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ErbB2 (v-erb-b2 avian erythroblastic leukemia viral oncogene homo-
log 2), a receptor tyrosine kinase of the ErbB family, is overexpressed
in around 25% of breast cancers. In addition to forming a hetero-
dimer with other ErbB receptors in response to ligand stimulation,
ErbB2 can be activated in a ligand-independent manner. We report
here that Erbin, an ErbB2-interacting protein that was thought to act
as an antitumor factor, is specifically expressed in mammary luminal
epithelial cells and facilitates ErbB2-dependent proliferation of breast
cancer cells and tumorigenesis inMMTV-neu transgenic mice. Disrup-
tion of their interaction decreases ErbB2-dependent proliferation, and
deletion of the PDZ domain in Erbin hinders ErbB2-dependent tumor
development inMMTV-neumice. Mechanistically, Erbin forms a com-
plex with ErbB2, promotes its interaction with the chaperon protein
HSP90, and thus prevents its degradation. Finally, ErbB2 and Erbin
expression correlates in human breast tumor tissues. Together,
these observations establish Erbin as an ErbB2 regulator for breast
tumor formation and progression.
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The human epidermal growth factor receptor (HER) family of
receptor tyrosine kinases, including epidermal growth factor

receptor (EGFR, HER1, ErbB1), ErbB2 (v-erb-b2 avian eryth-
roblastic leukemia viral oncogene homolog 2; HER2, neu),
ErbB3 (HER3), and ErbB4 (HER4), has been implicated in tumor
growth and progression. ErbB2, in particular, is overexpressed in
around 25% of breast cancers, conferring high recurrence, malig-
nant metastasis, and poor prognosis, (1, 2) and is also overexpressed
in ovarian, stomach, and uterine tumors (3, 4). Upon ligand stim-
ulation, ErbB receptors dimerize to activate downstream signaling
(4). Unique in the ErbB family, ErbB2 does not have a ligand but is
a preferred heterodimerization partner of other ErbB receptors in
response to ligand stimulation. In mice, overexpression of ErbB2 or
its activated form in mammary epithelium induces diffuse epithelial
hyperplasia, mammary tumors, and lung metastases (5, 6). Unlike
other ErbB members such as EGFR, which, upon activation, be-
comes internalized and sorted to lysosomes for degradation, ErbB2
is refractory to endocytosis and degradation (7, 8). The underlying
mechanisms of ErbB2 stability are not well characterized.
Erbin is a cytoplasmic protein that contains leucine-rich repeats

(LRR) and PSD95/Dlg1/zo-1 (PDZ) domain (thus named a LAP
protein) (9, 10). Erbin interacts, via its single PDZ domain, spe-
cifically with ErbB2, but not with ErbB3, ErbB4, or EGFR (11, 12).
It is colocalized with ErbB2 at the basolateral membranes of epi-
thelial cells (11). In vitro studies are inconsistent regarding the role
of Erbin in cell proliferation and tumorigenesis. It was thought to
act as a tumor suppressor by inhibiting TGFβ or Erk signaling
(13–15). On the other hand, knockdown of Erbin in HT-29 colon
cancer cells appears to inhibit the formation of multicellular tumor
spheroids (16).
Here we report that Erbin is expressed in mouse mammary

epithelial cells and is implicated in ErbB2-dependent prolifera-

tion of breast cancer cells. Absence of Erbin delays breast tumor
formation in transgenic MMTV-neu mice, an established model
of breast tumorigenesis, indicating a role of Erbin in ErbB2-
dependent tumorigenesis. This effect is specific for ErbB2 be-
cause loss of Erbin has no effect on breast tumor development
induced by overexpression of polyomavirus middle T antigen
(PyVT). We have investigated underlying mechanisms by in vitro
and in vivo experiments. Our results indicate that Erbin increases
ErbB2-dependent proliferation and tumorigenesis by promoting
ErbB2 stability. Finally, a significant correlation between Erbin
and ErbB2 expression was observed in human breast cancer tissues.
Together, these observations identify Erbin as a positive regulator
of ErbB2-dependent breast tumor formation and progression.

Results
Erbin Expression in Luminal Epithelial Cells of Mammary Glands. To
assess the role of Erbin in ErbB2 tumorigenicity in vivo, we first
determined Erbin expression in murine mammary glands. Mam-
mary fat pads were isolated from adult wild-type mice (erbin+/+)
and Erbin null (erbin−/−) mice and homogenized for protein ex-
traction. Homogenates were subjected to Western blot analysis
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using affinity-purified anti-Erbin antibody. A dominant band that
migrated at a predicted 180 kDa as well as a weak band with
smaller molecular weight was identified (Fig. 1A). Both bands
disappeared in samples isolated from erbin−/− mice, suggesting
that they represent full-length Erbin and a likely proteolytic
product. These results suggest that Erbin is expressed in mam-
mary glands and is specifically recognized by the anti-Erbin an-
tibody. To determine which cells express Erbin, sections of
mammary glands were immunostained with anti-Erbin antibody.
Myoepithelial and luminal epithelial cells expressed δ-catenin,
a p120-catenin family protein known to be enriched at adherence
junctions (17). Notably, Erbin immunoreactivity was restricted to
δ-catenin–positive luminal epithelial cells (Fig. 1B). Specificity of
the staining was demonstrated by absence of signal in sections iso-
lated from erbin−/− mice (Fig. 1B). Furthermore, Erbin was colo-
calized with Keratin 8 (K8), a marker of luminal epithelial cells, but
not with K14 or smooth muscle actin, two markers of myoepithelial
cells (Fig. S1). These results indicate that Erbin expression is re-
stricted in luminal epithelial cells of mouse mammary glands.
We next took advantage of our gene-trap erbin mouse model

