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Modeling invasive breast cancer: growth factors propel progression
of HER2-positive premalignant lesions
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The HER2/neu oncogene encodes a receptor-like tyrosine
kinase whose overexpression in breast cancer predicts poor
prognosis and resistance to conventional therapies. However,
the mechanisms underlying aggressiveness of HER2 (human
epidermal growth factor receptor 2)-overexpressing tumors
remain incompletely understood. Because it assists epidermal
growth factor (EGF) and neuregulin receptors, we overexpressed HER2 in MCF10A mammary cells and applied
growth factors. HER2-overexpressing cells grown in extracellular matrix formed ﬁlled spheroids, which protruded
outgrowths upon growth factor stimulation. Our transcriptome analyses imply a two-hit model for invasive growth:
HER2-induced proliferation and evasion from anoikis
generate ﬁlled structures, which are morphologically and
transcriptionally analogous to preinvasive patients’ lesions.
In the second hit, EGF escalates signaling and transcriptional responses leading to invasive growth. Consistent
with clinical relevance, a gene expression signature based
on the HER2/EGF-activated transcriptional program can
predict poorer prognosis of a subgroup of HER2-overexpressing patients. In conclusion, the integration of
a three-dimensional cellular model and clinical data
attributes progression of HER2-overexpressing lesions
to EGF-like growth factors acting in the context of the
tumor’s microenvironment.
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Introduction
In afﬂuent countries, approximately one in eight women
develops breast cancer during her lifetime (Smigal et al.,
2006). Breast tumors can be subclassiﬁed according to
clinical and histological features, including expression of
the estrogen receptor (ER) and a kinase called HER2
(human epidermal growth factor receptor 2), but recent
genome-wide transcriptome studies have reﬁned this
classiﬁcation (Perou et al., 2000). HER2 is overexpressed in 40–70% of ductal carcinomas in situ
(DCIS), premalignant lesions of the breast, whereas
overexpression of HER2 (ERBB2/neu) occurs in just
20–25% of invasive ductal carcinomas (IDCs). The latter
subgroup exhibits relatively poor clinical prognosis
because of increased rates of metastatic spread (Slamon
et al., 1987; van de Vijver et al., 1988; Virolle et al.,
2003). Whether HER2-overexpressing DCIS develops
into relatively virulent IDC is currently debated.
One confounding issue is the inability of HER2 to
bind ligands, in contrast to other members of its family,
such as the epidermal growth factor receptor (EGFR),
which can bind multiple growth factors (GFs). According to one model, the high basal kinase activity of HER2
allows the receptor to signal in the absence of a
stimulatory ligand (Lonardo et al., 1990). An alternative
model attributes the transforming function of HER2 to
its ability to form heterodimers with ligand-activated
receptors, thereby prolonging signals (Riese et al., 1995;
Pinkas-Kramarski et al., 1996; Klapper et al., 1999).
Employing a model system, Muthuswamy et al. (2001)
uncovered yet another attribute of HER2. Their system
comprised MCF10A mammary cells grown in extracellular matrix (Petersen et al., 1992). Ectopic expression
of chimeric HER2 molecules that can be homodimerized
by synthetic ligands revealed that HER2 homodimers,
unlike EGFR homodimers, can induce the generation of
multiacinar structures with ﬁlled lumen (Muthuswamy
et al., 2001).
Relevant to the possibility that HER2 and GFs
collaboratively contribute to cancer progression,
analyses integrating clinicopathological and gene
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expression data indicated that invasion programs
associate with prognosis (Desmedt et al., 2008a), and
GFs collaborate with HER2 in tumor progression
(Muller et al., 1996; Valabrega et al., 2005). Herein,
we address such collaborative interactions by using
HER2-overexpressing MCF10A cells, as well as data
from clinical specimens. When grown in a threedimensional (3D) matrix, HER2-overexpressing cells
formed ﬁlled spheroids resembling DCIS, and upon
exposure to EGF, they protruded invasive arms.
Transcriptomic analyses of this preinvasive to invasive
transition identiﬁed three upregulated modules, in line
with a model that attributes breast cancer progression to
GFs acting on oncogene-initiated preinvasive lesions.
Importantly, the state of expression of these three
modules could stratify patients with HER2-overexpressing IDCs into different prognostic groups, suggesting
that ongoing activation of these invasive transcriptional
programs is crucially involved in the metastatic spread
of HER2-overexpressing mammary tumors.

