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Epithelial cells are dependent on extracellular matrix (ECM)
attachment for maintenance of metabolic activity and suppres-
sion of apoptosis. Here we show that loss of ECM attachment
causes down-regulation of epidermal growth factor receptor
(EGFR) and �1 integrin protein and mRNA expression and
that ErbB2, which is amplified in 25% of breast tumors, re-
verses these effects of ECM deprivation. ErbB2 rescue of �1
integrin mRNA and protein in suspended cells is dependent on
EGFR, however, the rescue of EGFR expression does not re-
quire �1 integrin. We show that there is a significant decrease
in the stability of EGFR in ECM-detached cells that is reversed
by ErbB2 overexpression. Rescue of both EGFR and �1 inte-
grin protein by ErbB2 is dependent on Erk activity and induc-
tion of its downstream target Sprouty2, a protein known to
regulate EGFR protein stability. Interestingly, expression of
EGFR and �1 integrin protein is more dependent on Erk/
Sprouty2 in ECM-detached ErbB2-overexpressing cells when
compared with ECM-attached cells. These results provide fur-
ther insight into the ErbB2-driven anchorage independence of
tumor cells and provide a new mechanism for regulation of
EGFR and �1 integrin expression in ECM-detached cells.

One of the hallmarks of tumor cells is the ability to survive
without attachment to the extracellular matrix (ECM)3 (1).
Detachment of normal epithelial cells from ECM leads to
metabolic impairment and induction of apoptotic death
(anoikis) (2–5). However, tumor cells are generally able to
survive without ECM attachment, a property known as “an-
chorage independence” (2, 3). This is believed to allow tumor
cells to invade and proliferate outside their natural ECM
niches. For example, one early feature of breast cancer is the
proliferation of cells into the ECM-deficient hollow lumen of
the glandular epithelium (6). These premalignant cells are
able to survive despite the lack of contact to the basement
membrane. Additionally, it is believed that anchorage inde-

pendence is an important aspect of the metastatic process,
both for survival in the vasculature and lymphatic system and
also for survival in distant sites with altered matrix environ-
ments (2). Thus, elucidation of the mechanisms responsible
for tumor cell anchorage independence is critical for under-
standing of the tumorigenic processes and may lead to identi-
fication of novel drug targets.
ECM detachment of mammary epithelial cells results in a

decrease of growth factor signaling through the Mek/Erk and
PI3K/Akt pathways (2, 4, 5, 7). This leads to decreased cell
viability, both through the induction of anoikis and through a
caspase-independent metabolic impairment (2, 4). We have
previously found that decreased Erk activation in ECM-de-
tached cells leads to increased expression of the pro-apoptotic
protein, Bim (7–9). In addition, the lack of Akt signaling in
the ECM-detached cells results in a dramatic decrease in glu-
cose uptake and ATP levels, causing a severe energy defi-
ciency (4). Therefore, survival of mammary epithelial cells
under ECM-deprived conditions requires evasion of both
apoptotic death and metabolic impairments.
We have previously shown that loss of integrin engagement

in the ECM-detached mammary epithelial cells leads to a
striking decrease in expression of the epidermal growth factor
receptor (EGFR) (7). Overexpression of ErbB2, an ErbB family
member that is amplified and overexpressed in breast tumors
(10), maintains EGFR expression and EGF-induced signaling
and permits cell survival under ECM-detached conditions (4,
7, 10, 11). Several mechanisms contributing to ErbB2 regula-
tion of survival and metabolism have been elucidated (4, 7, 10,
12–14). ErbB2 signaling through Mek/Erk maintains low Bim
levels after ECM detachment and inhibits anoikis (7, 8), and
signaling through PI3K/Akt activation sustains glucose uptake
and ATP levels (4). The ErbB2 rescue of glucose uptake and
ATP is strictly dependent upon its ability to maintain EGFR
expression in ECM-detached cells. Hence, elucidation of the
mechanisms whereby ErbB2 regulates EGFR under altered
conditions of ECM attachment will further our understanding
of processes associated with anchorage independence.
The degradation of EGFR after ligand stimulation of ECM-

attached cells is in large part regulated by c-Cbl, the E3-ubiq-
uitin ligase that binds to phosphorylated EGFR (15). The
ubiquitination of EGFR by Cbl promotes receptor trafficking
to lysosomes and is necessary for efficient degradation of
EGFR (15, 16). We have previously shown that Cbl binds less
efficiently to ErbB2-EGFR heterodimers when compared with
EGFR homodimers (17); this and other mechanisms contrib-
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ute to an inefficient degradation of ErbB2-EGFR heterodimers
(16).
Epithelial cells cultured in suspension lose growth factor

signaling in part due to the loss of engagement of integrins
and activation of downstream signaling pathways (2–5, 7).
Interestingly, growth factor receptors and integrins have been
shown to be functionally coupled (18–20). For example,
EGFR and �1 integrin physically interact and are coregulated
(7, 18, 19, 21, 22). The loss of EGFR in mammary epithelial
cells cultured in suspension is prevented by the addition of
reconstituted basement membrane to the suspended cells (7).
This rescue is dependent on integrin engagement as a �1 inte-
grin-blocking antibody prevents the stabilization of EGFR (7).
The reciprocal regulation of EGFR and �1 integrin has also
been reported in T4-2 transformed mammary epithelial cells
in three-dimensional culture (22). In these cells, which ex-
press high levels of both EGFR and �1 integrin, treatment
with either a �1 integrin-blocking antibody or an EGFR inhib-
itor leads to decreased expression of both EGFR and �1
integrin.
In this study, we demonstrate that loss of ECM attachment