(erbin+/ΔC mice) to assess Erbin expression in the murine mam-
mary gland. In erbin+/ΔC mice, one allele of the erbin gene is
disrupted by a lacZ gene inserted in intron 20 leading to ex-
pression of a fusion protein, Erbin1–693βgal, which comprises
the N-terminal region of Erbin (amino acids 1–693) fused
to β-galactosidase (Fig. 1C). As expression of Erbin1–693βgal
remains controlled by the promoter of the erbin gene, X-gal
activity in Erbin1–693βgal faithfully tracks expression of Erbin in
tissues. Erbin mutation did not cause apparent alteration in
mammary gland structures in adult mice (Fig. S2). We therefore
determined Erbin expression in breast fat pads of erbin+/ΔC mice
subjected to X-gal staining (18). As shown in Fig. 1D, X-gal in
situ assay revealed that the β-gal activity was detectable exclu-
sively in mammary gland ducts but not in stromal cells. Staining
of cross-sections indicated that β-gal activity was confined to

luminal epithelial cells that formed a single layer lining mam-
mary ducts, but not to myoepithelial cells or adipocytes (Fig. 1E).
These results corroborate that Erbin is specifically expressed in
luminal epithelial cells of mammary glands.

In Vivo Inhibition of ErbB2 Tumorigenicity by Loss of Erbin.Considering
the interaction between Erbin and ErbB2, we next investigated
whether Erbin is necessary for breast cancer development that is
promoted by ErbB2 in vivo. MMTV-neu mice express the rat ho-
molog of ErbB2, neu, under the transcriptional control of the
mouse mammary tumor virus (MMTV) promoter (5) and have
served as a model for ErbB2-driven breast cancer (5, 6). MMTV-
neu overexpression led to formation of adenocarcinoma in the
mammary glands, revealed by hematoxylin and eosin (H&E)
staining (Fig. S3). In a full congenic context with pure FVB mouse
strain background, MMTV-neu;erbin−/− (neu;erbin−/−) mice
developed tumors at a significantly slower rate than MMTV-
neu;erbin+/+ (neu;erbin+/+) mice, indicating that absence of
Erbin significantly delayed mammary tumor development
(Fig. 2A, P < 0.0001). To assess the tumor growth rate, tumor
volume was measured for each mouse 5 wk after tumor onset.
Notably, tumor volume that developed after the same time
span was significantly smaller in neu;erbin−/− mice compared
with neu;erbin+/+ (Fig. 2B), demonstrating the decrease of
tumor growth by ablation of Erbin. Lung metastases were
found in neu;erbin+/+ and neu;erbin−/− mice 2 mo after breast
tumor detection (Fig. S3).
To determine whether Erbin regulation of mammary gland

tumorigenesis is specific for ErbB2-dependent tumorigenicity,
we crossed erbin−/− mice withMMTV-PyVT mice that express the
polyomavirus middle T antigen in mammary epithelial cells and
induce similar luminal breast cancers (19, 20).MMTV-PyVTmice
develop multifocal tumors at an early age with high incidence
(21). Interestingly, loss of Erbin had no effect on tumor in-
cidence (Fig. 2C), weight (Fig. 2D), fibrotic texture, or metastasis
(Fig. S4A). These results indicate that Erbin ablation has no
effect on mammary gland tumorigenesis due to overexpression
of the polyomavirus middle T antigen. ErbB2 was not overex-
pressed in breast tumors in MMTV-PyVT mice, in contrast to its
expression in MMTV-neu tumors (Fig. S4B). Together, these
observations suggest that ablation of Erbin specifically delays
ErbB2-dependent tumorigenesis.
Examination of tumors in mammary glands from neu;erbin+/+

and neu;erbin−/− mice did not show apparent difference at his-
topathological level (Fig. S3). However, nontumor mammary
glands of neu;erbin+/+ mice showed epithelial hyperplasia and
alveolar formation at pretumor stages, which were less present in
neu;erbin−/− littermates when mammary glands were examined at
same age (Fig. 2 E and F). This suggested that absence of Erbin
delays or suppresses the tumor initiation. To test the hypothesis
that Erbin accelerated tumorigenesis by promoting epithelial
proliferation, we examined expression of Ki67, a nuclear pro-
liferation marker, in nontransformed mammary glands from lit-
termate mice at same age. As shown in Fig. 2 G and H, ∼27% of
luminal epithelial cells in nontransformed mammary ducts from
neu;erbin+/+ mice were positive in Ki67 staining, indicating an
active proliferating status. In contrast, fewer cells in neu;erbin−/−

mammary glands were stained by anti-Ki67 antibody (Fig. 2 G
and H), suggesting that Erbin promotes the proliferation of lu-
minal epithelial cells to initiate tumorigenesis.

Erbin Knockdown Suppresses ErbB2-Dependent Proliferation of Breast
Cancer Cells. Given that ablation of Erbin delayed ErbB2-
dependent tumor generation and growth in mouse models, we
next asked if Erbin regulates ErbB2-dependent proliferation of
breast cancer cells. SKBR3 cells, whose proliferation is dependent
on high levels of ErbB2 (22, 23), were infected with lentiviruses
encoding two different Erbin shRNAs (shErbin-1 and shErbin-2)

