCCGCAGTGCTCCTA-3’

R: 5’-CCCAGCCAAGAAACGGTCC-3’
GLUT4  F: 5-CTCAGCAGCGAGTGACTGG-3’

R: 5’-AGCCACGTCTCATTGTAGCTC-3’
GLUT1 F: 5-AAGGTGATCGAGGAGTTCTACA-3’

R: 5’-ATGCCCCCAACAGAAAAGATG-3’
GAPDH F: 5-TGGTATCGTGGAAGGACTCATGAC-3’

R: 5’-ATGCCAGTGAGCTTCCCGTTCAGC-3’

cDNA microarray and analysis

Unbiased platform, whole genome 44K long
oligo array (Agilent), was applied to gene pro-
filing of MCF10A.B2 cells compared to MCF-
10A.Vec and parental cells in collaboration with
the cDNA microarray core facility in MD
Anderson Cancer Center (MDACC). To identify
the ErbB2/HER2 regulated genes in 10A cells,
R software and limma package were used
to identify differentially expressed genes us-
ing a 1.5-fold change (FC) threshold and an
adjusted p value cutoff at 0.01. Ingenuity
Pathway Analysis (IPA) software (http://www.
ingenuity.com) was used to perform the func-
tional annotation and pathway analysis of the
differentially expressed genes.

Reverse phase protein array and analysis

Reverse phase protein array (RPPA) was per-
formed by RPPA-Functional Proteomics Core
facility at MDACC. Sample preparation and data
analysis was performed as described previous-
ly [23, 25].

Statistical analysis

Quantitative results were analyzed either by
one-way ANOVA (multiple groups) or t test (2
groups). Differences with P < 0.05 (2-sided)
were considered statistically significant. *, P <
0.05, **, P < 0.01 and ***, P < 0.001. For
patient samples, Wilcoxon rank-sums test was
used. Tumor-free survival analyses were per-
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Figure 1. HER2 overexpression activated multiple cancer signaling events in ER- human mammary epithelial cells
in 3D cell culture. A. Significantly altered canonical pathways associated with 10A.B2 cells compared with 10A.
Vec cells after IPA analysis. B. Quantitative reverse transcription PCR (qRT-PCR) validation of CCND2 expression in
mRNA level in indicated cells. ***, P < 0.001. C. Heat map of Reverse Phase Protein Array (RPPA) analysis of 10A.P,
10A.Vec and 10A.B2 cells. D. Western blotting analysis of p-Akt (S473), T-Akt and ErbB2 expression in protein level

in indicated cells.

Table 1. List of genes involved in cell cycle regulation and are up-

Results

regulated in 10A.B2 cells compared with 10A.Vec cells, as shown by

IPA analysis HERZ2 overexpression acti-
vated multiple cancer sig-
-~ Fold - ,
ID Symbol Description Change naling events in ER- human
A_23_P139881 CCND2 Cyclin D2 34.7 g’gm’zar y/ tep’the”a’ cells in
A_24_P284420 ERBB2 PI3K/AKT Signaling 9.79 celf culture
A_23_P138507 CDK1 Cyclin-Dependent Kinase 1 7.2

A_24_P227141  ELF5 E74-Like Factor 5

We have stably overex-
3.15 pressed HER2 in the MCF-

A_23_P16523 GDF15 Growth Differentiation Factor 5 2.86 10A non-transformed, ER-
A_23_P401055 SOX2 SRY (Sex Determining Region Y)-Box2 2.72 HMECs using retroviral ex-
A_24_P397107 CDC25A Cell Division Cycle 25A 2.54 pression vector and gener-
A_23_P26810  TP53 Tumor Protein 53 2.38 ated 10A.B2 cells with the
A_23_P64873  DCN Decorin 2.25 empty vector transfected
A 24 P81841 CDKN1B Cyclin-Dependent Kinase Inhibitor 1B 2.08 MCF10A cells (10A.Vec) as