Results
GFs induce invasion of HER2-overexpressing spheroids
Although monolayers of the nontransformed MCF10A
mammary cell line, a well-established cellular model
(Muthuswamy et al., 2001), require exogenous EGF for
optimal survival, we noted that a signiﬁcant fraction of
cells survived and gave rise to relatively small acini when
grown in the absence of EGF, in a natural preparation of
extracellular matrix (Matrigel (BD Bioscience, Franklin
Lakes, NJ, USA); Supplementary Figure S1A). Because
an EGF-blocking antibody, Cetuximab, completely abolished acinus formation, we assume that survival in 3D
cultures depends on autocrine or matrix-derived GFs. To
examine the functions of HER2 in the absence or presence
of GFs, we infected cells with retroviral particles encoding
both HER2 and the green ﬂuorescent protein (GFP)
(Ueda et al., 2004). A clone that expressed HER2 at levels
comparable to those displayed by two commonly used
HER2-positive cancer cell lines was selected (Supplementary Figure S1B). Because studies using chimeric versions
of EGFR and HER2 concluded that the corresponding
heterodimers confer an invasive phenotype (Zhan et al.,
2006), we expected EGF to increase invasiveness of

HER2-overexpressing cells. To this end, we plated
MCF10A cells on Matrigel-coated Transwell ﬁlters in
the presence or absence of EGF, and stained cells that had
migrated through the ﬁlter. As expected, the overexpressed HER2 enhanced both basal and EGF-induced
cellular invasion in a monolayer (two-dimensional)
conﬁguration (Figure 1a).
To test the effect of HER2 and EGF on the ability of
spheroids to invade through matrix barriers, cells were
suspended in Matrigel and then plated on top of ﬁlters.
Following 18 days of incubation in the absence or
presence of EGF, the spheroids that formed on the ﬁlter
were removed from the upper face, whereas cell clusters
that reached the lower face were photographed. Interestingly, we observed invasiveness only in the case of
HER2-overexpressing MCF10A cells that underwent
treatment with EGF (Figure 1b). To closely examine
this, we cultured HER2-overexpressing MCF10A cells
in a reconstituted 3D extracellular matrix and followed
individual spheroids in a time-lapse manner. Under
these conditions, single MCF10A cells developed clonal
aggregates, whose luminal cells gradually underwent
apoptosis to form hollow structures surrounded by a
single-cell rim and a basement membrane (Figure 1c).
When grown in the presence of either EGF or
neuregulin b-1, control spheroids displayed thicker walls
and a slightly delayed apoptosis, but HER2-overexpressing spheroids exhibited a much longer delay. A similar
delay was reported when a chimeric HER2 was
stimulated from within the cell using a synthetic ligand
(Muthuswamy et al., 2001). Remarkably, when cultured
in the presence of GFs, the ﬁlled HER2-overexpressing
acini progressively protruded arms that invaded into
the matrix.
To quantify the effects of EGF and HER2, we
developed a morphometric assay (Supplementary
Figures S1C and D). Analyses of acini conﬁrmed that
HER2 overexpression promoted transformation of
circular acini into irregular structures. Yet another
alteration, into arm-protruding structures, was induced
by GFs. Conceivably, GFs recruit HER2 into heterodimers, to activate the kinase of the ligand-less receptor
and promote invasion. In line with this scenario,
covalent crosslinking experiments indicated replacement
of HER2 homodimers by EGFR/HER2 heterodimers
upon EGF treatment (Supplementary Figure S1E).
Moreover, acini expressing a catalytically inactive