Fig. 1. Erbin is expressed in luminal epithelial cells of mammary glands. (A)
Expression of Erbin in mammary tissues. Mammary tissues of 3-mo-old mice were
homogenized and blotted with affinity-purified anti-Erbin antibody. β-Actin
served as loading control. (B) Localization of Erbin in luminal epithelial cells.
Sections of mammary ducts were immunostained using anti-Erbin antibody.
Arrows, luminal epithelial cells; dashed arrows, myoepithelial cells. (C) Schematic
diagram of domain structures of wild-type Erbin and Erbin1–693βgal. Note that
β-gal is expressed as a protein fused to truncated Erbin. (D) β-Gal activity was
detected in mammary epithelial ducts in erbin+/ΔC mice. Mammary fat pads of
erbin+/ΔC mice were stained whole mount for β-gal in situ activity. Shown are
representative images at two magnifications. (E) β-Gal activity was confined to
epithelial cells of the mammary gland from erbin+/ΔC mice. Arrowhead, adipo-
cyte; Arrow, luminal epithelial cells; dashed arrow, myoepithelial cells. Areas in
the small squares are enlarged in the Insets.
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or scrambled sequence (shCtrl) and stained for Ki67. Efficient
repression of Erbin expression by shRNAs was tested by Western
blotting (Fig. 3A). Ki67-positive cells were significantly reduced in
shErbin virus-infected cells (identified by viral GFP) (Fig. 3 B and
C), supporting the notion that Erbin depletion suppresses the
proliferation of ErbB2-overexpressing cancer cells. To test this
further, SKBR3 and BT474 cells (Fig. 3D)—whose proliferation is
ErbB2-dependent (22, 23) as shown by cell growth inhibition with
trastuzumab and PD158780 (Fig. S5A)—were infected by lenti-
viral shErbin-1 (18, 24) and sorted by FACS using GFP to es-
tablish stable cell populations. As shown in Fig. 3E, levels of Erbin
in breast cancer cells were reduced by 70–90% in shErbin-infected
cells, compared with those infected with shCtrl, which correlated
with ErbB2 reduction. Growth of shErbin-BT474 and shErbin-
SKBR3 cells was significantly reduced by day 2 or 3 of plating,
compared with shCtrl-infected cells (Fig. 3F). As control, Erbin
knockdown had little effect on cell proliferation of ZR751 (Fig. 3F
and Fig. S5B), a cell line whose proliferation is independent of
ErbB2 (23) (Fig. S5A). The effect of shErbin could be rescued by
coexpressing ErbinRes, a shErbin-resistant construct (Fig. 3 G–I),
excluding the possible off-target effect of shErbin. Moreover,
ErbB2 expression was able to rescue shErbin-induced growth
suppression in SKBR3 cells (Fig. 3 H and I), but not in ZR751
cells (Fig. S5 B and C).
Human mammary epithelial MCF10A cells, when cultured on

Matrigel, form acini-like structures with a single layer of polar-
ized, growth-arrested cells and lumen in the center (25). In-
fection with viral shCtrl or shErbin had no effect on forming
acini-like structures in MCF10A cells (Fig. 3 J–N). ErbB2 over-
expression caused the formation of multiacini-like structures in
MCF10A cells (Fig. 3 L and M) and increased the number of

Ki67-positive cells (shCtrl-B2 versus shCtrl) (Fig. 3 M and O).
Erbin reduction in naive MCF10A cells had little effect on the
size of acini-like structures or the number of Ki67-positive cells
(Fig. 3 L–O). In contrast, its reduction prevented ErbB2 from
increasing the size of acini-like structures and the number of
Ki67-positive cells (Fig. 3 L–O). Lumen clearance and hollow
lumen phenotype were observed in Erbin knockdown acini-like
structures (Fig. 3 M–P and Fig. S6). These results indicate that
Erbin promotes ErbB2-dependent epithelial cell proliferation,
consistent with the in vivo observations.

Ablation of Erbin Decreases ErbB2 Levels in Vivo. Next, we in-
vestigated possible mechanisms by which Erbin ablation sup-
presses ErbB2-dependent tumor development. First, we examined
whether Erbin and ErbB2 colocalized in breast tumor cells. Be-
cause currently available anti-Erbin and ErbB2 antibodies are
generated in rabbits, we took advantage of Erbin1–693β-gal ex-
pression in neu;erbin ΔC/ΔC mice and stained breast tumors of these
mice with rabbit anti-ErbB2 antibody and chicken anti–β-gal an-
tibody. Erbin1–693 has similar membrane location as full-length
Erbin (Fig. 1 B and E and Fig. S7), consistent with the reports that
truncation of the C terminus does not change the cellular distri-
bution of Erbin (26, 27). Thus, the location of Erbin1–693βgal
would represent that of Erbin in tumor cells. As shown in Fig. 4A,
both ErbB2 and Erbin1–693βgal concentrated at membranes of
tumor cells and were localized mostly into the same registries.
Colocalization of Erbin and ErbB2 suggests that Erbin may reg-
ulate the function of ErbB2 at the plasma membrane.
Next, we examined the expression of Erbin and ErbB2 levels in

tumors in MMTV-neu or control mice. ErbB2 levels in breast
tumors of MMTV-neu mice were excessive due to ErbB2

Fig. 2. Erbin mutation delays ErbB2-dependent tumorigenesis in vivo. (A) Kaplan–Meier survival plot. Log-rank (Mantel–Cox) test, P < 0.0001. Tumors were
examined weekly in neu;erbin+/+ and neu;erbin−/− virgin littermates and sisters (n = 28 and 22, respectively). (B) Reduced tumor volumes in neu;erbin−/−,
compared with neu;erbin+/+ littermates. Volumes were measured 5 wk after first detection of tumors for each mouse (n = 10 both groups; **P < 0.01). (C)
Erbin mutation had no effect on tumorigenesis inMMTV-PyVTmice. Kaplan–Meier survival plot. Log-rank (Mantel–Cox) test, P > 0.05. Tumors were examined
weekly in PyVT;erbin+/+ (n = 22) and PyVT;erbin−/− (n = 16) virgin littermates and sisters. (D) Erbin depletion had no effect on breast tumor growth in MMTV-
PyVT mice. Tumors were weighed 3 wk after detection (n = 8; P > 0.05). (E) Hyperplasia in nontumor mammary glands of neu;erbin+/+ but not neu;erbin−/−

littermates during diestrus phase at the same age. Tumor-free mammary glands were stained whole mount by hematoxylin. Arrows indicate branch buds of
mammary ducts. (F) Quantitative analysis of data in E (n = 3; **P < 0.01). (G) Fewer Ki67-positive cells in nontransformed mammary glands of neu;erbin−/−

