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ABSTRACT Metastatic cells are highly plastic for differential expression of tumor phenotype 
hallmarks and metastatic organotropism. The signaling proteins orchestrating the shift of one 
cell phenotype and organ pattern to another are little known. Na+/H+ exchanger regulatory 
factor (NHERF1) is a molecular pathway organizer, PDZ-domain protein that recruits mem-
brane, cytoplasmic, and cytoskeletal signaling proteins into functional complexes. To gain 
insight into the role of NHERF1 in metastatic progression, we stably transfected a metastatic 
breast cell line, MDA-MB-231, with an empty vector, with wild-type NHERF1, or with NHERF1 
mutated in either the PDZ1- or PDZ2-binding domains to block their binding activities. We 
observed that NHERF1 differentially regulates the expression of two phenotypic programs 
through its PDZ domains, and these programs form the mechanistic basis for metastatic or-
ganotropism. The PDZ2 domain promotes visceral metastases via increased invadopodia-
dependent invasion and anchorage-independent growth, as well as by inhibition of apopto-
sis, whereas the PDZ1 domain promotes bone metastases by stimulating podosome 
nucleation, motility, neoangiogenesis, vasculogenic mimicry, and osteoclastogenesis in the 
absence of increased growth or invasion. Collectively, these findings identify NHERF1 as an 
important signaling nexus for coordinating cell structure with metastatic behavior and identi-
fies the “mesenchymal-to-vasculogenic” phenotypic transition as an essential step in meta-
static progression.

INTRODUCTION
Metastatic disease is the primary cause of death among cancer pa-
tients, remaining largely unmanageable due to a poor understanding 
of its underlying molecular mechanisms. Although the biological 
properties of cancer cells to progress toward overt metastases (i.e., 
local invasion, intravasation, survival in circulation, extravasation, and 
organ colonization) have been identified (Geiger and Peeper, 2009), 
some fundamental aspects are unresolved. Recent data suggest that 
specific tumor cells might be imprinted intrinsically ab initio with met-
astatic competence but that the final metastatic organotropism (i.e., 
specific organ colonization) might depend on additional indepen-
dent, organ-specific gene signatures (Gupta and Massague, 2006; 
Chaffer and Weinberg 2011). However, although clear organospecific 
metastasis signatures have been reported (Hunter and Alsarraj, 2009), 
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ing the mutated PDZ2 domain (PDZ2mut) formed an intermediate 
number of colonies. The relative median size of the soft-agar colo-
nies (Figure 1B, bottom) displayed significant differences (p < 0.05 
in one-way analysis of variance [ANOVA], Kruskal–Wallis test); 
PDZ1mut had the largest median colony size, followed by the 
pcDNA and the PDZ2mut cells. Moreover, whereas the WT cells did 
not form large colonies (Figure 1A), they formed a large number of 
microcolonies that were <50 μm (Figure 1B, bottom). Taken to-
gether, these data indicate that the loss of anchorage-independent 
growth by overexpression of WT NHERF1 occurs primarily through 
the PDZ1 domain. NHERF1 has been shown to regulate survival 
through the PTEN-dependent inhibition of PI3K-phospho-AKT–
mediated signals (Molina et al., 2012) and proliferation through the 
ERK pathway (Zheng et al., 2010). To examine whether these sig-
naling pathways are differentially modulated in the four cell lines, 
we analyzed the level of PTEN and the phosphorylation status of 
ERK and AKT by Western blotting (Figure 1C). Indeed, NHERF1-
WT–overexpressing cells had higher expression levels of PTEN, 
whereas both PDZ1-mutated (PDZ1mut) and PDZ2-mutated 
(PDZ2mut) cells had slightly lower levels of PTEN than the parental, 
pcDNA cells. In line with these data, WT-NHERF1–overexpressing 
cells showed a reduced level of p-AKT compared with pcDNA cells, 
whereas the level of p-AKT was markedly higher in PDZ1-mutated 
(PDZ1mut) cells and little changed in PDZ2-mutated cells (PDZ2mut 
cells) in comparison with that of pcDNA cells. Total AKT levels re-
mained unchanged in the four cell lines. Last, NHERF1-WT–overex-
pressing cells had greatly reduced p-ERK respect to pcDNA cells, 
whereas PDZ1mut cells expressed much higher p-ERK levels and 
PDZ2mut cells a less pronounced increase in p-ERK compared with 
pcDNA cells. These results confirm that NHERF1 growth-suppres-
sion function requires a functional PDZ1 domain to suppress the 
PTEN/AKT-mediated survival signal and increase the p-ERK–driven 
proliferation pathway.