down-regulates both EGFR and �1 integrin at the protein and
mRNA level and that ErbB2 overexpression significantly at-
tenuates the reduction of EGFR and �1 integrin in ECM-de-
tached cells. ErbB2 maintains EGFR and �1 integrin protein
expression in an Erk-dependent manner via increased
Sprouty2 expression and stabilization of EGFR protein. These
results reveal a novel mechanism of coordinated regulation of
growth factor receptor and integrin expression that cells are
more dependent on when deprived of ECM contact. The find-
ings also highlight an additional phenotypic effect of hyperac-
tivation of the Erk pathways that could play a role in promot-
ing cancer progressions by increasing survival of tumor cells
outside their niches. In addition, these studies suggest that
tumor cells, which are often challenged to survive in altered
ECM environments, may be especially reliant on these
pathways.

EXPERIMENTAL PROCEDURES

Cell Culture—MCF-10A cells were cultured as described
previously (23). MCF-10A cells expressing ErbB2 or MekDD
were generated as described previously (24). Human mam-
mary epithelial cells were cultured as described previously
(25). SK-BR-3 cells were cultured in RPMI medium plus 10%
FBS and penicillin/streptomycin. The pMSCV-IRES-PURO
and pMSCV-SPRY2-IRES-PURO constructs were kindly pro-
vided by M. Teitell (UCLA). Assays on ECM-detached cells
were performed on cells grown on tissue culture plates coated
with poly(2-hydroxy methacrylate) (poly-HEMA) for 24 h
except where indicated.
For conditioned media experiments, MCF-10A or MCF-

10A ErbB2 cells were grown for 24 h on poly-HEMA plates.
These media were then collected, and new MCF-10A or
MCF-10A ErbB2 cells were cultured for 24 h in the condi-
tioned media on poly-HEMA plates.
Immunoblotting—Cells were grown either on control plates

(attached, indicated as A in Figs. 1–3 and 5) or on poly-
HEMA coated plates (detached, indicated as D in Figs. 1–3

and 5). After 24 h (except where indicated), cells were lysed in
1% Nonidet P-40 containing 5 mM sodium fluoride, 1 mM so-
dium orthovanadate, 5 �g/ml aprotinin, 1 mM phenylmethyl-
sulfonyl fluoride, and 5 �g/ml leupeptin on ice for 20 min.
Lysates were spun at 16,000 � g at 4 °C for 30 min and nor-
malized for protein concentration. Lysates were then sub-
jected to SDS-PAGE, and transfer/blotting were performed as
described previously (26). Blots were imaged either by chemi-
luminescence or by fluorescent imaging using the Odyssey
infrared imaging system (LI-COR Biosciences; Millennium
Science, Surrey Hills, Australia). Immunoblots were quanti-
fied using the NIH ImageJ software. The figures including
Western blots show representative blots from three or more
independent experiments. The figures including quantifica-
tion are presented as the average of three or more indepen-
dent experiments. The following antibodies were used: EGFR
(Cell Signaling Technology, 2232), phospho-Akt Ser-473 (Cell
Signaling Technology, 4060), phospho-Erk1/2 Tyr-185/187
(Invitrogen, 44-680G), �-actin (Sigma-Aldrich), �1 integrin
(BD Biosciences, 610468), �-tubulin (Abcam), Erk1/2 (Cell
Signaling Technology, 9107), and Sprouty2 (Abcam,
ab60719).
Reagents—The following reagents were used at the doses

indicated and as described under “Results” and in the figure
legends 1–5: poly-HEMA (Sigma-Aldrich), LY294002 (EMD
Biosciences), U0126 (EMD Biosciences), PD98059 (Calbio-
chem), cell dissociation buffer (Invitrogen), cycloheximide
(Sigma-Aldrich), chloroquine diphosphate salt (Sigma-Al-
drich), bafilomycin A1 (Sigma-Aldrich), and concanamycin A
(Sigma-Aldrich).
RNA Interference—The following small interfering RNA

(siRNA) SMARTpool reagents (Dharmacon, Lafayette, CO)
were used: EGFR (M-003114-03), �1 integrin (L-004506-00),
MAPK1 (L-003555-00), MAPK3 (L-003592-00), and luciferase
GL2 duplex (D-00110-01-20).
For each transfection, 25 nmol of siRNA were transfected

into cells using Oligofectamine (Invitrogen) according to the
manufacturer’s protocol. Knockdown efficiency was examined
after 48 h by immunoblotting or quantitative real-time PCR
(qPCR). For experiments involving siRNA in detached cells,
cells were plated on poly-HEMA-coated plates 24 h after
siRNA transfection, and then assays were conducted 48 h af-
ter siRNA transfection. The figures including data using
siRNAs show representative experiments from three or more
independent experiments. Spry2 short hairpin RNAs
(shRNAs) TRCN0000007522 and TRCN0000007524 were
obtained from the RNAi Consortium, and lentiviruses were
generated according to standard protocol (11).
EGFR Protein Stability—For EGFR stability experiments,