mice. Tumor-free mammary gland sections were stained for E-cadherin (E-cad) and Ki67. (H) Quantitative analysis of results in G (n = 3; **P < 0.01).
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overexpression (5). However, Erbin loss caused a decrease in
ErbB2 protein, but not mRNA, levels inMMTV-neu breast tumors
(Fig. 4 B–D; n = 3; P < 0.05). Notably, ErbB2 basolateral
localization identified in alveolar structures appeared to be similar
in neu;erbin+/+ and neu;erbin−/− mice (Fig. S8). These observations
demonstrate that Erbin contributes to the excessive protein
amounts of ErbB2. Notably, no (in ErbB3, ErbB4, or NRG1) or
mild (inEGFR) changes of control protein levels were observed for
MMTV-neu tumors by Erbin depletion (Fig. 4C andD). In addition
to ErbB2, Erbin interacts with several proteins, some of which,

including integrin β4, Smad2, and Smad3, have been implicated in
tumorigenesis (28, 29). However, their protein level and/or
phosphorylation in MMTV-neu–induced breast tumors was not
changed by Erbin mutation (Fig. 4E), suggesting that they might
not be involved.
To examine whether the reduction of ErbB2 in neu;erbin−/−

tumors was a primary target or secondary to slowed tumor
progression, we stained ErbB2 in breast tumors. As shown in Fig.
4F, ErbB2 levels were reduced in tumor cells. Together with
Erbin and ErbB2 colocalization at membranes of tumor cells

Fig. 3. Erbin promotes ErbB2-dependent breast cancer proliferation. (A) Erbin knockdown in SKBR3 cells by two Erbin shRNA constructs (shErbin). shCtrl,
control shRNA. (B) shErbin reduced the number of Ki67-positive breast cancer cells. SKBR3 cells were infected with lentiviral shCtrl or shErbin and stained for
Ki67. Infected cells were identified by expression of GFP. (C) Quantitative analysis of data in B (n = 3; *P < 0.05), compared with shCtrl. (D) ErbB2 expression in
breast cancer cell lines. (E) Erbin knockdown in breast cancer cells. Breast cancer cells were infected with shCtrl or shErbin lentivirus. Lysates of GFP-positive
cells were blotted with indicated antibodies. (F) shErbin suppression of ErbB2-dependent cell growth. BT474, SKBR3, and ZR751 cells were infected with shCtrl
or shErbin lentivirus and sorted by FACS. Cell growth was monitored by MTS assay (n = 3; *P < 0.05; **P < 0.01). (G) Resistance of ErbinRes to Erbin
knockdown. Myc-tagged Erbin or ErbinRes was cotransfected with shCtrl or shErbin in HEK293 cells. Lysates were blotted with anti-Myc or β-actin antibodies.
(H and I) Rescue of shErbin-mediated ErbB2 reduction (H) and cell proliferation (I) by ErbinRes or exogenous ErbB2. SKBR3 cells were transfected with ShCtrl or
shErbin without or with ErbinRes or ErbB2. Western blot and cell proliferation by MTS assay were examined 3 d after transfection (n = 3; **P < 0.01; ***P <
0.001). (J) Erbin knockdown reduced expression of Erbin and ErbB2 in MCF10A cells. MCF10A cells were infected with shCtrl or shErbin lentivirus and purified
by FACS to yield shCtrl- and shErbin-MCF10A cells. They were transfected with Flag-ErbB2 and pcDNA3.1 that encodes the neomycin resistance gene and
treated with G418 to yield shCtrl-B2 and shErbin-B2 cells. Lysates were blotted for Flag, Erbin, or β-actin. (K) Quantitative analysis of ErbB2 levels in J (n = 3;
*P < 0.05). (L–P) Suppressed formation of ErbB2-dependent multiacini in Matrigel by Erbin knockdown. Cells described in J were cultured. Shown were phase
(L) and confocal (M) images of acini 14 d in culture. Arrows, empty lumen in acini. (N) Reduced size in acinar structure by shErbin (normalized by shCtrl). n > 3;
**P < 0.01, compared with shCtrl; ##P < 0.01, compared with shCtrl-B2. (O) Reduction in Ki67-positive cells by shErbin. n > 3; **P < 0.01, compared with shCtrl;
#P < 0.05, compared with shCtrl-B2. (P) Increased lumen clearance by shErbin. n > 3; **P < 0.01, compared with shCtrl; #P < 0.05, compared with shCtrl-B2.
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(Fig. 4A), these results suggest a possible cell-autonomous reg-
ulatory mechanism of Erbin. Next, we determined whether Erbin
changes the level and activity of known ErbB2 downstream
proteins in breast tumors. As shown in Fig. 4G, pErk and pAkt
was similar in MMTV-neu–induced tumors of erbin wild-type and
mutant mice, suggesting that the PI3K or Erk pathways are not
altered by Erbin mutation. We examined phosphorylation of Src
Y416 and Y527, the phosphorylation of which indicates activa-
tion and inactivation of the kinase, respectively (30). Intriguingly,
phosphorylation of Y416, but not of Y527, was reduced in tumor
lysates of Erbin mutant mice, compared with control mice (Fig.
4G). These results suggest that Erbin may be necessary for Src
activation via ErbB2 during tumorigenesis. In addition, ErbB2
levels in mammary glands before epithelial hyperplasia were
higher in neu;erbin+/+ mice than in neu;erbin−/− mice (Fig. 4H),
suggesting a role of Erbin in tumor initiation.

Promotion of ErbB2 Stability by Erbin. To investigate how Erbin
regulates ErbB2 levels, we suppressed Erbin expression in BT474
breast cancer cells. As shown in Fig. 5A, levels of ErbB2, but not
of EGFR or ErbB3, were reduced in BT474 cells by Erbin
knockdown, identifying ErbB2 as a primary target. In addition,
EGFR overexpression was unable to rescue the decrease of cell
proliferation due to Erbin reduction (Fig. S9). Because EGFR
does not bind to Erbin (11), this result suggests that EGFR re-
duction in neu;erbin−/− breast tumors may be secondary (Fig. 4 C
and D). With no change in ErbB2 mRNA (Figs. 4B and 5B),
Erbin may thus regulate ErbB2 protein by a posttranscriptional

mechanism. To test this hypothesis, we determined if Erbin al-
tered ErbB2 stability by treating BT474 cells with cycloheximide
(CHX) to inhibit protein synthesis. Depletion of Erbin expedited
ErbB2 degradation (Fig. 5 C and D), with half-life reduced from
∼9 h in shCtrl-expressing breast cancer cells to ∼4.5 h in shErbin-
expressing breast cancer cells (n = 3, P < 0.05). This result
suggests that Erbin stabilizes ErbB2 in breast cancer cells, which
is consistent with an earlier report (18). In support of this notion,
knockdown of Erbin promoted ErbB2 ubiquitination (Fig. 5E).
ErbB2 is a client protein of HSP90, and disruption of the