formed using the Kaplan-Meier Wilcoxon test.
Error bars represent mean + standard error of
mean (SEM).
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the control cell line [21].
When cultured under 3D
conditions, the 10A.Vec cells formed a well-
organized acini structure with hollow-lumen, as
formed by MCF10A parental (10A.Pr) cells,
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Figure 2. Lapatinib inhibited PI3K-Akt pathway and prevented the transition of 10A.B2 cell acini from atypia to DCIS
in 3D model. A. Phase contrast microscopy images of 10A.Vec and 10A.B2 cells treated with Vehicle or Lapatinib
at indicated concentrations in 3D culture. Scale bar represents 200 ym. B. Immunofluorescence staining analysis
of Ki-67, cleaved caspase-3 and p-Akt in 10A.Vec, 10A.B2 and 10A.B2 cells treated with lapatinib (0.5 uM) for
prevention study in 3D culture on day 12. Ki-67, cleaved caspase-3, and p-Akt are shown in green. Laminin V is
shown in red. DAPI is shown in blue. Scale bar represents 50 uym. Light microscopy photos (top panel) were used
as reference. Scale bar represents 200 uym in light microscopy images. C. Western blotting analysis of p-ErbB2, p-
EGFR, p-Akt and p-Erk1/2 expression in protein level in indicated cells with Vehicle or Lapatinib treatment.

which mimics the morphology of human mam-
mary gland. However, 10A.B2 cells had the
multi-acinar structures in 3D culture and ex-
hibit two distinct morphologies: 80% of the
acini were enlarged, atypical acini with multi-
layered epithelium and incomplete luminal fill-
ing which resemble ADH stage breast lesions;
the remaining 20% of the structures were large,
multi-lobular, and non-invasive acini with filled
lumens sharing structural properties of DCIS,
as we previously reported [20, 21, 24].

Here, we examined the gene expression profile
of 10A.Vec and 10A.B2 cells grown in 3D cul-
ture by cDNA microarray analysis using Agilent
4X 44K whole human genome microarray plat-
form. Compared to 10A.Vec cells, around 2000
genes were significantly (P < 0.01) differentially
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expressed in 10A.B2 cells. We performed func-
tional annotation of differentially expressed
genes between 10A.Vec and 10A.B2 cells using
the Ingenuity Pathway Analysis (IPA), and found
that these genes were involved in various
canonical pathways, including angiogenesis,
molecular mechanism of cancer, cyclins and
cell cycle regulations, Wnt/B-catenin signaling,
and PI3/AKT signaling etc. (Figure 1A). Com-
pared to 10A.Vec cells, some of the upregulat-
ed genes in 10A.B2 cells are involved in cell
cycle regulation, as shown by IPA analysis
(Table 1). According to microarray data, Cyclin
D2 (CCND2) was one of a top candidate gene
involved in cell cycle regulation and was upreg-
ulated in 10A.B2 cells compared to 10A.vec
cells and 10A.Pr cells, which was further vali-
dated using qRT-PCR (Figure 1B). Meanwhile,
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Figure 3. Lapatinib treatment reversed the cancer-promoting metabolic program of 10A.B2 cells. A. Glucose uptake
assay of 10A.Vec and 10A.B2 cells treated with Vehicle or Lapatinib (1 uM, 4 hr). B. Oxygen consumption assay of
10A.Vec and 10A.B2 cells treated with Vehicle or Lapatinib (1 uM, 4 hr). C. Lactate production assay of 10A.Vec and
10A.B2 cells treated with Vehicle or Lapatinib (1 uM, 4 hr). n.s., not significant, *, P < 0.05, **, P < 0.01 and ***,

P < 0.001.

RPPA (reverse phase protein array) of protein
lysates from these MCF10A stable lines
revealed the signaling events activated by
ErbB2/HER2 overexpression in 10A.B2 cells at
the protein level compared to 10A.Vec cells
(Figure 1C). Consistent with previous report,
p-Akt (S473) was dramatically upregulated in
10A.B2 cells compared to 10A.Vec cells and
10A.parental cells without change in total Akt
level (Figure 1C and 1D) [7]. Both cDNA micro-
array and RPPA data demonstrated that HER2-
overexpression activated multiple signaling
pathways important for early transformation in
ER- human mammary epithelial cells.