Figure 1 HER2 delays intraluminal apoptosis and GFs induce invasive arm formation by MCF10A spheroids grown in extracellular
matrix. (a) MCF10A and MCF10A/HER2 monolayers (50 000 cells) were plated on Matrigel-coated Transwell chambers and
incubated for 12 h in the presence or absence of EGF (20 ng/ml). Thereafter, the opposite face of the Transwell ﬁlter was stained using
crystal violet. The lower part presents quantiﬁcation of the number of cells that migrated to the other side of the ﬁlter. (b) MCF10A
and MCF10A/HER2 cells were suspended in 5% Matrigel and 2000 cells were plated on a Matrigel-coated Transwell ﬁlter separating
two compartments of a Transwell chamber. After 18 days of incubation in the absence or presence of EGF, spheroids were removed
from the upper face of the ﬁlter, whereas cells located on the lower face were observed using ﬂuorescence microscopy. The lower part
shows quantiﬁcation of the number of invading colonies per ﬁeld. Bars represent s.d. of triplicate determinations. (c) Confocal
microscopy images of acini of MCF10A and MCF10A/HER2 cells plated in Matrigel for the indicated times in the absence or presence
of EGF or neuregulin (NRG)-1b (each at 20 ng/ml). Each series represents time-lapse images from the same acinus (bar, 50 mm).
(d) Flow diagrams of RNA sampling for microarray analyses. The schemes present multicellular structures exhibited by MCF10A and
MCF10A/HER2 cells grown in extracellular matrix, in the absence or presence of EGF. RNA was isolated at the indicated time points
and used for hybridization to DNA arrays.
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HER2 mutant (D845N; Supplementary Figure S1F)
exhibited cleared lumina and failed to protrude invasive
arms (Supplementary Figure S1G), suggesting that
HER2/EGFR heterodimers, as well as kinase activity,
are required for the EGF-induced outgrowths.
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relevance to DCIS and IDC. Therefore, we extracted
RNA at 4 to 5 time points from acini that were grown
either in the absence or in the presence of EGF, and
hybridized the samples to DNA arrays (see Figure 1d).
Comparison of control and HER2-overexpressing
MCF10A cells, grown in the absence of EGF, identiﬁed
a large set of differentially expressed genes (Supplementary Figure S2A, Supplementary File 1; sheet 1), for
which enriched Gene Ontology (GO) annotations are
shown in Supplementary File 2 (sheets 1 and 2) (Huang
da et al., 2009). Consistent with previous reports that
attributed to HER2 an ability to inhibit apoptosis while
stimulating proliferation of MCF10A cells (Muthuswamy
et al., 2001), enriched GO terms in a group of 490 genes,
which are higher in MCF10A/HER2 cells, included
primarily cell proliferation modules (Supplementary
Figure S2B and Supplementary File 2; sheet 2), along
with prosurvival genes, whereas a few pro-apoptosis
genes were downregulated (Supplementary Figure S2C).
Conceivably, the effect of HER2 on MCF10A
proliferation reﬂects the association of this oncogene
with enhanced luminal proliferation in patients with
HER2 þ DCIS (van de Vijver et al., 1988). In line with
this, Gene Set Enrichment Analysis (Subramanian et al.,
2005) comparing normal breast epithelia and HER2 þ
DCIS specimens (Balleine et al., 2008) showed a
signiﬁcant enrichment of genes distinguishing between
MCF10A and MCF10A/HER2 cells (Supplementary
Figure S3A; false discovery rate (FDR) o0.1%). Moreover, a group of shared genes, exhibiting concordant
changes in both MCF10A vs MCF10A/HER2 spheroids
and in the comparison of normal breast epithelia vs
HER2-positive DCIS, were signiﬁcantly enriched for
functions related to cell proliferation/survival (Supplementary Figures S3B and C, Supplementary File 2; sheet
3). In conclusion, the identiﬁcation of shared proﬁles of
mRNAs proposes that HER2-overexpressing spheroids
not only phenocopy HER2 þ DCIS to some extent, but
that these structural similarities may also be achieved by
similar transcriptional programs.
EGF alters the morphology of HER2-overexpressing
spheroids and promotes breakdown of their basement
membrane
Morphological analyses revealed that unlike untreated
HER2 overexpressors, GF-treated spheroids gained
vimentin and ﬁbronectin, partly lost E-cadherin, and
displayed disrupted Laminin V-containing basement
membranes (Figures 2a and b), in line with previous
reports (Muthuswamy et al., 2001; Debnath et al., 2002;
Zhan et al., 2006). To further study the effects of GFs,
we cultured 5-day-old HER2-overexpressing acini with
beads that were decorated with immobilized EGF
molecules. Images captured 48 h later showed that acini
comprising HER2-overexpressing cells extended arms
toward nearby located EGF-coated beads, but control
MCF10A spheroids displayed no directional outgrowths
(Supplementary Figure S4). Taken together, these
observations conﬁrm the ability of GFs to regulate
adhesion molecules and induce directed invasive growth
of HER2-overexpressing acini.
Oncogene

EGF-induced invasive growth of HER2-overexpressing
mammary spheroids transcriptionally associates with
cellular adhesion, TGFb signaling and response to
hypoxia
To resolve transcriptional modules driving invasive
growth, we analyzed EGF-stimulated, HER2-overexpressing cells and identiﬁed 336 differentiating genes
(Supplementary File 1, sheet 2), along with several
enriched pathways and processes (Supplementary File 2;
sheets 5 and 6). We focused on a group of 130
up-regulated genes, which exemplify the general ability
of HER2 to augment EGF signals. Analysis of GO
terms and pathway enrichment indicated that unlike the
above described ontological uniformity of HER2associated transcription, the effect of EGF was characterized by process multiplicity. The most signiﬁcantly
enriched pathway was transforming growth factor-b
(TGFb) signaling (Supplementary File 2; sheet 6). Of the
enriched biological processes (FDR o15%; Supplementary File 2; sheet 6), we focused on angiogenesis (also
called response to hypoxia) and cell adhesion, because
both processes were reﬂected by treated acini. For each
process, we consulted the appropriate database (KEGG
for TGFb signaling; GO for cell adhesion and angiogenesis), and focused on the subset of genes that
exhibited notable upregulation on treatment of
MCF10A/HER2 cells with EGF. Heatmaps corresponding to the three subsets of genes are presented in
Figure 2c.
Transcriptomic similarities between HER2overexpressing IDCs and EGF-treated spheroids
To validate the clinical relevance of the 3D model to
IDCs, we analyzed a clinical gene expression data set
comprising both HER2 þ IDC specimens and histologically normal breast tissues (Chen et al., 2010). As
expected, Gene Set Enrichment Analysis showed
enrichment (FDR o25%) of genes characteristic to
EGF-treated MCF10A/HER2 cells in the set of genes
distinguishing HER2 þ IDC samples from normal
tissues. We identiﬁed 361 concordant genes distinguishing both HER2 þ IDCs from normal epithelia, as well as
EGF-treated MCF10A/HER2 cells from untreated
MCF10A cells (Figure 3a; threshold of 5% FDR).
Beyond concordant patterns of upregulated and downregulated genes, EGF alone moderately altered expression of the concordant 361 genes in MCF10A acini, but
maximal effects were achieved by the combination of
EGF treatment and HER2 overexpression. Interestingly, GO analysis of the concordant group revealed
predominance of proliferation genes (Figure 3b and
Supplementary File 2; sheet 4), but genes contributing to
invasive growth were relatively rare. A likely reason may
be that the invasive front of breast tumors often
represents a minor fraction of clinical specimens.
Transcriptional programs launched by HER2 and EGF
cooperatively enhance BMP/TGFb signaling
Coordinate upregulation of bone morphogenic proteins
(BMPs) and other BMP/TGFb pathway components,
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Figure 2 Morphological and transcriptional effects of HER2 overexpression and EGF treatment of mammary spheroids. (a) Acini of HER2overexpressing MCF10A cells were grown for 8 days in Matrigel in the absence or presence of EGF, before immunostaining with 4,6-diamidino2-phenylindole (DAPI) and with the indicated antibodies (scale bar, 50 mm). (b) Acini of HER2-overexpressing MCF10A cells were grown in the
absence or presence of EGF for the indicated time intervals, before immunoblotting (IB) with the indicated antibodies. (c) RNA expression
levels of genes whose variation of expression during acinar morphogenesis is different in untreated versus EGF-treated MCF10A/HER2 cells
and in MCF10A (control) cells. Expression levels were normalized and the genes grouped according to their known functions: adhesion, BMP/
TGFb signaling and angiogenesis/response to hypoxia.