HSP90 complex by 17-allylamino-demethoxygeldanamycin (17-
AAG) resulted in ErbB2 degradation (Fig. 5F), which was par-
tially blocked by MG132, an inhibitor of the ubiquitination-
proteasome pathway (31–33). Notably, 17-AAG had no effect on
Erbin levels (Fig. 5F), suggesting a dissociation of Erbin from
ErbB2 when the HSP90 complex is disrupted. Indeed, Erbin in
the ErbB2 complex was reduced in cells within 1 h of 17-AAG
treatment (Fig. 5G), a condition that does not alter ErbB2 levels
but inhibits ErbB2–HSP90 interaction (34). This result suggests
that HSP90 facilitates the Erbin-ErbB2 association. Intriguingly,
Erbin also interacted with HSP90 in the absence of exogenous
ErbB2 (Fig. 5H). The results suggest that ErbB2, HSP90, and
Erbin may form a ternary complex. In this model, Erbin serves as
a regulator for HSP90 to stabilize ErbB2 rather than a client of
HSP90 because it was not degraded by 17-AAG treatment (Fig.
5G). When Erbin was reduced, little HSP90 was present in the
ErbB2 complex (Fig. 5I), suggesting impaired interaction be-
tween HSP90 and ErbB2. Note that the ErbB2–Erbin–HSP90

Fig. 4. Depletion of Erbin reduced ErbB2 protein levels in breast tumor. (A) Colocalization of Erbin and ErbB2 in breast tumor cells. Tumor sections from neu;
erbinΔC/ΔC mice were costained by rabbit anti-ErbB2 and chicken anti–β-gal antibodies. (B) Erbin depletion did not alter ErbB2 mRNA levels in breast tumors.
Total RNA was subjected to quantitative RT-PCR. Results were normalized to internal control α-tubulin (n = 3; P > 0.05). (C) Decrease of ErbB2 proteins in
tumor tissues of neu;erbin−/− mice. Breast tumors were isolated from indicated genotypes, homogenized, and blotted for indicated proteins. (D) Quantitative
analysis of protein levels in C (n = 3; *P < 0.05; **P < 0.01). (E) Characterization of Erbin-interacting proteins in tumor tissues. Homogenates were blotted for
indicated proteins. (F) Reduced ErbB2 immunoreactivity in individual breast tumor cells in neu;erbin−/− mice. Tumor sections were stained by rabbit anti-ErbB2
antibody. (G) Reduced Src activity in tumor tissues of neu;erbin−/− mice. Homogenates were blotted for indicated pan- or phosphorylated proteins. (H) Reduced
ErbB2 immunoreactivity in epithelial cells of nontransformedmammary glands in neu;erbin−/−mice. Mammary sections were stained by rabbit anti-ErbB2 antibody.
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ternary complex could be recovered in breast cancer cells (Fig.
5J). In tumors of neu;erbin−/− mice, the ErbB2-HSP90 associa-
tion was reduced, in comparison with that in neu;erbin+/+ tumors
(Fig. 5K). The reduction was not due to decreased ErbB2 levels
in tumors because robust coprecipitation of ErbB2 and HSP90
was observed when a half amount of neu;erbin+/+ tumor lysates
was used as input. The in vivo evidence supports the model that
interaction of HSP90 with its client ErbB2 is impaired in tumors
where Erbin expression was lost.

Role for Erbin–ErbB2 Interaction in Breast Cancer. Erbin is known to
form a complex with ErbB2 by interacting with its C-terminal
region (via Erbin’s PDZ domain) (11, 12). To determine if the
interaction is required for Erbin regulation of ErbB2 stability
and activity, we explored the consequence of overexpressing
Erbin and ErbB2 domains that are sufficient for interaction and
may serve as dominant negative inhibitors. Intriguingly, coex-
pression of the PDZ domain of Erbin reduced ErbB2 levels (Fig.
6A), suggesting that the Erbin–ErbB2 interaction is required for

Erbin activity. To test this hypothesis in breast cancer cells, we
generated B2tail, a peptide that contains the C-terminal 15-aa
residues of ErbB2 that is sufficient to interact with Erbin (12).
B2tail was able to partially disrupt the Erbin–ErbB2 interaction
(Fig. 6B). To facilitate cell membrane penetrance, we generated
TAT-B2tail, a peptide that contains B2tail and additional 11-aa
residues of the transactivator of transcription (TAT) of HIV
(35). SKBR3 cells were treated with 20 μM TAT-B2tail for 1 h
before the addition of CHX to inhibit protein synthesis. As
shown in Fig. 6C, ErbB2 reduction was faster in TAT-B2tail–
treated SKBR3 cells, compared with cells treated with TAT-Ctrl
peptide (scrambled). Accordingly, phosphorylated ErbB2
(pErbB2), which represents activated ErbB2, was reduced in
TAT-B2tail–treated cells, compared with cells treated with TAT-
Ctrl (Fig. 6C). Note that TAT-B2tail–induced pErbB2 reduction
was more dramatic than that of ErbB2 protein (Fig. 6 C and D),
indicating additional impairment of activity. Importantly,
TAT-B2tail but not control peptides significantly decreased