Lapatinib inhibit PI3K-Akt pathway and pre-
vented the transition of 10A.B2 cells acini
from atypia to DCIS in 3D model

To determine whether inhibiting HER2 signaling
in ER-/HER2+ HMEC (10A.B2 cells) could pre-
vent transition of ADH-like to DCIS-like acini in
3D model, we treated 10A.B2 cell acini with the
EGFR/HER2 inhibitor lapatinib at various doses
(0.1, 0.5, 1, 1.5, and 2 uM, respectively) start-
ing from day 6 of 3D culture and monitored
acini morphology daily until day 12. We found
that low concentrations of lapatinib (0.5 or 1
uUM) reversed the abnormal acini growth of 10A.
B2 cells (Figure 2A). Notably, higher doses of
lapatinib at 1.5 and 2 yM had a cytotoxic effect
on the acinar growths (data not shown). Thus,
we treated 10A.B2 cell acini with an effective
low dose (0.5 uM) lapatinib starting from day 6
for prevention study, and found the number of
DCIS-like acini had largely inhibited after lapa-
tinib treatment compared to vehicle group, and
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the majority of the DCIS-like acini were convert-
ed to normal or ADH-like acini (Figure 2B). We
also performed immunofluorescence staining
in 10AVec and vehicle- or lapatinib-treated
10A.B2 acini with acini polarity marker Laminin
V, apoptosis marker cleaved Caspase-3, and
proliferation marker Ki-67. We found that la-
patinib treatment (0.5 yM) reversed the abnor-
mal acini structure of 10A.B2 to well-organized
and singular acini structure similar to that of
10A.Vec cells (Figure 2B). Lapatinib (0.5 uM)
treatment also reduced proliferation and in-
creased apoptosis of 10A.B2 cells when com-
pared to vehicle-treated cells (Figure 2B).

Western blot analyses of protein lysates ex-
tracted from 3D cultures confirmed that lapa-
tinib treatment inhibited the phosphorylation
of both EGFR and HER2 in MCF10A HMEC, as
well as the phosphorylation of HER2 down-
stream signaling molecules, Akt and Erk1/2
(Figure 2C). Taken together, the above data
suggested that lapatinib treatment could in-
hibit HER2/EGFR downstream signaling, and
prevent transition of ADH-like to DCIS-like aci-
ni in 3D cultured ER-/HER2+ HMEC (10A.B2
cells), which largely dependent on the incre-
ased proliferation and impaired apoptosis by
HER2 overexpression.

Lapatinib treatment reversed the cancer-pro-
moting metabolic program of 10A.B2 cells

The increased proliferation of 10A.B2 cells
requires metabolic reprograming to provide
energy and substrates for biosynthesis. HER2
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Figure 4. Lapatinib treatment inhibited HER2 induced GLUT4 expression in 10A.B2 cells. A. gqRT-PCR analysis of
GLUT1 (left panel) and GLUT4 (right panel) mRNA expression in indicated cell lines with Vehicle or Lapatinib treat-
ment. **, P <0.01and ***, P < 0.001. B. Western blotting analysis of GLUT1 and GLUT4 expression in protein level
in indicated cell lines with Vehicle or Lapatinib treatment. C. Western blot analysis of p-Akt, GLUT4 and GLUT1 in
10A.B2 cells with Vehicle or MK-2206 treatment. D. qRT-PCR analysis of GLUT1 (left panel) and GLUT4 (right panel)
mRNA expression in indicated cell lines with Vehicle or MK-2206 treatment. n.s., not significant, and **, P < 0.01.