along with downregulation of the antagonist pseudoreceptor BAMBI (BMP and activin membrane-bound
inhibitor), was conﬁrmed using quantitative real-time
PCR (Figure 4a; refer to red arrows in Figure 4b).
Consistently, immunoblotting validated sustained
upregulation of the receptor BMPR2 and downregulation of BAMBI (Figure 4c), and stimulation with BMP2
induced phosphorylation of SMAD proteins in HER2
overexpressors (Figure 4d). In line with SMAD-controlled invasive growth, knockdown of SMAD4
(Figure 4e) inhibited invasiveness (Figures 4f and g).
Thus, the combination of HER2 overexpression and
stimulation with EGF coordinately regulates multiple
components of the TGFb/BMP module. These observations extend previous reports that identiﬁed collaborative interactions between HER2 and the TGFb pathway
in breast cancer (Seton-Rogers et al., 2004; Ueda et al.,
2004).

Lysyl oxidases and other proteins associated with
responses to hypoxia are induced by EGF in lumen-ﬁlled
HER2-ovexpressing acini
HER2 overexpression upregulated several angiogenic
factors in acini of MCF10A cells, and EGF enhanced
this induction (Figures 5a and 2c). The inferred
angiogenesis module is presented in Figure 5b: coordinate upregulation of several components is likely
because of the induction of the endothelial PAS domain
protein 1 (EPAS1), a subunit of the hypoxia-inducible
transcription factor-2a, the induction of which was
conﬁrmed using immunoblotting (Figure 5c). In addition, two lysyl oxidases (LOX and LOXL2), which can
oxidize collagen and elastin (Akiri et al., 2003), underwent upregulation at the mRNA level, which we
conﬁrmed at the level of the LOXL2 protein
(Figure 5c). As several hypoxia-inducible genes are well
understood, but the oncogenic roles of the LOXs
Oncogene
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Figure 3 Transcriptomic similarities of HER2-overexpressing IDC specimens and EGF-treated invasive spheroids of MCF10A/
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are currently emerging (Kirschmann et al., 2002;
Akiri et al., 2003; Erler et al., 2006), we focused on
the latter.
Inhibition of LOX activity using b-aminopropionitrile
abrogated formation of invasive acini of MCF10A/
HER2 cells (Figures 5d and e) without affecting cell
proliferation, implying that secretion of LOXs is
required for invasiveness, probably because these
enzymes control matrix stiffness (Levental et al., 2009).
Accordingly, treatment of MCF10A/HER2 cells with a
recombinant LOXL2 induced their invasive outgrowths
(Figure 5f), even in the absence of EGF, as well as
enhanced invasion through a ﬁlter coated with collagen
type I (Figures 6a and b). To address potential
collaboration between LOXs and matrix metalloproteinases, we combined b-aminopropionitrile and a general
inhibitor of matrix metalloproteinases (GM6001), and
observed complete inhibition of invasion of MCF10A/
HER2 cells (Figures 6c and d). In aggregate, these
observations propose that EGF-induced activation of
an angiogenesis-like switch contribute to the invasive
potential of HER2-overexpressing acini.
Oncogene