MCF-10A or MCF-10A ErbB2 cells were plated on poly-
HEMA-coated plates. After 3 h, half of the cells per well were
lysed as described above. To the other half, 10 �g/ml cyclo-
heximide with or without 100 nM concanamycin A was added.
After an additional 3 h, the remainder of the cells were lysed.
EGFR levels were then quantified by immunoblotting as de-
scribed above. Data are presented as an average of three or
more independent experiments.
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For experiments with chloroquine or bafilomycin A1 treat-
ment, MCF10A cells were plated on poly-HEMA plates, and
3 h after plating vehicle control, 20 �M chloroquine diphos-
phate or 20 nM bafilomycin A1 was added. Cells were lysed
24 h after plating, and EGFR levels were then quantified by
immunoblotting as described above. Data are presented as an
average of three independent experiments.
Quantitative Real-time PCR—Total RNA was prepared

from cells using TRIzol (Invitrogen). For real-time PCR,
cDNA was synthesized from 2 �g of RNA using the Super-
Script first-strand synthesis system (Invitrogen). Real-time
PCR was performed using an ABI PRISM 7900HT fast real-
time PCR system with gene-specific primers and Power SYBR
Green PCR master mix (Applied Biosystems). Quantification
of relative mRNA expression levels was determined and nor-
malized to RPLP0. The data are presented as an average of
three or more independent experiments.
ATP Assay—For the comparison of ATP levels, the ATPlite

assay (PerkinElmer Life Sciences) was used. Cells were plated
in triplicate in 96-well control or poly-HEMA-coated plates at
a density of 13,000 cells/well. After 24 h, ATP assay was con-
ducted according to the manufacturer’s protocol. The data
shown from these assays are averages of three or more inde-
pendent experiments.
Oncomine Data Mining—Normalized Sprouty2 expression

data and p values were derived from the Wooster cell line (ar-
ray.nci.nih.gov) (28) and the Hoeflich Cell Line 2 (27) datasets
in Oncomine. Detailed descriptions of data collection and
analysis for the Hoeflich Cell Line 2 are in Hoeflich et al. (27).
Briefly, cells were treated at 10 different concentrations of
PD0325901, at 3-fold dilutions, and the CellTiter-Glo lumi-
nescent cell viability assay (Promega) was used to measure
viability at 72 h of treatment. The EC50 was then calculated
using the XLfit software from IDBS, and cell lines for which
an EC50 could not be calculated were defined as resistant.
RNA expression was measured using the Affymetrix HG-
U133-Plus 2.0 chips.
Detailed descriptions of data collection and analysis for the

Wooster Line 2 (from GlaxoSmithKline cancer cell line
genomic profiling data) are in Greshock et al. (28). Briefly,
cells (obtained from ATCC) were treated at 10 different con-
centrations of GSK1120212, at 3-fold dilutions. Nuclei stain-
ing with 4�,6-diamidino-2-phenylindole (DAPI) and an IN
Cell Analyzer 1000 high content analyzer was used to quantify
cell numbers at 72 h of treatment. The cell growth IC50 was
then calculated using model 205 of XLfit; cell lines with an
IC50 greater than 1000 nM were classified as resistant, and
those with an IC50 below 10 nM were classified as sensitive.
RNA expression was measured using the Affymetrix HG-
U133-Plus 2.0 chips.
Box plots were generated in the JMP 7.0 software. The p

values were calculated using a Student’s t test comparing the
means of Sprouty2 expression values in resistant and sensitive
cell lines.
Statistics—All average results are presented as mean � S.E.

p values were calculated using a Student’s two-tailed t test.

RESULTS

ErbB2 Prevents the Decrease of EGFR and �1 Integrin after
ECM Detachment—We have previously shown that EGFR
expression as well as activation of its downstream targets Erk
and Akt are dramatically decreased when mammary epithelial
cells are plated in suspension and that this decrease can be
blocked by overexpression of ErbB2 (4, 7). Because modula-
tion of EGFR expression can reciprocally affect �1 integrin
expression (22), we examined how ECM detachment and
ErbB2 overexpression alter �1 integrin expression (Fig. 1, A
and B). Matrix detachment caused on average more than a
90% reduction of �1 integrin expression in control MCF-10A
cells. Overexpression of ErbB2 (MCF-10A ErbB2) signifi-
cantly rescued �1 integrin expression in suspended cultures
(Fig. 1, A and B). The effects of matrix detachment and ErbB2
on �1 integrin closely paralleled the effect on EGFR expres-
sion, suggesting that these events may be coupled. These find-
ings were not limited to MCF-10A cells; human mammary
epithelial cells also display decreased growth factor signaling
(as measured by phosphorylated Erk (pErk) levels) as well as a
reduction in both EGFR and �1 integrin under ECM-de-
tached conditions (Fig. 1C). Thus, detachment from matrix
results in a significant down-regulation of �1 integrin as well
as EGFR.
The expression of EGFR and �1 integrin has previously

been reported to be regulated at both the transcriptional and
the post-transcriptional level (29–33). We found that the
mRNA levels of EGFR and �1 integrin paralleled those of the
protein as they were decreased in ECM-detached MCF-10A
cells, and this was partially rescued by ErbB2 overexpression
(Fig. 1D). Thus, ECM detachment of mammary epithelial cells
leads to a decrease in both protein and mRNA levels of EGFR
and �1 integrin, and ErbB2 overexpression partially prevents
these reductions.
The ErbB2 Rescue of EGFR, �1 Integrin, and ATP in ECM-

