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Summary

Na*H* exchanger regulatory factor 1 (NHERF1) is a post-
synaptic density 95/disc-large/zona occludens (PDZ) do-
main-containing protein that recruits membrane recep-
tors/transporters and cytoplasmic signaling proteins into
functional complexes. NHERF1 expression has been
demonstrated to be altered in breast cancer, but its role
in mammary cancerogenesis and progression remains
still undefined. In this paper, we review what is known
on the pathological role and the potential clinical applica-
tion of NHERF1 protein in breast cancer. Recent evidence
shows that an increased cytoplasmic expression of
NHERF1 suggests a key role of its localization/compart-
mentalization in defining cancerogenesis, progression,
and invasion. NHERF1 overexpression is associated with
increasing tumor cytohistological grade, aggressive clini-
cal behavior, unfavorable prognosis, and increased
tumor hypoxia. Moreover, NHERF1 co-localizes with the
oncogenic receptor HER2/neu in HER2/neu-overexpress-
ing carcinoma and in distant metastases. These data
make NHERF1 also a potential candidate of clinical rele-
vance for anti-HER2/neu therapy.

Introduction

Breast cancer is still a major cause of death in women. In
fact, although the increasing body of knowledge in the field
of molecular biology has allowed for a better understanding

Schliisselworter
Mammakarzinom x NHERF1/EBP50 x HER2/neu

Zusammenfassung

Das NHERF1 (Na*H* exchanger regulatory factor 1)-Pro-
tein besitzt eine PDZ (postsynaptic density 95/disc-large/
zona occludens)-Domane und schliel3t Membranrezep-
toren/Transporter und zytoplasmatische Signalproteine
zu funktionellen Komplexen zusammen. Es ist gezeigt
worden, dass bei Mammakarzinomen eine veranderte
NHERF1-Expression vorliegt. Die Rolle des Proteins bei
der Karzinogenese und Progression von Mammakarzi-
nomen ist jedoch noch unklar. Im vorliegenden Artikel
geben wir einen Uberblick iiber das Wissen beziiglich der
pathologischen Rolle und potentiellen klinischen Anwen-
dung des NHERF1-Proteins beim Mammakarzinom. Neu-
esten Erkenntnissen zufolge deutet die erhdhte zytoplas-
matische Expression von NHERF1 auf eine Schliisselrolle
seiner Lokalisation/Kompartimentierung bei der Fest-
legung der Karzinogenese, Progression und Invasion hin.
NHERF1-Uberexpression ist mit erhéhtem zytohistologi-
schen Grad, aggressivem klinischen Verhalten, ungunsti-
ger Prognose und verstarkter Tumorhypoxie assoziiert.
AuBBerdem liegt eine Kolokalisation von NHERF1 mit dem
onkogenen Rezeptor HER2/neu in HER2/neu-lUberexpre-
mierenden Karzinomen und in Fernmetastasen vor. Die-
sen Daten zufolge ist NHERF1 ein klinisch relevanter,
potentieller Kandidat fur die Anti-HER2/neu-Therapie.

of the biology of breast cancer, the search is still in progress
for new factors that would make it possible to personalize
therapeutic approaches and optimize the employment of tar-
geted therapies. Today, several biological characteristics
such as estrogen receptor (ER), progesterone receptor (PR),
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proliferation markers, and HER2/neu expression are consid-
ered useful biomarkers for a better selection of candidates
for various therapeutic approaches [1], but their clinical utili-
zation is often not easy because of contradictory characteris-
tics when determined in the single patient and suboptimal
performance.

The biomolecular complexity and pathological heterogene-
ity of breast cancer are the reasons for the varied clinical out-
come and response to therapy of breast cancer patients,
stressing the need for further studies on molecular pathways
involved in cell signaling, controlling cell growth, death, and
tumor differentiation. Signaling pathways are organized into
macromolecular assemblies by scaffolding proteins containing
PDZ modular interaction domains that facilitate the associa-
tion of multiple target proteins and permit the creation of
new tumor-specific pathways to drive the subverted cellular
functions exhibited by tumor cells. One class of modular do-
mains is the postsynaptic density 95/disc-large/zona occludens
(PDZ) domain that associates with specific carboxyl-terminal
motifs on target proteins and can also oligomerize with other
PDZ domains to enhance the scaffolding function [2, 3]. In
particular, human Na*/H" exchanger regulatory factor 1
(NHERF1), initially identified as ezrin-radixin-moesin (ERM)-
binding phosphoprotein 50 (EBP50), is a protein comprising
358 amino acids and containing 2 tandem PDZ domains fol-
lowed by a carboxyterminal ERM-binding region that recruits
membrane receptors/transporters and cytoplasmic signaling
proteins into functional complexes important for the coordi-
nation of multiple signaling pathways such as those depending
on tyrosine kinase (TK) receptors [4].

Different methodologies for the analysis of NHERF1 char-
acteristics in human tissues have been applied, either by com-
bining immunohistochemistry and in situ hybridization [5], or
immunofluorescence with Western blot (WB) analysis of the
tumor samples [6]. These studies showed a wide distribution
of NHERF1 in normal human tissues, and in particular those
containing polarized epithelia [7-9]. Here, we review the
available data on the role of NHERF1 in the pathogenesis
and progression of breast cancer, stressing those aspects of
potential clinical application.