Fig. 5. Erbin stabilizes ErbB2 by promoting ErbB2-HSP90 association. (A) Reduction in ErbB2, but not EGFR or ErbB3, in BT474 cells by shErbin. BT474 cells
were infected with lentiviral shErbin, sorted by FACS, and analyzed for expression of indicated proteins by Western blot. (B) shErbin had no effect on ErbB2
mRNA levels in breast cancer cells. Total RNA was subjected to real time RT-PCR. Results were normalized to internal control α-tubulin. (C) Erbin is required for
ErbB2 stabilization in breast cancer cells. Stable BT474 cells in A were treated by CHX (50 μM) for indicated times and analyzed for endogenous ErbB2 by
Western blot. (D) Quantitative analysis of data in C (n = 3; *P < 0.05; **P < 0.01). (E) Erbin knockdown increased ErbB2 ubiquitination in breast cancer cells.
HA-Ubiquitin was electroporated into shCtrl- or shErbin-BT474 stable cells. Cells were treated with MG132 (20 μM) for 2 h. ErbB2 complex in resulting lysates
was examined using antibody against Ubiquitin (Ubi). (F) 17-AAG induced degradation of ErbB2 but not Erbin. HEK293 cells were transfected with Flag-ErbB2
and treated with 17-AAG with or without MG132 for 6 h. Lysates were blotted by indicated antibodies. (G) HSP90 is required for Erbin–ErbB2 interaction.
HEK293 cells were transfected with Flag-ErbB2 and Myc-Erbin and treated with 17-AAG for 1 h. Lysates were subjected to immunoprecipitation with anti-Flag
antibody, and the complex was blotted for Myc, Flag, and HSP90. (H) Association of Erbin with HSP90. HEK293 cells were transfected with Myc-Erbin. Lysates
were subjected to immunoprecipitation using anti-Myc antibody, and precipitates were blotted with Myc or HSP90 antibodies. (I) Erbin is required for ErbB2-
HSP90 association. HEK293 cells were transfected first with shCtrl or shErbin and 48 h later with Flag-ErbB2. The complex of Flag-ErbB2 was blotted for HSP90.
(J) Ternary complex of ErbB2–Erbin–HSP90 in breast cancer cells. SKBR3 cells lysates were subjected to HSP90 precipitation, and precipitates were examined
for the presence of Erbin and ErbB2. (K) Erbin is required for ErbB2–HSP90 interaction in vivo. Breast tumor lysates were subjected to immunoprecipitation
with anti-HSP90 antibody, and precipitates were blotted with indicated antibodies.
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proliferation of SKBR3 and BT474 cells about 40 and 35%,
respectively (Fig. 6E). This result suggests that disruption of
the Erbin–ErbB2 interaction increases ErbB2 degradation,
reduces ErbB2 signaling, and inhibits ErbB2-dependent cell
proliferation.

Erbin-PDZ Domain-Mediated Interaction Is Important for Tumorigenesis
in MMTV-neu Mice. To investigate whether the interaction between
Erbin and ErbB2 is crucial for mammary gland tumorigenesis and
progression in vivo, MMTV-neu mice were crossed with erbinΔC/ΔC

mice. As described above, erbinΔC/ΔC mice express Erbin1–693βgal
that lacks 694–1,450 amino acids of Erbin, a sequence that com-
prises the PDZ domain. Thus, Erbin1–693βgal is unable to interact
with ErbB2 (12). Notably, neu;erbinΔC/ΔC mice resembled almost all
phenotypes observed in neu;erbin−/− mice, delayed tumor onset
time (Fig. 6F), and compromised tumor growth rate (Fig. 6G), in

comparison with congenic neu;erbin+/+ mice. These results indicate
that the C-terminal region of Erbin including the PDZ domain is
involved in mammary tumor development in MMTV-neu mice, in
agreement with results of in vitro studies. Also as observed in neu;
erbin−/− mice, neu;erbinΔC/ΔC mice showed no obvious epithelial
hyperplasia of mammary glands at the same age as littermate
controls before tumor onset (Fig. 6 H and I), suggesting a role of
the Erbin C-terminal region in ErbB2-driven tumorigenesis.
Finally, multifocal, fibrotic tumors were observed in PyVT;
erbinΔC/ΔC at a similar rate and size as those in PyVT;erbin+/+

(Fig. 6 J and K), indicating that deletion of the C-terminal re-
gion in Erbin had no effect on mammary gland tumorigenesis
due to overexpression of the polyomavirus middle T antigen.
Together, these results support a working model where Erbin
regulates stability and activity of ErbB2 and functions through
a direct interaction.