The combination of HER2 overexpression and EGF
treatment enhances expression of a large module of cell
adhesion mediators
EGF signaling has previously been implicated in evasion
from anoikis, a form of programmed cell death
associated with disturbed integrin signaling (Collins
et al., 2005). In accordance, we found that the
combination of EGF treatment and HER2 overexpression strongly induced more than 60 adhesion-related
genes, including the integrin-linked kinase (ILK), a wide
spectrum of integrins (for example, aV, a2, a3, a5, a6,
b1, b4, b5 and b8) and their respective ligands, such as
Laminin and Milk Fat Globule EGF factor 8 (MFGE8/
lactadherin; Figure 2c). Notably, it is known that b4
signaling is necessary for HER2-initiated mammary
tumorigenesis (Guo et al., 2006), and ILK plays a
critical role in progression of such tumors (Pontier et al.,
2010). Transcriptional induction of ILK, MFGE8, aV
and b5 was conﬁrmed by using quantitative real-time
PCR (Figure 6e; see scheme in Figure 6f), and increased
levels of ILK and MFGE8 were also veriﬁed by
immunoblotting (Figure 6g).
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Secretion of MFGE8, which binds heterodimers of
integrin aV and integrin b5 or b3 and activates ERK, is
required for branching morphogenesis of the mammary
gland (Ensslin and Shur, 2007). In line with this report,
we found that exogenous MFGE8 activates ERK

phosphorylation (Figure 7a) and enhances invasiveness
of HER2-overexpressing cells (Figures 7b and c).
Moreover, exogenously added MFGE8 speciﬁcally
enhanced formation of invasive outgrowths by acini
of HER2-overexpressing spheroids (Figure 7d). As
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Figure 5 HER2 overexpression enhances transcriptional induction of an angiogenesis/hypoxia module upon treatment with EGF.
(a) Total RNA was subjected to analysis of the indicated genes by PCR, as in Figure 4a. (b) Schematic presentation of the angiogenesis
module. Narrow arrows indicate transcriptional upregulation. AREG, amphiregulin. (c) Immunoblot analysis was performed on
HER2-overexpressing acini treated without or with EGF for the indicated time intervals, using hypoxia-inducible transcription
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expected, inhibition of MFGE8 action by using an
integrin aV blocking antibody attenuated invasive
growth (Figure 7d), and stable knockdown of MFGE8
(Figure 7e) inhibited the EGF-induced formation of
invasive structures (Figures 7f and g). These effects of
MFGE8 were extended to HER2-overexpressing human
breast cancer cells grown in Matrigel. EGF treatment of
SKBR3 and BT474 cells increased the size, irregularity
and branching of their acini, but MFGE8-blocking
antibodies (to integrin aV) or a LOX inhibitor reversed
this phenotype, similar to the effect of the HER2-speciﬁc
antibody trastuzumab and the EGFR/HER2 dual
kinase inhibitor GW2974 (Supplementary Figure S5).
In conclusion, transcriptional induction of speciﬁc
ligands and their cognate integrins is essential for
EGF-induced invasion of HER2-overexpressing mammary cells.
Oncogene

An in vitro-based cumulative gene signature predicts
survival of HER2-positive breast cancer patients
Our results demonstrated that coexpression of genes
belonging to three transcriptional modules, including
several genes known to precondition and nourish the
metastatic niche (for example, LOX and vascular endothelial growth factor), accompanies the acquisition and
maintenance of an invasive phenotype in vitro. Assuming
that persistent expression of this molecular switch critically
determines the clinical outcome of patients with early-stage
invasive breast cancer, we evaluated the prognostic value of
these genes by using nine publicly available microarray
data sets as a training set (Supplementary File 3; sheet 1).
After excluding patients who received systemic adjuvant
treatment, genes from all three modules were individually
assessed through a Cox model with relapse-free survival
(RFS) in the HER2 subtype (Supplementary File 3; sheet
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2), and 25 genes of high prognostic value (Po0.1) were
selected (Supplementary File 3; sheet 3) as a combined
signature (hereafter HER2/EGF signature). This signature
provided a strong predictor of RFS in patients with
HER2 þ tumors only (Figure 8a; upper row). Performance
of the signature was evaluated in an independent test set
comprising 344 patients who received no systemic adjuvant
therapy (Wang et al., 2005; Minn et al., 2007). This analysis
corroborated the ability of the HER2/EGF signature of 25
genes to discriminate patients with a favorable outcome
from those with high relapse rates, speciﬁcally in the
HER2 þ subtype (hazard ratio ¼ 4.1, 95% conﬁdence
interval: 1.1–14.5, P ¼ 0.03; see Figure 8a; lower row).
Using the test set, we compared the prognostic
performance of the HER2/EGF signature relative to
both clinical parameters and previously published gene
signatures (Figure 8b) for each breast tumor subtype. As
expected, the resulting Forest plots indicated that
several ﬁrst-generation signatures, which were developed to derive prognostic guidance in patients with ERpositive breast cancers, retained prognostic signiﬁcance
in the ER þ /HER2 group, but none performed well in
the ER/HER2 subtype (Figure 8b). In contrast,
HER2/EGF along with three recent gene signatures,
reliably predicted RFS in the HER2 þ group, outperforming not only histopathological characteristics,
but also the ﬁrst-generation signatures. In conjunction
with the invasive phenotype that we observed in vitro,
the prognostic power of the HER2/EGF signature
supports a two-hit progression model for HER2-overexpressing lesions, as we discuss below.
Discussion
HER2 is ampliﬁed in a large fraction of DCIS cases, but
only 20–25% of IDCs exhibit overexpression (Slamon
et al., 1987; van de Vijver et al., 1988). These
observations established the notion that HER2 acts as
a ﬁrst hit, which is followed by a second, invasionpromoting hit affecting only a fraction of DCIS lesions.
Previous reports proposed that TGFb (Seton-Rogers
et al., 2004) and 14-3-3-z (Lu et al., 2009) serve as second
hits. Similarly, a transgenic mouse model indicated that
HER2 and TGFa cooperate in mammary tumorigenesis
(Muller et al., 1996). On the basis of an in vitro 3D
cellular system and clinical data, the present study
identiﬁes EGF-like factors as a potential second hit.
The following sequence of events may provide
biochemical grounds for the proposed two-hit model:
(i) HER2 induces proliferation and evasion from
apoptosis: Normally, mammary ducts acquire cavities
through cell divisions with the metaphase plates
perpendicular to the apical surface (Jechlinger et al.,
2009), and by disengagement of inner cell layers from
the basement membrane (Simpson et al., 2008). We
found that overexpression of HER2 endows cells with
transcriptional attributes that evade luminal apoptosis,
in line with a previous report (Debnath et al., 2002).
Concomitantly, HER2 signaling disrupts apical–basal
polarity (Figure 2a), likely by associating with components
of the PAR complex (Aranda et al., 2006).