NHERF1 in Breast Cancerogenesis and Progression

NHERF1 is a candidate tumor suppressor gene located at
chromosome loci 17q25.1 [7, 10, 11]. Loss of heterozygosity
(LOH) at the NHERF1 gene locus (SLC9A3R1) occurs fre-
quently in human ovarian cancer and breast cancer, in the
latter in more than 50% of tumors [12-14]. Conversely, LOH
at the NHERF1 locus is not frequent in other types of
human cancer, supporting the hypothesis that NHERF1 is
specifically targeted during breast tumorigenesis [11]. Pro-
tein expression has been reported to be altered in several
cancers such as hepatocellular carcinomas [15] and in
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Fig. 1. Cellular distribution of NHERF1 in breast tissues. Cytoplasmic/
membranous NHERF1 protein expression ratio evaluated in normal
breast tissue, carcinoma in situ, invasive tumor, synchronous metastatic
lymph nodes, and metachronous distant metastasis tissues (horizontal bold
line in the box marks mean value; ***p < 0.0001, **p < 0.001, *p < 0.01, by
parametric unpaired t-test).

schwannoma [16]; however, the most representative data
concerns altered expression in breast cancer samples [17] in
which significant relationships with clinical pathological
characteristics of the tumor have been also reported [5, 6,
18]. By analyzing NHERF1 protein expression in human
breast tumors and contiguous noninvolved tissue from the
same patient, Cardone et al. [6] demonstrated that NHERF1
is overexpressed in all human breast tumors with respect to
contiguous normal lobules. Even more interestingly, Mangia
et al. [19] described a significant change in subcellular distri-
bution of NHERF1 moving from less to more aggressive
breast cancers. Interestingly, in tumor cells from either pri-
mary or metastatic sites, NHERF1 protein was mostly local-
ized in the cytoplasm of epithelial cells while membranous
NHERF1 immunoreactivity was present especially at the lu-
minal aspects of normal breast epithelial cells [8]. Further-
more, the cytoplasmic/membranous NHERF1 expression
ratio (fig. 1) progressively increased in tumors cells from
ductal carcinoma in situ (DCIS) to primary invasive and
metastatic tissues. The altered subcellular compartmentali-
zation of NHERF1 in DCIS seems to suggest that it could
play an early pathogenetic role in breast cancer progression
(fig. 2). Based on these findings, Georgescu et al. [20] hy-
pothesized that NHERF1 could act as a tumor suppressor
when localized at the apical level of the membrane, and as
an oncogenic protein when localized in the cytoplasm. In-
deed, in comedocarcinomas, subluminal membranous immu-
noreactivity of NHERF1 was present. Comedo-type DCIS is
a breast cancer characterized by an important central necro-
sis [21] caused by marked tumor cells proliferation and hy-
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Fig. 2. Immunobhis-
tochemical analysis
of NHERF1 protein
in breast cancer.
NHERF1 expression
in A morphologi-
cally normal tissue

is present as apical
membranous reactiv-
ity; B in carcinoma
in situ NHERF1
immunoreactivity

is localized in the
cytoplasmic subcel-
lular compartment
and in the membrane
of subluminal cells;
C in invasive tumor
NHERF1 is present
as cytoplasmic stain-
ing (original magnifi-
cation x400).

poxia [22, 23]. The presence of NHERF1 in hypoxic tumors
such as comedocarcinomas and the strong correlation with
hypoxia inducible factor 1 alpha (HIF-10), a marker of the
hypoxic tumor microenvironment [24, 25], suggest that
NHERF1 expression could be related to the tumor meta-
bolic microenvironment which has been shown to play an
important role in driving metastatic progression [26, 27].

Importantly, it was observed that NHERF1 protein expres-
sion is increased by hypoxia, and that this increase stimulates
the activity of the Na*/H* exchanger 1 (NHE1), which results
in a decrease in extracellular pH [6]. This provides, for the
first time, a direct functional link between the hypoxic and
acidic tumor microenvironments and their integration to drive
increased tumor cell aggressiveness. Preliminary data from
our laboratories show that analogous to HIF-1a [24, 25] this
hypoxia-driven increase is due to an inhibition of the 26S pro-
teasome during hypoxia. Interestingly, NHERF1 binds to the
epidermal growth factor receptor (EGFR) in an EGF-de-
pendent manner to stabilize EGFR in the membrane and in-
crease its downstream signaling, and, in this way, closes a
positive-feedback loop that integrates local growth factor and
hypoxic signals to further drive metastatic growth through the
up-regulation of the NHE1 and subsequent acidification of
the extracellular environment [26, 27].
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NHERF1 Correlation with Clinicopathological
Characteristics

NHEREF1 protein expression was analyzed with respect to the
main clinicopathological characteristics of women with breast
cancer (table 1), such as age, menopausal status, tumor size,
proliferation index (MIB1), presence of regional nodal metas-
tases (node status), ER and PR status, and tumor cytohisto-
logical differentiation grade [5, 6, 18].