Fig. 6. Requirement of the Erbin–ErbB2 interaction for ErbB2 stabilization and ErbB2-dependent tumorigenesis. (A) Decreased ErbB2 expression by the
Erbin-PDZ domain. HEK293 cells were transfected with Flag-ErbB2 together with increasing doses of Myc-Erbin-PDZ. Cell lysates were blotted with antibodies
against ErbB2 and Myc. (B) Disruption of the Erbin–ErbB2 interaction by B2tail. Lysates of transfected cells expressing Flag-ErbB2 or Myc-Erbin were incubated
with control peptide (Ctrl) or B2tail. The Erbin complex was precipitated using anti-Myc antibody and probed for ErbB2. (C) Treatment with TAT-B2tail
decreases ErbB2 stability and pErbB2 in human breast cancer cells. SKBR3 cells were incubated with 20 μM TAT-Ctrl or TAT-B2tail for 1 h before analysis of
ErbB2 stability as in Fig. 5C. (D) Quantitative analysis of data in C (n = 3; *P < 0.05; **P < 0.01). (E) TAT-B2tail treatment inhibits proliferation of SKBR3 and
BT474 cells. Cells were treated with 20 μM TAT-Ctrl or TAT-B2tail peptide for 24 h and analyzed by MTS assay (n = 3; *P < 0.05). (F) PDZ deletion inhibited
tumorigenesis in MMTV-neu mice. neu;erbinΔC/ΔC and neu;erbin+/+ virgin littermates or sisters (n = 7 and 8, respectively) were examined weekly for tumors.
Kaplan–Meier survival plot. Log-rank (Mantel–Cox) test, P < 0.0001. (G) Reduced tumor weight in neu;erbin ΔC/ΔC, compared with neu;erbin+/+ littermates.
Tumors were isolated 5 wk after first detection of tumors (n = 7 and 8, respectively; *P < 0.05). (H) Reduced hyperplasia in nontumor mammary glands of neu;
erbinΔC/ΔC mice. Shown is whole-mount hematoxylin staining of tumor-free mammary glands in neu;erbin+/+ and neu;erbinΔC/ΔC littermates during diestrus
phase at the same age. (I) Quantitative analysis of data in H (n = 3; **P < 0.01). (J) PDZ deletion had no effect on tumorigenesis in MMTV-PyVT mice. PyVT;
erbin+/+ (n = 23) and PyVT;erbinΔC/ΔC (n = 15) virgin littermates and sisters were examined for tumors. Kaplan–Meier survival plot. Log-rank (Mantel–Cox) test,
P > 0.05. (K) PDZ deletion had no effect on breast tumor growth in MMTV-PyVT mice. Tumors were isolated 3 wk after detection (n = 8; P > 0.05).
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Erbin and ErbB2 Protein Levels Are Correlated in Human Breast Tumors.
To determine if Erbin and ErbB2 levels correlate in primary breast
tumor tissues, we examined Erbin expression in human breast
samples and its relationship with ErbB2-overexpressing tumors. A
total of 171 breast cancer specimens, mostly from invasive breast
carcinomas, were analyzed by immunohistochemistry for ErbB2 and
Erbin expression as well as estrogen receptor (ER) and pro-
gesterone receptor (PR) levels by using specific anti-Erbin anti-
bodies (Fig. 1) (24). Preabsorption of the anti-Erbin antibody with
the antigen reduced staining intensity to background levels in
human cancer specimens (Fig. S10). Compared with adjacent
normal tissues, Erbin staining was significantly higher in tumor
tissues (Fig. 7 A and B). Erbin staining was categorized to three
levels (low, scores 0–4; medium, scores 5–8; and high, scores
9–12) by the German semiquantitative scoring system that takes
into consideration both staining intensity and area. Of 171 sam-
ples, 36% showed medium levels and 40% expressed high levels
of Erbin (Table 1). Notably, there was a positive correlation be-
tween pathological grades and Erbin staining (Fig. 7C). More-

over, Erbin levels correlated with those of ErbB2, but not with
those of ER or PR (Fig. 7 D and E and Table 1). These obser-
vations demonstrate an association between Erbin and human
breast cancer and ErbB2 expression in tumor samples.

Discussion
Here we show that Erbin controls ErbB2 stability and activity
and acts as a positive regulator in tumor generation and pro-
gression. Erbin is expressed in epithelial cells in mammary glands
(Fig. 1). It promotes ErbB2-dependent growth of breast cancer
cells (Fig. 3) and expedites tumorigenesis in MMTV-neu mice
(Fig. 2). These effects are ErbB2-specific because Erbin is not
required for tumor onset and progression in MMTV-PyVT mice.
Suppression of Erbin expression or disruption of its interaction
with ErbB2 inhibits ErbB2-dependent tumor development or
proliferation of breast cancer cells (Fig. 6). These effects are
probably driven by the ability of Erbin to promote ErbB2 sta-
bility (Fig. 4). Finally, there is a significant correlation between
Erbin and ErbB2 expression in human breast tumor tissues and

Fig. 7. Correlation between Erbin and ErbB2 expression in human breast tumor tissues. (A) Representative human primary breast tumor tissues stained for
Erbin. (B) Increased Erbin levels in breast tumors. Erbin expression scores are shown as box plots, with horizontal lines indicating the median; the bottom and
top of boxes indicating the 25th and 75th percentiles, respectively; and the vertical bars indicating the range of data. Outliers are marked with a circle (n =
171; P < 0.001, Mann–Whitney U test). (C) Correlation of Erbin expression with pathological grades of tumors. Erbin expression scores are shown as box plots,
as described in B. Sample numbers of different grades are described below each respective group. Data were analyzed by the Mann–Whitney U test. (D)
Immunohistochemcial staining of human primary breast tumor tissues. Consecutive sections of tissues were subjected to H&E staining and immunostaining
with antibodies against ErbB2, Erbin, ER, and PR. Case 1 showed weak staining for ErbB2, Erbin, ER, or PR. Case 2 was positive for ER and PR. Cases 3 and 5
were positive for ErbB2, Erbin, ER, and PR. Case 4 was positive for ErbB2 and Erbin. (E) Increased ErbB2, but not ER or PR, in tumor tissues with high levels of
Erbin. Erbin expression levels were grouped into low, medium, or high levels as described in Results. ErbB2, ER, and PR expression scores are shown as box
plots. Sample numbers of Erbin groups are described below respective group. Data were analyzed by the Mann–Whitney U test and the Kruskal–Wallis test.

E4436 | www.pnas.org/cgi/doi/10.1073/pnas.1407139111 Tao et al.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
.1

62
.1

29
.1

81
 o

n 
D

ec
em

be
r 

24
, 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

1.
16

2.
12

9.
18

1.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1407139111/-/DCSupplemental/pnas.201407139SI.pdf?targetid=nameddest=SF10
www.pnas.org/cgi/doi/10.1073/pnas.1407139111


tumor grades (Fig. 7 and Table 1). Together, these observations
indicate that Erbin facilitates breast tumor development.
ErbB2 levels correlate with recurrence, malignant metastasis,

and poor prognosis (1–3). Effective drugs directly targeting ErbB2
include trastuzumab and pertuzumab, two humanized antibodies
directed against the extracellular domain of ErbB2 (36–38), and
lapatinib, an inhibitor of EGFR and ErbB2 kinase (39). However,
cancer cells often escape from trastuzumab or lapatinib treatment
via intrinsic or de novo pathways (1, 40). For example, ErbB2-
positive breast tumors may become resistant to trastuzumab by
alternative splicing or by proteolytic cleavage that generates
p95HER2, an intracellular truncated form of ErbB2 (41). Thus,
the interaction of Erbin and ErbB2 might serve as a previously
unidentified drug target for ErbB2-positive breast cancer.
Mechanisms that lead to high ErbB2 levels in breast cancer have