detached Cells Is Dependent on EGFR, but Not �1 Integrin—
The evidence that �1 integrin and EGFR expression is regu-
lated in parallel by ECM detachment and ErbB2 overexpres-
sion raised the question whether one of these proteins regu-
lates the expression of the other. To address this question, we
examined whether knockdown of EGFR or �1 integrin in
MCF-10A ErbB2 cells affects ErbB2 rescue in suspended cells.
Knockdown of EGFR using an siRNA SMARTpool decreased
both �1 integrin protein (Fig. 2A) and mRNA (Fig. 2B) in
MCF-10A ErbB2 cells under ECM-attached and ECM-de-
tached conditions. However, although we were able to achieve
robust knockdown of �1 integrin with an siRNA SMARTpool,
neither EGFR protein (Fig. 2C) nor mRNA levels (Fig. 2D)
were decreased by �1 integrin knockdown in ECM-attached
or -detached conditions. We found that this unidirectional
regulatory relationship exists in the control MCF-10A ECM-
attached cells as well; knockdown of EGFR in MCF-10A cells
plated in attached conditions resulted in reduced �1 integrin
protein and mRNA, whereas knockdown of �1 integrin did
not decrease either EGFR protein (Fig. 2E) or mRNA (Fig. 2F).
These results clearly demonstrate that reduction of EGFR
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suppresses �1 integrin expression, but the reciprocal regula-
tion is not observed.
We have previously shown that the ErbB2 rescue of ATP

in matrix-detached cells is dependent on EGFR expression
(4). As reported previously, knockdown of EGFR in ECM-
detached MCF-10A ErbB2 cells resulted in a dramatic de-
crease in ATP levels (Fig. 2G) (4); however, �1 integrin
knockdown did not affect ATP levels (Fig. 2H). These data
demonstrate that EGFR is the critical effector for the
ErbB2 rescue of both �1 integrin expression and ATP lev-
els in ECM-detached cells.
The ErbB2 Maintenance of EGFR and �1 Integrin Protein

Levels Is Erk-dependent in ECM-detached Cells—To inves-
tigate the mechanism involved in ErbB2 regulation of
EGFR and �1 integrin expression in ECM-detached cells,
we examined whether ErbB2 induction of Erk or PI3K is
required for the maintenance of EGFR and �1 integrin.
Treatment of MCF-10A ErbB2 cells with either of two Mek
inhibitors, PD98059 (Fig. 3A) or UO126 (data not shown),
caused a dramatic decrease in EGFR and �1 integrin pro-
tein in the ECM-detached MCF-10A ErbB2 cells (Fig. 3, A
and B, left panel). The dependence of EGFR and �1 inte-
grin expression on Mek/Erk is weaker in ECM-attached
MCF-10A ErbB2 cells; Mek inhibition in attached cells re-
sulted in only a 15 and 25% decrease of EGFR and �1 inte-
grin, respectively, whereas in ECM-detached cells, there
was over a 70% reduction of both EGFR and �1 integrin
(Fig. 3B, right panel).

To further examine the involvement of Erk in ErbB2 reg-
ulation of EGFR and �1 integrin, we utilized RNA interfer-
ence to knock down ERK1 and/or ERK2 in the MCF-10A
ErbB2 cells. As with the Erk inhibitors, we found that
knockdown of either ERK1 or ERK2 alone or in combina-
tion resulted in decreased expression of EGFR and �1 inte-
grin (Fig. 3C), and again the reduction of EGFR was more
pronounced in ECM-detached cells. Although �1 integrin
expression was decreased by Erk knockdown in both ECM-
attached and ECM-detached conditions, there was a pro-
portionally more significant decrease in the ECM-detached
cells (Fig. 3C, compare lanes 3 and 4 and lanes 5 and 6).
Therefore, ErbB2 maintains EGFR and �1 integrin via Erk
signaling, an effect that is most apparent upon ECM de-
tachment. As shown in Fig. 3D, control MCF-10A cells
show a much stronger dependence on Erk activation for
expression of EGFR and �1 integrin expression in ECM-
attached conditions as there is a dramatic reduction in
EGFR and �1 integrin in cells treated with a Mek inhibitor
(Fig. 3D). These results suggest that under ECM-detached
conditions (where ErbB2 is required to maintain EGFR and
�1 integrin expression), Mek/Erk signaling is critical in
maintenance of these proteins. However, in ECM-attached
MCF-10A ErbB2 cells, where ErbB2 is not required for
EGFR and �1 integrin expression, ErbB2 overexpression
results in an Erk-independent regulation of these proteins,
which is not observed in control, ECM-attached cells.

FIGURE 1. ErbB2 prevents the decrease of EGFR and �1 integrin protein and mRNA in ECM-detached cells. A, MCF-10A or MCF-10A ErbB2 cells
were plated under ECM-attached (lane A) or ECM-detached (lane D) conditions for 24 h. Expression of the indicated proteins was determined by im-
munoblotting. pErk, phosphorylated Erk. B, quantification from three experiments performed as described in A. Data are presented as ratios of pro-
tein in detached cells to protein in attached cells. C, human mammary epithelial cells (HMEC) were plated and analyzed as described in A. D, MCF-
10A or MCF-10A ErbB2 cells were processed as in A, and mRNA levels were measured by qPCR.
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Overexpression of a constitutively activated form of Mek
(MekDD) results in activation of the Erk pathway indepen-
dent of growth factor signaling. Consistent with our results,
we found that overexpression of MekDD in the ECM-de-

tached MCF-10A cells is sufficient to rescue the expression of
EGFR and �1 protein (Fig. 3E). The dependence of EGFR and
�1 integrin protein expression on Erk signaling is not specific
to MCF-10A ErbB2 cells; we also found that in the ErbB2-
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expressing breast cancer cell line SK-BR-3, maintenance of
EGFR and �1 integrin expression after ECM detachment is
dependent on Erk signaling (Fig. 3F). Thus, ECM-detached
cells overexpressing ErbB2 are highly dependent upon Erk