In relation to hormone receptors, it is noteworthy that
NHERF1 expression is present in 90-93% of ER-positive
breast tumors while being completely absent in the 62-71%
of ER-negative tumors [5, 8]. In any case, tumor NHERF1
protein expression levels were reported as directly related
with increasing ER levels in ER-positive tumors. This evi-
dence biologically interprets the results of experiments de-
scribing the NHERF1 gene as transcriptionally regulated by
estrogen [28, 29]. Moreover, NHERF1 expression signifi-

Table 1. Clinicopathological association of NHERF1 protein expression
levels in human breast tumor tissues [17]

Clinicopathological Patients, n NHERF1 p value
characteristics expression
(median)

Age, years
<55 22 0.56 NS
>55 21 1.10

Menopausal status
Pre 15 0.59 NS
Post 28 0.80

Lymph node status
Negative 23 0.51 NS
Positive 20 0.80

Tumor size, cm
<2 10 0.87 NS
>2 22 0.58

Histological grade
1 6 0.41 0.028
2 16 0.66
3 17 3.14

Hormonal receptor status
ER- 18 0.79 NS
ER+ 18 0.95
PR- 17 0.51 NS
PR+ 24 1.15

Proliferation index
MIB1- 28 0.79 NS
MIB1+ 15 0.62

Nottingham Prognostic Index
Good 7 0.41 0.021
Moderate 13 0.75
Poor 23 1.74

NS = Not significant; ER = estrogen receptor; PR = progesterone
receptor.
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cantly increased with increasing tumor cytohistological grade
and with a poorer prognosis as defined by Nottingham Prog-
nostic Index (NPI) [30, 31]. This prognostic index, based on
tumor size, tumor grade, and nodal status, is useful in predict-
ing outcome in patients with operable breast cancer. Using
the NPI index, it was observed that tissue NHERF1 protein
expression was significantly higher in cytohistological undif-
ferentiated tumors (G3) compared to differentiated tumors
(G1-G2) and in tumors with a worse prognosis compared
with those with a better prognosis. Interestingly, this associa-
tion was also present when NHERF1 expression was evalu-
ated by WB in peripheral blood lymphocytes of breast cancer
patients; in fact, in a preliminary series of subjects, lym-
phocyte NHERF1 expression was significantly higher in
patients with breast cancer with respect to that in healthy
subjects. Indeed, a strong association between lymphocyte
NHERF]1 expression and ER expression in ER-positive tu-
mors was also observed, in line with previous reports [5, 6, 8].
Altogether, these findings seem to underline a possible in-
volvement of both the innate and the adaptive immune sys-
tem in breast cancer etiology [32, 33].

NHERF1 and HER2/neu: Interacting Partners

As a scaffolding protein, NHERF1 recruits membrane and cy-
toplasmic proteins into functional complexes through its PDZ
domains. NHERF1 is associated with a number of G protein-
coupled receptors, ion channels, and growth factor TK recep-
tors, such as the platelet-derived growth factor receptor [34]
and the EGFR [35], which promote dimerization and activa-
tion of mitogenic signals [34, 36]. These functions have been
confirmed in the breast cancer model with demonstration of a
critical role for these adaptor proteins in TK signal transduc-
tion [37] and growth regulation [17]. In particular, it is known
that NHERF1 binds to the EGFR in normal and tumor cells
to regulate cell trafficking and sensitivity to drugs [4, 35, 38].
Moreover, the interaction with HER2/neu has been deeply
studied. In normal human breast cells, NHERF1 localized at
the apical membrane of normal epithelial cells, and HER2/
neu maintained its physiological ability to respond to different
signals. In HER2/neu-overexpressing DCIS, the receptor co-
localized with NHERF1 at membrane level; conversely, in in-
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Conclusions and Perspectives

In conclusion, human NHERF1 is a scaffolding protein that
recruits membrane receptors/transporters and cytoplasmic
signaling proteins into functional complexes, important for
the coordination of multiple signaling pathways such as those
depending on TK receptors [4]. Its subcellular localization is
altered in breast cancer with a predominant cytoplasmic ex-
pression. Its overexpression is associated with aggressive clini-
cal parameters, unfavorable prognosis, and increased tumor
hypoxia. Moreover, NHERF1 is overexpressed in circulating
lymphocytes of breast cancer patients and associated with the
same clinical parameters as the tumor. In addition, NHERF1
is strongly related to HER2/neu expression in invasive tumors
and distant metastases. As a scaffolding protein, it is able to
create new signaling pathways driving the subverted cellular
functions exhibited by tumor cells; and as it binds to HER2/
neu, NHERF1 could potentially address 3 different clinical
perspectives: i) be a new predictive marker for better a priori
identification of patients/tumors that will respond to the treat-
ment; ii) provide a way of increasing the sensitivity to trastu-
zumab in some non-responders, possibly by increasing its resi-
dence time in the plasma membrane and, therefore, its avail-
ability to trastuzumab; iii) be a novel target that could poten-
tially be used in combined therapy with trastuzumab to
increase its efficiency and/or transform non-responders into
responders.
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