begun to be unraveled. In addition to gene amplification, recent
studies suggest a role of posttranscriptional regulation (42–44).
ErbB2 is thought to be resistant to endocytosis and degradation (7,
8). It interacts with chaperon proteins HSP90 and HSP70 and two
different E3 ligases, CHIP and c-Cbl. Inhibition of HSP90 leads to
its dissociation from ErbB2 and activates ErbB2 internalization and
interaction with HSP70 and the E3 ligase CHIP, leading to ubiq-
uitination and degradation (32, 33, 45, 46). It was unclear how the
degradation pathway of ErbB2 was regulated. Earlier reports
showed that C-terminal truncation or loss of the PDZ-binding motif
of ErbB2 increased its endocytosis and degradation (42, 47). Here
we provide evidence that the PDZ domain containing protein Erbin
is required for ErbB2 stability. Erbin overexpression increases the
stability of ErbB2 (12, 18) whereas knockdown of Erbin reduces its
half-life and consequently decreases the proliferation of ErbB2-

expressing breast cancer cells (Figs. 3 and 4). These observations
indicate that Erbin maintains ErbB2 levels in breast cancer cells for
tumor development. In a working model, Erbin interacts with
ErbB2 to promote its association with HSP90, a protein necessary
for ErbB2 stability.
HSP90 has been targeted for breast cancer therapy, but its

plethora clients may cause side effects of HSP90 inhibitors (48).
Recently, lipid raft-associated flotillins were found to be complexed
with ErbB2 and HSP90 (49). Depletion of flotillin-1 or -2 disrupted
the complex and destabilized ErbB2, suggesting that the regulation
of HSP90 chaperon activity on ErbB2 is tightly controlled (49).
Flotillin-2 expression positively correlated with ErbB2 and potentially
predicts prognosis of breast cancer (49). Together with our findings,
regulation of the HSP90 chaperon activity on ErbB2 appears to be
important in breast cancer development. Notably, Erbin is present in
lipid rafts (12, 24, 27). It remains to be determined whether Erbin
and flotillin-1 or -2 are coordinated to regulate HSP90–ErbB2 in-
teraction or other HSP90 client proteins such as macrophage mi-
gration inhibitory factor (50) in breast tumor development.
Our observation that ablation or mutation of Erbin had no

effect on tumor onset and progression in MMTV-PyVT mice
indicates that Erbin specifically regulates ErbB2-dependent tu-
mor growth. Erbin levels were conspicuously higher in breast
tumors of both MMTV-neu mice (Fig. S11) and patients (Fig. 7
and Table 1) and correlated with ErbB2 levels and tumor grades,
suggesting a previously unidentified diagnostic and therapeutic
target for breast cancers. How Erbin is increased in ErbB2-
dependent carcinomas warrants further investigation. These
observations, however, suggest a positive feedback loop between
Erbin and ErbB2, which eventually participates in tumorigenesis.

Table 1. Association of Erbin levels with different clinicopathologic characteristics

Erbin expression

Characteristics n Low (40): n (%) Medium (62): n (%) High (69): n (%) P value

Age, y
Mean 171 49.5 50.2 47.1 0.154
95% CI 46.1–52.8 48.0–52.5 44.9–49.4

Primary tumor size
≤2 cm 7 (17.9) 16 (25.8) 19 (28.4)
2–5 cm 168 25 (64.1) 40 (64.5) 41 (61.2) 0.620
≥5 cm 7 (17.9) 6 (9.7) 7 (10.4)

No. of positive nodes
0 13 (43.3) 19 (37.3) 17 (37.8)
1–3 126 9 (30.0) 15 (29.4) 16 (35.6) 0.867
>3 8 (26.7) 17 (33.3) 12 (26.7)

Histologic grade
G1 22 (55.0) 17 (27.4) 4 (5.8)
G2 171 11 (27.5) 34 (54.8) 38 (55.1) 1.69 × 10−7***
G3 7 (17.5) 11 (17.7) 27 (39.1)

Estrogen receptor
Low 20 (50.0) 24 (38.7) 29 (42.0)
Medium 171 7 (17.5) 9 (14.5) 14 (20.3) 0.604
High 13 (32.5) 29 (46.8) 26 (37.7)

Progesterone receptor
Low 29 (72.5) 37 (59.7) 42 (60.9)
Medium 171 6 (15.0) 11 (17.7) 9 (13.0) 0.493
High 5 (12.5) 14 (22.6) 18 (26.1)

ErbB2/Neu status
Low 26 (65.0) 15 (24.2) 5 (7.2)
Medium 171 9 (22.5) 14 (22.6) 19 (27.5) 7.08 × 10−7***
High 5 (12.5) 33 (53.2) 45 (65.2)

This cohort of 171 patients includes 158 cases of invasive ductal carcinoma, 6 cases of ductal carcinoma in situ, 4
cases of invasive lobular carcinoma, and 3 cases of mixed-type carcinoma. The cases were classified into grade I (G1, 43
cases), grade II (G2, 83 cases), and grade III (G3, 45 cases) based on an assessment of tubule/gland formation, nuclear
pleomorphism, and mitotic counts according to the WHO classification criteria (51–53). ***P < 0.001.
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Materials and Methods
Animals, constructs, antibodies and reagents, human breast tissue speci-
mens, cell culture and transfection, lentivirus packaging and infection,
Matrigel 3D culture, MTS [3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] assay, immunofluo-
rescence and immunohistochemistry, whole-mount hematoxylin staining
of mammary glands, X-gal in situ assay, protein interaction and Western
blotting, quantitative RT-PCR, and statistical analysis are described in SI
Materials and Methods.

Animal experiments were approved by the Institutional Animal Care and
Use Committee of the Georgia Regents University and the French Guidelines
for Animal Handling (Committee for Animal Experimentation of Provence
no. 14 of Marseille, 2-091009). Human primary breast specimens of paraffin-
embedded tissue blocks were obtained from the Department of Pathology
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