signaling for maintenance of EGFR and �1 integrin protein
expression, a contrast to the relative lesser dependence upon
the Erk pathway for maintenance of these proteins in ECM-
attached cells.
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We also examined the dependence on Erk for ErbB2 rescue
of EGFR and �1 integrin mRNA. Surprisingly, unlike for pro-
tein expression, inhibition of Erk signaling with either of two
inhibitors (Fig. 3G and data not shown) did not suppress the
ability of ErbB2 to maintain EGFR and �1 integrin mRNA
levels in ECM-detached cells. Therefore, ErbB2 maintains
EGFR and �1 integrin protein expression in ECM-detached
cells via Erk-dependent pathways but regulates mRNA levels
through Erk-independent signaling.
In contrast, ErbB2 rescue of EGFR and �1 integrin protein

in ECM-detached cells is not dependent on PI3K signaling as
treatment of the MCF-10A ErbB2 cells with the PI3K/mTor
(mammalian target of rapamycin) inhibitor LY294002 did not
affect the ability of ErbB2 to maintain EGFR or �1 integrin
protein (Fig. 3H). Consistent with these results, we have pre-
viously shown that overexpression of the insulin-like growth
factor 1 receptor in ECM-detached MCF-10A cells is suffi-
cient to maintain PI3K activation but not EGFR protein levels
(4). In addition, PI3K inhibition in MCF-10A ErbB2 cells did
not affect EGFR and �1 integrin mRNA levels, and dual inhi-
bition with both an Erk inhibitor and a PI3K inhibitor did not
reduce the ErbB2 rescue of EGFR or �1 integrin mRNA ex-
pression (Fig. 3I). These results indicate that Erk (and not
PI3K) signaling downstream of ErbB2 maintains EGFR and �1
integrin protein levels after ECM detachment and that neither
PI3K nor Erk signaling is required for the regulation of the
mRNA levels in ECM-detached MCF-10A ErbB2 cells.
ErbB2 Increases EGFR Protein Stability in ECM-detached

Cells—Because conditions that maintain EGFR mRNA levels
in ECM-detached MCF-10A ErbB2 cells did not allow main-
tenance of EGFR protein expression (Fig. 3, A and G) and be-
cause ErbB2 rescue of EGFR but not �1 integrin is critical for
rescuing ATP levels (Fig. 2, G and H) and �1 integrin expres-
sion (Fig. 2, A and B) in ECM-detached cells, we focused our
efforts on elucidating the Erk-dependent mechanism by
which ErbB2 regulates EGFR protein levels in ECM-detached
cells. Lysosomal degradation is the primary mechanism regu-
lating EGFR turnover (15, 16). To determine the effects of
ECM detachment and ErbB2 on EGFR protein stability, we
first examined the kinetics of EGFR expression following
ECM detachment (Fig. 4A). EGFR protein was low at 1 h after
detachment, transiently increased at 3–6 h, and then de-
creased again from 12–24 h. MCF-10A ErbB2 cells also dis-
played decreased levels of EGFR 1 h after ECM detachment
but then showed a steady increase in EGFR expression over
the following 24 h. This low expression at the 1-h time point
is not due to cleavage by trypsin as the same expression levels

were seen in both cell types when cells were detached using
non-enzymatic methods (cell dissociation buffer, Invitrogen)
(Fig. 4B).
Based on these studies, we examined EGFR protein sta-

bility by treating cells with the translation inhibitor cyclo-
heximide 3 h after ECM detachment and then measured
the level of protein after an additional 3 h. ErbB2 overex-
pression caused a dramatic increase in EGFR protein sta-
bility in ECM-detached cells; although only �40% of the
EGFR remained in the control cells after 3 h of cyclohexi-
mide treatment, the ErbB2-overexpressing cells retained
�80% (Fig. 4C). EGFR degradation has been shown to oc-
cur predominantly through lysosomal degradation (15, 34);
to ensure that the above results are not due to unintended
effects of cycloheximide treatment, we examined whether
we could reverse the loss of EGFR in the MCF-10A de-
tached cells with the lysosomal inhibitor concanamycin A.
Indeed, the combined treatment of concanamycin A to-
gether with cycloheximide restored EGFR expression in the
ECM-detached MCF-10A cells (Fig. 4D). We also found
that treatment with either of two other lysosomal inhibi-
tors (chloroquine and bafilomycin A1) could increase
EGFR expression in the ECM-detached MCF-10A cells
(Fig. 4, E and F). Thus, inhibition of EGFR degradation
contributes significantly to the maintenance of EGFR ex-
pression in ECM-detached cells, and ErbB2 rescues EGFR
expression by increasing its protein stability.
ErbB2 Maintains EGFR Expression after ECM Detachment

through Erk-dependent Sprouty2 Expression—Lysosomal deg-
radation of EGFR is in large part regulated by the E3-ubiq-
uitin ligase c-Cbl that targets EGFR to lysosomes (15, 16).
One mechanism of Cbl regulation is through Erk inhibition
via expression of Sprouty2. Erk signaling leads to increased
transcription of Sprouty2, which binds to and inhibits Cbl,
thereby decreasing its ability to promote the degradation of
EGFR (35–40). Thus, through negative regulation of Cbl,
Sprouty2 functions to increase EGFR protein stability. In cer-
tain contexts, Erk signaling, via induction of Sprouty2 mRNA
and protein, negatively regulates Cbl activity (35–37, 40–44).
To address whether Sprouty2 may be involved in regulation
of EGFR expression by ECM, ErbB2, or Erk, we first examined
whether Sprouty2 expression is affected by ECM detachment
or ErbB2 overexpression. ECM detachment caused a 50% de-
crease in Sprouty2 mRNA levels (Fig. 5A), and ErbB2 overex-
pression completely prevented the reduction of Sprouty2
mRNA in ECM-detached cells in an Erk-dependent manner
(Fig. 5A). In addition, expression of the activated variant of