and its downstream signaling molecules,
including the PI3K-Akt pathway and Ras path-
way, are intimately involved in regulating cancer
metabolism and play a critical role in cancer
initiation and progression [26, 27]. However,
the role of HER2 overexpression induced meta-
bolic alterations in the early stages of breast
disease remain elusive, and whether lapatinib
reverses HER2-induced metabolic alterations
is not clear. To this end, we first performed glu-
cose uptake assay and found that 10A.B2 cells
consumed significantly more glucose than con-
trol 10A.Vec cells, which could be significantly
inhibited by lapatinib treatment (1 uM for 4
hrs.), suggesting that HER2 overexpression
might increase glucose uptake via its kinase
activity (Figure 3A). Secondly, we measured the
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oxygen consumption rate and found that 10A.
B2 cells consumed less oxygen than 10A.Vec
cells, while lapatinib treatment (1 uM, 4 hr) did
not have significant effect on the oxygen con-
sumption in both 10AVec and 10A.B2 cells
(Figure 3B). Thirdly, we compared lactate pro-
duction between 10A.Vec and 10A.B2 cells and
found that 10A.B2 cells produced more lactate
than 10A.Vec cells, and lapatinib treatment (1
uM, 4 hr) significantly inhibited the lactate pro-
duction in 10A.B2 cells (Figure 3C). Together,
these data indicated that HER2 overexpres-
sion/activation in the MCF10A ER- HMECs
induce glycolytic metabolic alterations (i.e.
increased glucose uptake and lactate produc-
tion), which may contribute to the increased
proliferation of ER- HMECs, which could facili-
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tate early breast disease progression. On the
other hand, lapatinib treatment could reverse
the HER2 kinase-driven metabolic reprogram-
ming in 10A.B2 cells.

Lapatinib treatment inhibited HER2 induced
GLUT4 expression in 10A.B2 cells

Among the reprogramed metabolic parameters
measured, lapatinib is most effective in inhibi-
tion of the elevated glucose uptake in 10A.B2
cells (Figure 3). To dissect the underlying mech-
anism of lapatinib-induced inhibition of the
elevated glucose uptake in 10A.B2 cells, we
first examined the expression of major glucose
transporters in 10A.B2 cells. We found that
HER2 overexpression increased GLUT1 and
GLUT4 gene expression at both mRNA and pro-
tein levels (Figure 4A and 4B). Notably, GLUT4
protein upregulation in 10A.B2 cells is more
dramatic than GLUT1 protein upregulation; and
lapatinib treatment (0.5 uM and 1 uM) of 10A.
B2 cells inhibited GLUT4 expression more dra-
maticaly than GLUT1 expression (Figure 4A
and 4B).

Akt-mediated the expression of GLUT genes
has been previously described [28-30].
Therefore, we treated 10A.B2 cells with Akt
inhibitor MK-2206 (0.5 uM) (Figure 4C), and
found that it could inhibit HER2-induced GLUT4
expression at both protein (Figure 4C) and
MRNA levels (Figure 4D) but MK-2206 treat-
ment did not significantly change GLUT1 expres-
sion (Figure 4C and 4D). These data indicated
that lapatinib treatment inhibited GLUT4
expression in 10A.B2 cells through inhibition of
Akt activation.

GLUT4 is a key executor of HER2-driven ADH-
like acini progression to DCIS-like acini

To test whether GLUT4 plays a critical role in
HER2-driven ADH-like acini progression to
DCIS-like acini of HMEC cells, we knocked down
GLUT4 in 10A.B2 cells with two distinct siRNAs
targeting GLUT4 (10A.B2 siGLUT4). GLUT4
knockdown was validated in both mRNA level
and protein level (Figure 5A and 5B), and GLUT4
knockdown resulted in decreased proliferation
rate of 10A.B2 cells in 2D culture (Figure 5C).
To investigate whether GLUT4 knockdown could
intervene ADH-like acini progression to DCIS-
like acini of 10A.B2 cells, we grew 10A.B2
siGLUT4 cells in 3D culture and compared their
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acini morphology with that of the control cells
(10A.B2 Ctrl). We found that the number of
DCIS-like acini had largely decreased after
GLUT4 knockdown, and majority of the acini
were normal or ADH-like acini (Figure 5D).
GLUT4 knockdown inhibited the abnormal
multi-acini structure of 10A.B2 to well-orga-
nized and complete single-acinar structure as
shown by Laminin V staining (Figure 5D).
Moreover, staining of Ki-67 and cleaved cas-
pase-3 showed that GLUT4 knockdown
decreased 10A.B2 cell proliferation but had no
significant effect on 10A.B2 apoptosis in 3D
culture compared to that of control cells (Figure
5D). These data indicated that GLUT4 plays a
critical role in HER2-driven ADH-like acini pro-
gression to DCIS-like acini of 10A.B2 cells, and
thus downregulation of GLUT4 by lapatinib
plays a key role in preventing ADH-like acini pro-
gression to DCIS-like acini of 10A.B2 cells by
lapatinib.