The in vivo xenograft tumor formation ability of the cells was 
then examined by subcutaneous cell injection in the right flank of 
female Balb/c nu/nu mice (Figure 1D). It closely followed the pat-
tern observed in soft agar. WT cell–induced tumors had both the 
lowest incidence (50%) and the smallest size, whereas pcDNA and 
PDZ1mut cells induced both 100% incidence and the biggest tu-
mors. An intermediate condition was observed in mice injected with 
PDZ2mut cells, with a 75% tumor incidence and a slightly smaller 
tumor size.

Analysis of the xenograft tumors revealed a significant decrease 
in Ki-67 expression in tumors derived from WT and HRF2 cells rela-
tive to tumors from parental or PDZ1mut cells (Figure 2A), confirming 
that NHERF1 overexpression inhibits tumor cell proliferation through 
the PDZ1 domain. Active caspase-3 expression (Figure 2B) revealed 
that tumors from WT cell–injected mice had a significantly increased 
apoptotic area, whereas those from PDZ1mut- and PDZ2mut-
injected mice had a significantly reduced apoptotic area compared 
to that in the tumors of parental cell–injected mice. Tumor microves-
sel density (Figure 2C), evaluated by the endothelial marker CD31, 
significantly decreased in both WT- and PDZ1mut-derived tumors, 
whereas it increased in PDZ2mut-derived tumors compared with pa-
rental tumors. These data suggest that the inhibition of growth in the 
WT tumor xenografts results from a combination of decreased prolif-
eration and tumor microvessel density with increased apoptosis.

NHERF1-induced invasion is mediated by an increase of 
extracellular matrix degradation via its PDZ2 domain
To determine the role of NHERF1 in cellular invasion and identify the 
PDZ domain involved, we analyzed the in vitro invasive ability of the 

the mechanisms underlying these processes are unknown. Indeed, 
the molecular signaling systems orchestrating both the determina-
tion of a particular malignant phenotype and a specific pattern of 
selected organs are poorly understood.

The emerging vision of signal transduction is that the building of 
the signaling complexes and the “controlled” shift from one signal 
complex to another during neoplastic progression are finely coordi-
nated by a class of proteins called scaffolding proteins (Jin et al., 
2009). These proteins create tightly controlled complexes integrat-
ing diverse signal functions from distinct receptors or microenviron-
mental conditions into specific phenotypic outcomes. Changes in 
the scaffolding protein concentrations, cellular localization, and/or 
binding specificities of their consensus sequence can radically alter 
the composition of the signaling modules and, as a consequence, 
the final biochemical/physiological phenotype. This ability to forge 
new interactions and reprogram cellular behavior could be a strat-
egy adapted by tumor cells to subvert the cellular machinery regu-
lating the normal constraints on cell growth, survival, migration, and 
invasion.

Recent studies identified a central role for the scaffolding pro-
tein Na+/H+ exchanger regulatory factor (NHERF1, EBP50, 
SLC9A3R1) in multiple malignancies. NHERF1 contains two tan-
dem PDZ domains and recruits membrane receptors/transport-
ers, cytoplasmic signaling proteins, and transcriptional coactiva-
tors into functional complexes that regulate many processes 
(Shenolikar et al., 2004), including cell proliferation (Pan et al., 
2006), survival (Molina et al., 2012), apoptosis (Zheng et al., 2010), 
and migration and invasion (Cardone et al., 2007; Kislin et al., 
2009), and is overexpressed in diverse cancers, where it correlates 
with aggressive stage and poor prognosis (Cardone et al., 2007; 
Song et al., 2007; Georgescu et al., 2008; Bellizzi et al., 2010; 
Tabrizi et al. 2010; Karn et al., 2011). However, its effective role 
and, in particular, its mechanism and the specific roles of the two 
PDZ domains in regulating cancer development and metastatic 
progression are undefined.

To gain further insights into how NHERF1 regulates a range of 
neoplastic phenotypes and metastatic organotropism, we stably 
transfected the most commonly used cell line to study metastasis, 
the human metastatic breast cell line MDA-MB-231, with 1) the 
pcDNA 3.1/Higro empty vector, 2) wild-type (WT) NHERF1, or 
NHERF1 mutated in 3) the PDZ1 domain (PDZ1mut) or 4) the PDZ2 
(PDZ2mut) domain (Supplemental Figure S1). The distinct meta-
static properties of four cell lines that share a very closely related 
genetic background allowed us to comparatively investigate the 
contribution of NHERF1 to tumor growth and metastasis.

RESULTS
NHERF1 regulates anchorage-independent growth and 
xenograft tumorigenicity primarily through the PDZ1 
domain
The ability of cells to grow in an anchorage-independent manner in 
semisolid media is often regarded as one of the hallmarks of tum-
origenicity and metastatic potential (Fiebig et al., 2004). We tested 
our panel of MDA-MB-231 breast cancer cells for their ability to 
grow in soft agar (Figures 1, A and B), the signaling pathways in-
volved (Figure 1C), and their tumorigenic potential in nude mice 
(Figure 1D). When only colonies >50 μm in diameter were scored 
(Figure 1B, top), the WT cells, which overexpress WT NHERF1, 
formed very few colonies compared with the parental, pcDNA cells, 
suggesting that NHERF1 overexpression suppresses anchorage-
independent growth, whereas cells overexpressing the mutated 
PDZ1 domain (PDZ1mut) formed more colonies, and cells express-
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trapped in the Matrigel (Figure 3B), indicat-
ing that, also in a 3D context, PDZ2-domain 
function confers an invasive advantage.