FIGURE 3. Erk signaling is necessary for the ErbB2 maintenance of EGFR and �1 integrin protein expression in ECM-detached cells. A, MCF-10A cells
or MCF-10A ErbB2 cells treated with 20 �M PD98059 (�) or vehicle (�) were plated and analyzed as described in the legend for Fig. 1. Lane A, ECM-attached;
lane D, ECM-detached. B, quantification from three experiments as described in A. Data are presented as a ratio of protein in detached cells to protein in
attached cells (left panel) or ratio of protein in Erk inhibitor-treated cells to control cells (right panel). Mek Inhib., Mek inhibitor. C, MCF-10A ErbB2 cells were
transfected with siRNA targeting luciferase (�), ERK1, ERK2, or ERK1 and ERK2. Cells were plated under attached and detached conditions and analyzed as
in A. D, MCF-10A cells treated with 10 �M UO126 (�) or vehicle (�) were plated under attached or detached conditions for 24 h, and protein levels were
analyzed by immunoblotting. E, MCF-10A, MCF-10A ErbB2, or MCF-10A MekDD was plated and analyzed as in A. F, SK-BR-3 cells were treated with 10 �M

UO126 (�) or vehicle (�) and plated under attached or detached conditions for 24 h. Protein levels were analyzed by immunoblotting. G, MCF-10A or MCF-
10A ErbB2 cells were treated with 10 �M UO126 (�) or vehicle (�) and plated under attached or detached conditions for 24 h. mRNA levels were then mea-
sured by qPCR. H, MCF-10A cells, or MCF-10A ErbB2 cells treated with 20 �M LY29402 (�) or vehicle (�) were plated and analyzed as in A. I, MCF-10A cells or
MCF-10A ErbB2 cells treated with 10 �M LY29402 or 10 �M LY29402 and 20 �M PD98059 (�) or vehicle (�) were plated under detached conditions for 24 h,
and mRNA levels were measured by qPCR.
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Mek, MekDD, rescued Sprouty2 mRNA in ECM-detached
cells (Fig. 5B). These results demonstrate that expression of
Sprouty2 mRNA correlates with Erk activation and EGFR
stabilization.
To address whether ectopic expression of Sprouty2

could rescue EGFR expression in MCF-10A cells, we over-
expressed Sprouty2 in these cells. Remarkably, although we
were able to express high levels of Sprouty2 protein in
MCF-10A cells, there was a dramatic decrease upon ECM
detachment (Fig. 5C). Additionally, inhibition of Erk sig-
naling with either PD98059 or UO126 also reduced
Sprouty2 protein, even under ECM-attached conditions
(Fig. 5D, lanes 1, 3, and 5). Consistent with the ability of
ErbB2 to maintain EGFR expression and Erk signaling in
ECM-detached cells, ErbB2 overexpression partially pre-
vented the reduction of Sprouty2 protein in detached cells
in an Erk-dependent manner (Fig. 5D, lanes 2 and 8, and

lanes 8, 10, and 12). Sprouty2 expression in the MCF-10A
ErbB2 attached cells was also dependent on Erk activation
(Fig. 5D, lanes 7, 9, and 11). Thus, in MCF-10A and MCF-
10A ErbB2 cells, Sprouty2 is regulated by Erk signaling
both at the transcriptional and at the post-transcriptional
level. We saw no rescue of EGFR or �1 integrin expression
in the ECM-detached MCF-10A cells overexpressing
Sprouty2 (Fig. 5E), but this is not surprising given the in-
ability to maintain Sprouty2 overexpression under these
conditions.
To address whether Sprouty2 is required for the ErbB2

rescue of EGFR and �1 integrin, we stably expressed two
shRNAs targeting Sprouty2 in the MCF-10A ErbB2 cells
(Fig. 5F). Down-regulation of Sprouty2 resulted in a de-
crease of both EGFR and �1 integrin in the ECM-detached
MCF-10A ErbB2 cells (Fig. 5G) but not in ECM-attached
cells (Fig. 5H).

FIGURE 4. ErbB2 increases EGFR protein stability in ECM-detached cells. A, MCF-10A or MCF-10A ErbB2 cells were plated under detached conditions and
lysed after the indicated amount of time. Protein expression was analyzed by immunoblotting. B, MCF-10A or MCF-10A ErbB2 cells were detached from
tissue culture plates using either trypsin or cell dissociation buffer (CDB, Invitrogen). Cells were then plated under detached conditions for 1 h, and protein
levels were analyzed by immunoblotting. C, MCF-10A or MCF-10A ErbB2 cells were plated under detached conditions. After 3 h, cells were either lysed or
treated with 10 �g/ml cycloheximide (CHX) for an additional 3 h. Protein levels were measured by immunoblotting, and data are presented as the percent-
age of EGFR remaining after the 3-h cycloheximide treatment. D, MCF-10A cells were plated under detached conditions. After 3 h, cells were either lysed or
treated with 10 �g/ml cycloheximide or 10 �g/ml cycloheximide and 100 nM concanamycin A (CHX & CCA) for an additional 3 h. Protein levels were mea-
sured by immunoblotting, and data are presented as the amount of EGFR remaining after the 3-h cycloheximide treatment. E and F, MCF-10A cells were
plated under detached conditions. After 3 h, 20 �M chloroquine diphosphate salt (E), 20 nM bafilomycin A1 (F), or vehicle was added. Cells were lysed 24 h
after plating, and EGFR protein levels were measured by immunoblotting.
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EGFR and �1 integrin expression is maintained in an Erk-de-
pendent manner in SK-BR-3 cells as well (Fig. 3F). Sprouty2 ex-
pression has also been found to be Erk-dependent in these cells
(45). Knockdown of Sprouty2 in SK-BR-3 cells (Fig. 5I) also de-

creased EGFR and �1 integrin expression in ECM-detached cells
(Fig. 5J) but not ECM-attached cells (Fig. 5K). These results indi-
cate that Sprouty2 is required for the ErbB2 rescue of EGFR and
�1 integrin in ECM-detached cells but not ECM-attached cells.