Next, we examined the effect of GLUT4 knock-
down on metabolic functions of ER-/HER2+
10A.B2 cells. Indeed, GLUT4 knockdown
reduced the glucose uptake in 10A.B2 siGLUT4
cells compared to 10A.B2 Ctrl cells (Figure 5E).
Meanwhile, 10A.B2 siGLUT4 cells had reduced
lactate production compared to the 10A.B2 Ctrl
cells (Figure 5F). On the other hand, oxygen
consumptions were not significantly different
between the 10A.B2 siGLUT4 cells and 10A.B2
Ctrl cells (Figure 5G). Together, these data sug-
gested that GLUT4-induced glucose uptake
could play an important role in ER-/HER2+ 10A.
B2 cells’ metabolic dysregulation that plays
critical role in early transformation partly by
increasing cell proliferation.

Lapatinib prevented early stage breast lesion
progression in MMTV-neu* mouse model

Next, we investigated whether lapatinib may
prevent and intervene ER-/HER2+ mammary
tumor initiation and progression by inhibiting
proliferation via downregulation of GLUT4, in
addition to targeting HER2 signaling, in vivo
using MMTV-neu* transgenic mouse model
[19]. We previously reported that, MMTV-neu*
mice developed hyperplastic lesions between
8-11 weeks of age, mammary intraepithelial
neoplasia (MIN) between 11-19 weeks of age,
and invasive ductal carcinoma (IDC) lesions
between 19 to 26 weeks of age [24].
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Figure 5. GLUT4 is a key executor of HER2-driven ADH-like acini progression to DCIS-like acini. A. qRT-PCR analysis
of GLUT4 mRNA expression in 10A.B2 cells transfected with control siRNA (Ctrl) or GLUT4 siRNA (siGLUT4) four days
after transfection. B. Western blotting analysis of GLUT4 protein level in indicated cells as in A. C. Proliferation as-
say for indicated cells as in A measured by MTT assay at 0, 24, 48 and 72 hours. D. Immunofluorescence staining
analysis (on day 12 of 3D culture) of Ki-67 and cleaved caspase-3 in 10A.B2 cells transfected with siCtrl or siGLUT4
on day 0. Ki-67 and cleaved caspase-3 are shown in green. Laminin V is shown in red. DAPI is shown in blue. Scale
bar represents 50 ym. Light microscopy photos (top panel) are used as reference. Scale bar represents 100 uym for
light microscopy images. E. Glucose uptake assay of indicated cell lines. F. Lactate production assay of indicated
cell lines. G. Oxygen consumption assay of indicated cell lines. n.s., not significant, *, P < 0.05, **, P < 0.01 and
*%% P <0.001.
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Figure 6. Lapatinib prevented early stage breast lesion progression in MMTV-neu* mouse model. A. Kaplan-Meier
Survival analysis of MMTV-neu* mice treated with Vehicle and 30 mg/kg Lapatinib for prevention. B. Representa-
tive H&E and IHC images of pErbB2 (Y1248), Ki-67, cleaved caspase-3, p-Akt (S473), Cyclin D2 and GLUT4 staining
in the mammary gland from FVB control mice and MMTV-neu* mice treated with Vehicle or 30 mg/kg lapatinib.
H&E images (for both Vehicle and Lapatinib treatment) were from samples collected at 21 weeks and IHC staining
was done on samples collected at end point. Scale bar represents 50 um. C. Quantitative analysis of IHC staining
intensity scores of various markers in vehicle and lapatinib treated MMTV-neu* mice along with WT FVB mice as

shown in B. *, P < 0.05, **, P < 0.01 and ***, P < 0.001.