(ii) GFs enhance an intraluminal response to hypoxia: It is
conceivable that decreased intraluminal oxygen levels
within ﬁlled structures initiate a rudimentary hypoxic
reaction, which is exaggerated by GFs (Figure 5b). Moreover, hypoxia is known to enhance metastatic potential
through the induction of matrix-modifying enzymes, which
increase matrix stiffness (Erler and Weaver, 2009; Levental
et al., 2009).
(iii) Collaborative induction of invasive growth: Neither
HER2 nor EGF can launch invasion across basement
membranes, but their collaboration is very effective. The
underlying mechanisms likely require ampliﬁcation of
EGF-induced intracellular signals and coordinate activation of the BMP/TGFb, angiogenesis and integrin
modules. Congruently, ectopic expression of TGFb in
MCF10A cells expressing activated HER2 strongly induced
migration (Seton-Rogers et al., 2004; Ueda et al., 2004).
Based on results obtained with the 3D model system
and their reﬂection in clinical outcome (Figure 8a), we
propose that neither HER2 ampliﬁcation nor the
presence of GFs is sufﬁcient for development of IDCs,
but their co-occurrence can instigate metastasis.
According to the proposed model, expansion of foci of
ductal hyperplasia is limited by intraluminal apoptosis,
unless they overexpress HER2, which drives proliferation and forms DCIS. The more virulent scenario
combines HER2 ampliﬁcation with GFs, thereby
switching a robust, autostimulatory program. This
model predicts that exposure to GFs can identify a
relatively aggressive class of HER2-overexpressing
tumors. Such GFs may derive from autocrine secretion,
or from paracrine sources including stromal cells,
surgical wounds (Tagliabue et al., 2003) and tumorassociated myeloid cells (Rilke et al., 1991).
Although it is based on an in vitro cell-stroma system, the
predictive power of the HER2/EGF signature exceeds the
prognostic value of clinical parameters such as tumor size
and grade, but it remains restricted to patients belonging to
the HER2 þ group (Figure 8b). In addition, the newly
deﬁned signature outshines all previously described gene
signatures, except two good prognosis immune signatures
(STAT1 and IRMODULE) (Teschendorff et al., 2007;
Desmedt et al., 2008a) and the Decorin (DCN) signature
(Farmer et al., 2009). Future studies will examine the
possibility that GFs can serve as the long-awaited prognostic
markers of high-risk DCIS lesions. Already, the gene
signature we identiﬁed provides a novel tool to predict
prognosis in patients with HER2-overexpressing IDCs,
based upon on-going expression of an invasive program.
Whether this signature can also identify therapeutic targets
in patients with HER2-positive breast cancers is an
intriguing possibility that requires further investigation.
Materials and methods
Reagents, cells and buffers
MCF-10A cells were obtained from the ATCC (Manassas,
VA, USA) and maintained in medium containing 10 mg/ml
insulin, 0.1 mg/ml cholera toxin, 0.5 mg/ml hydrocortisone, 5%
horse serum and 10 ng/ml EGF. Recombinant MFGE8 was
from R&D Systems (Minneapolis, MN, USA).
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Figure 8 An invasive signature predicts survival of HER2-overexpressing patients. (a) Kaplan–Meier analyses of RFS of
breast cancer patients grouped into three major subtypes, according to ER and HER2 status. Nine breast cancer microarray data
sets were used as a training set (upper row), along with an independent test set (lower row; VDX data set; Supplementary File 3,
sheet 1). Tumors were stratiﬁed according to high (red), medium (green) or low (blue) expression of the HER2-associated invasive
signature comprising 25 genes (Supplementary File 3, sheet 3). Hazard ratios (HRs; average and 95% conﬁdence interval), patient
numbers and P-values are indicated. Note that the prognostic value of the HER2/EGF signature is conﬁned to the HER2 subtype.
(b) Forest plots summarizing HRs of relapse in the test set of breast cancer patients (VDX data set). The area of each square and its
arms respectively represent the number of patients and the 95% conﬁdence intervals corresponding to the listed clinical parameters
(top part) and published gene signatures (lower part), including the HER2/EGF signature (highlighted bar) we describe herein. Note
that the red boxes indicate statistical signiﬁcance and that the number of relapse events in low-grade ER/HER tumors was too small
for analysis.
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Retroviral infection
pBMN-HER2-IRES-EGFP (from Carlos Arteaga, Nashville,
TN, USA) was co-transfected with a retroviral packaging
plasmid pSV-c-env-MLV into 293T retrovirus-packaging cells
using FuGENE (Roche Applied Science, Indianapolis, IN,
USA). Cells were transduced with virus-containing medium
72 h later and after 5 passages cells stably expressing GFP were
sorted by ﬂow cytometry.
Cell proliferation assay
The MTT (3-(4,5-dimethylthiazol-z-yl)-2,5-diphenyl tetrazolium bromide) was used as previously described (PinkasKramarski et al., 1996).
Morphogenesis assay
Trypsinized cells were re-suspended in Dulbecco’s modiﬁed
eagle (DME)/F12 medium supplemented with 2% horse
serum, insulin, cholera toxin and hydrocortisone. Eightchambered plates (BD Biosciences) were coated with 35 ml
growth factor reduced Matrigel (BD Bioscience) per well. The
cells were mixed 1:1 with assay medium containing Matrigel
(4%) and EGF (20 ng/ml), and 400 ml added to each chamber.
Indirect immunoﬂuorescence
Acini were ﬁxed in methanol–acetone and slides blocked in
goat serum (10%) containing buffer. Secondary blocking was
performed in buffer containing goat anti-mouse F(ab0 )2
fragments (20 mg/ml). Primary antibodies were incubated
15–18 h at 4 1C and secondary antibodies for 1 h. Confocal
microscopy was performed using Bio-Rad Radiance 2000
microscope (Bio-Rad, Oberkochen, Germany).
Quantitative PCR and oligonucleotide microarrays
RNA was isolated using a Versagene kit (Gentra Systems,
Minneapolis, MN, USA). Complementary DNA was generated using Invitrogen SuperScriptII (Invitrogen, Carlsbad,
CA, USA). Real-time PCR was performed using SYBR Green
I (Carlsbad, CA, USA). All experiments were carried out in
triplicates, and results were normalized to b2 microglobulin.
For microarrays, 1.0 mg RNA was labeled, fragmented and
hybridized to Affymetrix HuGENE 1.0 ST oligonucleotide
arrays (Applied Biosystems, Foster City, CA, USA). Primer
sequences are listed under Supplementary File 3 (sheet 4).
Microarray data analysis
CEL ﬁles were normalized according to the ‘sketch quantile
RMA’ algorithm (Affymetrix Expression Console). The value 5
(log2 scale) served as threshold. Because of technical reasons we
excluded samples from day 3 of the EGF-untreated group. Pairwise comparisons consisted of two tests. (1) Find (t-test; FDR 5%)
genes whose average expression in the experiments involving the
two cell types was different. (2) Identify genes whose expression
exhibited signiﬁcant variation over time. (3) Differentiating genes
are the union of the two lists obtained by (1) and (2).