FIGURE 5. ErbB2 regulates EGFR and �1 integrin via Erk-dependent regulation of Sprouty2. A, MCF-10A or MCF-10A ErbB2 cells treated with 20
�M PD98059(�) or vehicle (�) were plated under attached or detached conditions for 24 h. mRNA levels were measured by qPCR. Column A, ECM-
attached; column D, ECM-detached. B, MCF-10A, MCF-10A ErbB2, or MCF-10A MekDD cells were plated under attached or detached conditions for
24 h, and mRNA levels were measured by qPCR. C, MCF-10A cells infected with pMSCV-IRES-PURO or pMSCV-SPRY2-IRES-PURO were plated under
attached or detached conditions for 24 h, and protein levels were analyzed by immunoblotting. D, MCF-10A or MCF-10A ErbB2 cells infected with
pMSCV-SPRY2-IRES-PURO were plated under attached or detached conditions with 10 �M UO126 or 20 �M PD98059 (�) or vehicle (�). 24 h later,
protein levels were analyzed by immunoblotting. pErk1/2, phosphorylated Erk1/2. E, cells were plated and analyzed as described in C. F, MCF-10A
ErbB2 cells were infected with shRNA vectors targeting Sprouty2, and mRNA levels were measured by qPCR to confirm knockdown. G and H, MCF-
10A ErbB2 cells infected with shRNAs targeting Sprouty2 were plated under detached (G) or attached (H) conditions for 24 h, and protein levels were
measured by immunoblotting. I, SK-BR-3 cells were infected with shRNA vectors targeting Sprouty2, and mRNA levels were measured by qPCR to
confirm knockdown. J and K, SK-BR-3 cells infected with shRNA vectors targeting Sprouty2 were plated under detached (J) or attached (K) conditions
for 24 h, and protein levels were measured by immunoblotting.
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DISCUSSION

In this study, we provide new insights into the mechanisms
that contribute to the decrease in growth factor receptor and
integrin expression in mammary epithelial cells in ECM-de-
tached conditions. We demonstrate that ECM regulates the
expression of EGFR and �1 integrin protein and mRNA. In-
terestingly, down-regulation of �1 integrin protein and
mRNA is a secondary consequence of loss of EGFR protein.
An understanding of the basis for EGFR down-regulation was
derived from analysis of the mechanism by which ErbB2 sus-
tains the expression of EGFR in ECM-detached cells. ErbB2
was found to maintain EGFR expression through Erk-depen-
dent transcriptional and post-transcriptional regulation of
Sprouty2 (Fig. 6). In control, ECM-attached cells, the com-
bined effects of EGFR and integrin engagement activate Erk
signaling, which increases Sprouty2 expression, thereby con-
tributing to the maintenance of EGFR protein expression.
ECM-detached cells display decreased Erk activation and
Sprouty2 expression, and these alterations likely contribute to
the decreased EGFR (and �1 integrin) in ECM-detached cells.
ECM-attached cells that overexpress ErbB2 maintain EGFR
and �1 integrin expression through Erk-independent path-

ways, whereas the ECM-detached cells require Erk signaling
and Sprouty2.
The ability of Sprouty2 to stabilize EGFR protein has been

previously described (35–41, 43, 44, 46–48); however,
Sprouty2 function appears to be context- and cell type-depen-
dent (35, 44, 49–51). One of the most confounding aspects of
Sprouty2 function is that it has been found to act as both a
negative and a positive regulator of Erk signaling (40, 44, 47,
50, 52). These dichotomous activities may in part reflect dif-
ferences in the regulation of Sprouty2 by different growth
factors as Sprouty2 inhibits Erk activity induced by fibroblast
growth factor (FGF) and vascular endothelial growth factor,
whereas augmenting signaling from EGF by increasing EGFR
protein stability (46–48, 53, 54). Tyrosine phosphorylation of
Sprouty2 may contribute to these differences in the function
of Sprouty2 as FGF but not EGF induces phosphorylation at
Tyr-227 of Sprouty2, and this phosphorylation is required for
inhibition of FGF-induced Erk signaling (55). MCF-10A cells
are dependent on EGF for survival, proliferation, and growth
factor signaling and express high levels of EGFR (7, 56). FGF
receptor expression, however, is undetectable in MCF-10A
cells (57). Thus, the role of Sprouty2 as a regulator of EGFR
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FIGURE 6. Model for regulation of EGFR and �1 integrin expression by ErbB2 and extracellular matrix contact. Detachment of MCF-10A cells from
ECM prevents integrin engagement, leading to decreased Erk signaling and decreased Sprouty2; Cbl is thus active, and EGFR is degraded via the lysosome
and can no longer maintain �1 integrin expression or ATP levels, or prevent apoptosis (left panel). Overexpression of ErbB2 maintains activation of Erk un-
der ECM-detached conditions, leading to increased Sprouty2, which inhibits Cbl-induced degradation of EGFR and maintains �1 integrin expression and
ATP levels and prevents apoptosis (right panel). The striped receptor represents any of the ErbB family members. Circled P, phosphorylation.