To determine the effect of lapatinib on the initi-
ation and progression of ER- mammary tumors
in vivo, we began treating female MMTV-neu*
mice with low dose of lapatinib (30 mg/kg)
from 10 weeks of age (mostly having hyperplas-
tic lesions) and continued the treatment after
mice developed mammary tumor and till they
were euthanized between 21 and 29 weeks of
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age (end point). The lowest effective dose of 30
mg/kg/day for six days per week was adopted
for the prevention study and vehicle was used
as controls. All vehicle-treated mice developed
mammary tumors by 85 days into the treat-
ment, while three out of nine mice treated with
lapatinib remained free of palpable tumor until
105 days (p=0.0042) (Figure 6A). We then per-
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formed IHC staining to examine whether lapa-
tinib treatment inhibited proliferation and
induced apoptosis, downregulated GLUT4, in
addition to targeting HER2 signaling in mam-
mary tumors of MMTV-neu* mice. Indeed, the
level of p-ErbB2, Ki-67, p-Akt, Cyclin D2 and
GLUT4 were significantly inhibited in lapatinib
treatment group compared to vehicle treated
group (Figure 6B and 6C), whereas apoptosis
(cleaved caspase-3 staining) in mammary tu-
mor of MMTV-neu* mice was increased by
lapatinib treatment (Figure 6B and 6C). All
these data suggested that lapatinib treatment
inhibited HER2 signaling and downregulated
GLUT4, which contribute to decreased cell
proliferation and increased cell death, and con-
sequently, a significant delay of mammary tu-
mor progression in the MMTV-neu* ER-/HER2+
mouse model. Therefore, low doses of lapati-
nib could be adapted for the prevention of
ER-negative and HER2 overexpressing breast
cancer in the clinic.

Discussion

Currently, Tamoxifen is used for preventing ER+
breast disease progression to breast cancer.
ER expression profiling is used as a biomarker
to predict the response to Tamoxifen and prog-
nosis of ER+ breast cancer patients. For ER-
breast cancer patients, there is still a lack of
effective prevention agents in the clinical set-
ting [31-36]. The high frequency of HER2 ampli-
fication in ~ 40% of ER- breast cancers sug-
gests that HER2 amplification in early stage of
breast diseases may play an important role in
early stage breast cancer development in these
patients. However, the HER2-activated signal-
ing networks in early stage breast cancer pro-
gression remain elusive. Our paired 10A.Vec
and 10A.B2 cells in 3D cell culture provide a
good in vitro model for the rapid identification
of HER2-activated signaling networks in early
stage breast cancer which may also serve as
biomarkers to assess the cancer risk. We have
mapped the global signaling events activated
by HER2 overexpression using RPPA array and
performed profiling on HER2 overexpression
induced transcriptome by cDNA microarray in
this system (Figure 1). These unbiased ap-
proaches revealed HER2-mediated activation
of multiple signaling pathways that may contrib-
ute to abnormal acini growth in 3D culture. The
findings also provide insights on developing

992

strategies to effectively target HER2 for preven-
tion of ER-/HER2+ early stage breast disease
progression to cancer.