Analysis of public gene expression data sets
Ten breast cancer microarray data sets were used. Hybridization probes were mapped to Entrez GeneID as described (Shi
et al., 2006). RFS was used as an end point. If RFS was not
available, we used distant metastasis-free survival. We
censored the survival data at 10 years to have comparable
follow-up (Haibe-Kains et al., 2008; Desmedt et al., 2008a).
Molecular subtypes were deﬁned by model-based clustering in
a two-dimensional space deﬁned by ESR1 (ER) and ERBB2
(HER2) scores (Desmedt et al., 2008b).
Development of the HER2/EGF signature
The HER2/EGF metastasis index was computed for each
sample:
1 X
index ¼
xi
jS j i2S
where S is the set of genes used to compute the index, and xi is
the expression of a gene included in S. Genes in S were identiﬁed
if they were signiﬁcantly associated with prognosis in the
HER2 þ subgroup (training set). Each index was rescaled such
that quantiles 2.5 and 97.5% are equaled to 1 and þ 1,
respectively. We estimated hazard ratios using Cox regression
(Cox, 1972). For ternary classiﬁcation of individual gene
expressions, signature scores or the HER2 metastasis index,
the cutoffs were selected to be the tertiles in each data set and in
each subtype separately. The resulting ternary classiﬁcation was
encoded as 0, 0.5 and 1 for the low, intermediate and high
groups, respectively. The Kaplan–Meier product-limit estimator
was used to display time to event curves based on this
classiﬁcation. Log-rank tests were used to test differences
between curves (Therneau and Grambsch, 2000). Sensitivity
and speciﬁcity for binary classiﬁcations were estimated through
the nearest neighbor estimation method used in time-dependent
receiver operating characteristic curves (Heagerty et al., 2000).
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LEGENDS TO SUPPLEMENTARY FIGURES
Supplementary Figure S1. HER2 heterodimers and their kinase activity are involved in
the increased invasiveness of HER2-overexressing MCF10A monolayers and acini
A: MCF10A cells were plated in MatrigelTM in the presence of EGF (20 ng/ml; regular
medium), or in the absence of exogenous EGF. A third culture dish was incubated in the
presence of Cetuximab (10 µg/ml), an EGFR-blocking antibody, in the absence of EGF.
B: MCF10A cells were infected with retroviral particles (pBMN-HER2-IRES-EGFP)
encoding HER2 and GFP, and stably expressing clones (VH: very high; H: high; M: medium)
tested for expression of ectopic HER2 using immunoblotting (IB). Parental cells (WT) and
cells infected with an empty vector (Vec) are also shown. The right hand panel shows HER2
expression levels in the three sublines of MCF10A-HER2 cells and in two breast cancer cell
lines. Whole cell extracts and immunoblotting (IB) were employed. HER2 expression levels
were normalized according to the cellular level of ERK2 (lower panel).
C: Phase microscopy images of structures formed by the indicated cells plated in Matrigel TM
and treated for 10 days with EGF or with NRG-1β. Arrows indicate invasive structures
(bar=50 micrometer).
D: Morphometric image analysis of 120 acini treated as in C for 10 days.
E: MCF10A and MCF10A-HER2 cells were stimulated for 10 minutes at 37°C with EGF (10
ng/ml). Cells were later extracted in the presence of a crosslinking reagent (BS 3; 2mM) and
lysates subjected to immuoprecipitation (IP) with anti-HER2 antibodies, followed by
electrophoresis (using a 6.5% polyacrylamide gel) and immunoblotting (IB) with the
indicated antibodies. Monomers and dimers are indicated.
F: MCF10A cells stably overexpressing a kinase-dead mutant of HER2 (D845N) were
established by viral infection. Monolayers of drug-selected cells, expressing wild type HER2,
D845N-HER2 or an empty GFP vector, were serum starved for 24 hours and then stimulated