FIGURE 7. Sprouty2 mRNA levels correlate with sensitivity to Mek inhibitors. Box plots depicting the level of Sprouty2 mRNA from two publicly avail-
able microarray study datasets are shown. Sprouty2 mRNA expression levels are in normalized expression units downloaded from Oncomine.
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expression in these cells is consistent with the dependence of
these cells on EGFR signaling.
Interestingly, Erk and Sprouty2 are essential for EGFR ex-

pression only in suspended MCF-10A ErbB2 cells, whereas
this pathway is largely dispensable in attached conditions. In a
previous study of a tumorigenic breast cell line, it was shown
that EGFR and �1 integrin were coordinately regulated by Erk
signaling only in matrix-attached cells grown in three-dimen-
sional culture systems and not when cells were grown in
standard monolayer culture (22). Our findings indicate that
EGFR and �1 integrin are regulated by Erk both in ECM-at-
tached MCF-10A cells and in ECM-detached MCF-10A
ErbB2 cells. However, ECM-attached MCF-10A ErbB2 cells
are not dependent on Erk for EGFR and �1 integrin expres-
sion; similarly, the cells used in the previous study are tumori-
genic and express high levels of EGFR and �1 integrin. It is
possible that transformation can induce Erk-independent reg-
ulation of these proteins in the context of ECM attachment as
the Erk dependence in the MCF-10A ErbB2 cells was only
evident when these cells were forced to grow without ECM
contact. Therefore, the coregulation of EGFR and �1 integrin
by Erk signaling can vary depending on differences in ECM
interactions and cell context.
Given that the maintenance of EGFR and �1 integrin ex-

pression is more highly dependent on Mek/Erk signaling and
Sprouty2 expression in ECM-detached MCF-10A ErbB2 cells,
ErbB2-overexpressing cells may be more dependent upon
Mek/Erk signaling and Sprouty2 for survival under ECM-de-
tached conditions. As tumor cells are often challenged to sur-
vive in altered ECM environments, signaling pathways that
are required for ECM-detached cells, but not ECM-attached
cells (such as Mek/Erk and Sprouty2), may be candidate tar-
gets for cancer therapies. The increased dependence of
ErbB2-overexpressing cells on Mek/Erk and Sprouty2 in
ECM-detached conditions also raises important issues with
respect to drug screening because these findings lead to the
prediction that the sensitivity to targeted inhibitors will vary
greatly depending upon different ECM conditions (attached
versus detached and two-dimensional versus three-dimen-
sional cell culture) (58–62). These results highlight the im-
portance of ECM context in control of intracellular signaling
and illustrate that the dependence of epithelial cells on at-
tachment to ECMmay serve a tumor suppressive function
that could be exploited pharmacologically.
Although the dependence on Erk for ErbB2 stabilization of

EGFR and �1 integrin has yet to be evaluated in vivo, it is pos-
sible that ErbB2 tumor cells would be sensitive to inhibition
of the Mek/Erk pathway and Sprouty2, especially cells that
reside in ECM-altered or -deprived conditions. In support of
this, mining of two datasets (27, 28) that compare cell lines
with differing sensitivities to Mek inhibitors revealed that
Sprouty2 mRNA expression is significantly higher (p �
7.76 � 10–11 and p � 2.91 � 10–4) in cell lines sensitive to
Mek inhibitors (Fig. 7).
Further support of the pro-tumorigenic role of Sprouty2

was provided by results from a recent report that demon-
strated that H-RasV12 transformation of human fibroblasts
increased Sprouty2 and EGFR expression (63). Knockdown of

Sprouty2 decreased EGFR levels as well as in vitro and in vivo
tumorigenicity. Human fibrosarcoma cells have higher
Sprouty2 expression when compared with control fibroblasts,
and knockdown of Sprouty2 in these cells resulted in de-
creased tumor incidence in mice (63, 64). Additionally,
Sprouty2 was found to be specifically up-regulated in melano-
mas with B-RafV600E or N-RasQ16R mutations, and these
mutant proteins were not sensitive to Sprouty2 inhibition of
Erk signaling (65, 66). Recently, Sprouty2 was shown to nega-
tively regulate E-cadherin expression (67); decreased E-cad-
herin expression can promote tumor progression through a
number of mechanisms including anoikis resistance (68), and
this may be another pro-tumorigenic function of Sprouty2.
Consistent with this, Sprouty2 was found to be up-regulated
in high grade colon cancers and showed increased expression
at the invasive front of low grade tumors in patient samples
(67). Sprouty2 expression also predicted sensitivity to an
EGFR kinase inhibitor in colon cancer cell lines (69).
Given these functions of Sprouty2, it is critical that this

previously categorized tumor suppressor be recognized for its
potential tumor-promoting functions, especially in ErbB2-
driven tumors. Additionally, we found that cells without
ErbB2 overexpression, but with constitutive activation of Erk
signaling, maintain EGFR expression via the same mecha-
nism, and thus, tumors with constitutive Erk activation may
respond to similar drug interventions. Pharmacological tar-
geting of Sprouty2 could potentially sensitize tumor cells that
are outside their natural niches. However, given the alterna-
tive role of Sprouty2 as an inhibitor of Mek/Erk signaling, this
strategy should be pursued with caution. Additionally, it will
be critical to identify markers that differentiate between tu-
mors in which Sprouty2 functions to increase growth factor
signaling via stabilization of EGFR and those in which
Sprouty2 inhibits growth factor signaling through Mek/Erk.
These markers may include increased ErbB2 expression and
mutations in Ras and Raf.
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