Among HER2-targeting agents, lapatinib (Ty-
kerb, GlaxoSmithKline) is a small molecule
that enters the cell and blocks the kinase func-
tion of HER2 and EGFR by blocking the ATP
binding site on their tyrosine kinase domains.
FDA approved lapatinib on March 13, 2007 for
use in patients with advanced metastatic
breast cancer in conjunction with capecitabine
(Xeloda™)  (http://www.cancer.gov/about-can-
cer/treatment/drugs/fda-lapatinib#Anchor-
HERG789). Specifically, it is used for the treat-
ment of advanced HER2+ cancers that has
failed to respond to other frontline regimens
[37, 38]. Here, we tested the effect of lapatinib
to intervene ADH-like acini progression to
DCIS-like acini of 10A.B2 cells in 3D culture
and showed that lapatinib treatment inhibited
the abnormal multi-acini structure of 10A.B2
to well-organized and complete single-acinar
structure (Figure 2B). Cancer cells rely on high
glycolytic flux in order to generate sufficient
energy and biosynthesis substrates for sup-
porting proliferation, and indeed, we found that
10A.B2 cells have a high glycolytic activities,
especially high glucose uptake, that can be
effectively inhibited by lapatinib. We then exam-
ined the expression of GLUTs which are the
high affinity isoforms for glucose transport in
our model system [13], and found that 10A.B2
cells expressed high levels of GLUT1 and
GLUT4, which are significantly downregulated
by lapatinib. Taking advantage that 10A.B2
cells in 3D culture are amendable for rapid dis-
section of molecular mechanisms, we discov-
ered that lapatinib treatment downregulated
GLUT4 expression in 10A.B2 cells via inhibition
of HER2/Akt signaling and downregulation of
GLUT4 expression is effective in preventing
ADH-like acini progression to DCIS-like acini
of 10A.B2 cells in 3D culture (Figures 3-5).
The findings indicate that metabolic dysregula-
tion in ER-/HER2+ HMECs plays a crucial role
in early stage breast disease progression
and inhibiting tumor-prone metabolic events
enables lapatinib prevention function. We fur-
ther validated these findings by treating the
MMTV-neu* mouse model with low dose of
lapatinib at early stage before developing ER-/
HER2+ mammary tumors, which significantly
delayed tumor initiation and progression corre-
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sponding to significant inhibitions of HER2/Akt
phosphorylation and GLUT4 expression (Figure
6). Understanding the mechanistic link between
cellular metabolism and cancer cell growth
control have provided additional treatments
options for human cancer [11] . The same prin-
ciple may also apply to cancer prevention. Our
above new findings suggest that targeting
tumor-prone metabolic events by modulating
cellular metabolism, e.g., calorie restrictions,
especially when combined with low dose of
lapatinib, may have better effect on prevention
of ER-/HER2+ breast cancers.

Lapatinib treatment decreased GLUT4 expres-
sion much more dramatically than GLUT1
expression. Thus, GLUT4 is a critical mediator
of lapatinib-induced reversal of HER2-driven
metabolic dysregulation. GLUT4 gene expres-
sion can be regulated by multiple mechanisms
[39]. It was reported that insulin-dependent
GLUT4 regulation played a central role in glu-
cose homeostasis as insulin activated PI3K
and Akt, resulting in GLUT4 translocation to the
membrane in muscle cells and adipose tissue
[39, 40]. In addition to Akt, PKCA/T [41], AMPK
[42], and CaMK2 [43] have been found to
also promote GLUT4 translocation to the
cell membrane. Recently, various studies show-
ed that breast cancer cells expressed high lev-
els of GLUT4, and knocking down GLUT4 in
breast cancer cell lines impaired glucose
uptake and reduced lactate production, which
was also observed in our early breast disease
model [44, 45] (Figure 3A and 3C). Therefore,
blocking GLUT4 or its upstream activating sig-
nals may empower cancer treatment and
prevention.

In summary, in this study, we demonstrated
that overexpression of HER2 activates multiple
signaling events in ER-/HER2+ 10A.B2 HMECs
of an early stage breast disease model. We
found that lapatinib effectively intervened ADH-
like acini progression to DCIS-like acini of 10A.
B2 cells in 3D culture by, at least partly,
decreasing glucose uptake via downregulation
of GLUT4 expression after inhibiting HER2/Akt
signaling. Furthermore, low dose lapatinib
treatment starting from early stages of mam-
mary gland transformation delayed tumor initi-
ation and progression which are associated
with inhibition of HER2/Akt signaling and down-
regulation of GLUT4 expression. The data pre-
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sented in this study indicated that lapatinib is a
promising agent for the prevention/interven-
tion of ER-/HER2+ breast cancer by inhibiting
key signal events in early stage breast disease
and by reversing cancer-promoting metabolic
events, which warrant further clinical follow-
ups in the future.
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