with EGF (20 ng/ml) for 5 minutes. Cell extracts were subjected to immunoblotting (IB) with
the indicated antibodies, including an antibody to the HER2’s phosphorylation site at tyrosine
1248.
G: MCF10A cells stably expressing a kinase-dead mutant of HER2 (D845N) were plated in
MatrigelTM in the presence of EGF or NRG-1β (each at 20 ng/ml). Confocal images of
individual acinar structures were obtained at the indicated time points (scale bar=50
micrometer). Note that each series represents time-lapse images taken from the same acinus.

Supplementary Figure S2: Analysis of transcripts expressed by control and HER2overexpressing MCF10A cells
A: Expression heatmaps of genes that differentiate MCF10A-HER2 from MCF10A cells at
increasing time of growth in extracellular matrix. Genes that were up-regulated in MCF10AHER2 cells are marked by a rectangle.
B and C: Expression heatmaps of the subsets of the genes shown in A that belong to the Cell
Proliferation (B), Cell Survival and Pro-apoptosis (C) GO terms.

Supplementary Figure S3. Transcriptomic similarities of HER2-overexpressing DCIS
lesions and spheroids formed in vitro by MCF10A-HER2 cells
A: Comparison of heatmaps of genes differentially expressed in either MCF10A-HER2 (vs.
MCF10A) cells cultured for the indicated times, or in normal mammary tissues vs. HER2overexpressing DCIS lesions. A false discovery rate (FDR) of 20% was used as threshold.
The comparison yielded 268 concordant genes, of which 246 genes were up-regulated in
HER2-overexpressing spheroids or lesions (p=1.46E-11; significant hypergeometric p value).

B: Annotation analysis of the concordant list of up-regulated genes from A, arranged by the
respective FDR values. Number of genes (n) and p values are indicated. Note enrichment for
proliferation and survival genes.
C: Expression heatmaps of specific concordant genes (from A) belonging to the indicated
GO terms.

Supplementary Figure S4. Stimulation with EGF induces the disruption of the Laminin
V envelope and enhances directional outgrowth of HER2-overexpressing of spheroids
Phase microscopy images of MCF10A and MCF10A-HER2 spheroids that were grown for 5
days in MatrigelTM, and then incubated with biotinylated EGF-coated streptavidin beads for
48 additional hours. Dotted circles indicate the positions of beads. The yellow arrows mark
invasive structures and the white arrows label non-invasive structures.

Supplementary Figure S5: Effects of specific drugs on EGF-induced invasiveness of
HER2-overexpressing breast cancer cell lines grown in extracellular matrix
SKBR3 and BT474 cells were plated in MatrigelTM and treated without or with EGF for 4
days. Thereafter, the cultures were grown for 8 additional days in the absence or presence of
the indicated concentrations of the anti-HER2 antibody Trastuzumab (25 µg/ml), the dual
HER2 and EGFR kinase inhibitor, GW2974 (100 nM), the lysyl oxidase inhibitor, βaminopropionitrile (BAPN; 200 nM), or a blocking antibody to integrin alpha 5 (25 µg/ml).
The phase contrast images were taken on day 12.
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