Proteolytic degradation of the extracel-
lular matrix (ECM) and high level of directed 
motility are two of the key steps of invasion 
in primary cancer lesions (Basbaum and 
Werb, 1996). Therefore we evaluated living 
cell in situ proteolytic activity (Busco et al. 
2010; Figure 3C), analyzing either the per-
centage of cells positive for proteolysis per 
low-power microscopic field (Figure 3D, 
top) or the total focal digestive activity per 
100 cells (Figure 3D, bottom). These data 
demonstrate an increased ability of overex-
pressed WT and PDZ1mut to degrade the 
ECM compared with parental cells, whereas 
PDZ2mut cells had a reduced ECM degra-
dative capacity.

Finally, migration assays in Boyden 
chambers (Figure 3E) and in scratch wound 
assays (Supplemental Figure S3) demon-
strated that WT and PDZ1mut cells had 
significantly reduced motility with respect 
to pcDNA cells, whereas no changes were 
observed in PDZ2mut cells. Moreover, in 
these assays WT and PDZ1mut cells dis-
played an elongated morphology (Figure 
3E, bottom) and an increase in stress fiber 
formation (Supplemental Figure S4A) 
typical of epithelial-to-mesenchymal transi-
tion (EMT)–like phenotype. This was further 
confirmed by the enhanced expression 
of mesenchymal markers (vimentin and 
smooth muscle actin) together with a 
diminished expression of epithelial markers 
(E-cadherin and occludin; Supplemental 
Figure S4B), whereas PDZ2mut cells had 
low levels of stress fiber formation and a 
higher expression of epithelial-toward-
mesenchymal markers, suggesting that the 
PDZ2 domain is required for EMT.

NHERF1 PDZ1 and PDZ2 domains 
differently regulate invadopodia 
and podosome dynamics
The general consensus is that the highly dy-
namic, cortactin/actin–rich, ring-like plasma 
membrane structures involved in adhesion 
and migration are called podosomes (Yoshio 
et al., 2007), whereas invadopodia are more 
stable, actin-based, cortactin-positive, fila-
ment-like protrusions emanating from the 
surface of invasive tumor cells and display-
ing high focalized proteolytic activity inside 

the ECM (Gimona et al., 2008; Buccione et al., 2009, Stylli et al., 
2009). We therefore examined the distribution of invadopodia, po-
dosome rings, and ECM focal digestion (Busco et al., 2010) by con-
focal fluorescence microscopy of cells cultured on Matrigel contain-
ing quenched DQ-green–labeled bovine serum albumin 
(BSA)–BODIPY (Figure 4A). pcDNA cells formed both podosome 
rings (asterisks) at the ventral cell surface that were rarely associated 

cells. In Matrigel-based invasion assays overexpression of both WT 
and PDZ1mut significantly increased invasion, whereas PDZ2mut 
cells invaded through Matrigel at levels similar to the parental 
pcDNA cells (Figure 3A). When subjected to a three-dimensional 
(3D) invasion assay in which cells are entrapped in Matrigel, more 
WT and PDZ1mut cells exited from the drop than pcDNA cells, 
whereas in the same time frame, the PDZ2mut cells remained en-

FIGURE 1: Increased expression of NHERF1 impairs tumor growth mainly via the PDZ1 domain. 
(A–C) MDA-MB-231 cells transfected with empty vector (pcDNA), WT NHERF1 (WT), and the 
PDZ1 (PDZ1mut) and PDZ2 (PDZ2mut) mutated constructs were plated onto soft agar. After 
4 wk, colonies were counted, and colony size was assessed by micrometer. (A) Representative 
photomicrographs of colonies for each cell variant. Results are represented as mean ± SEM; the 
values of p are vs. pcDNA cells. (B) Top, number of colonies measuring >50 μm; bottom, median 
size of colonies, with the bars representing the minimum and maximum values for each clone. 
(C) Western blot for the levels of PTEN and of phospho-ERK and phospho-AKT kinases using the 
total and phospho-specific antibodies listed in Materials and Methods. (D) In vivo tumor growth. 
Female BALB/c-nu/nu mice were subcutaneously injected with cell variants as indicated. Top, 
photographs of four tumors per cell variant at the day of dissection. Bottom, tumor volume 
and weight measured at 32 d postinjection; n = 4 mice/group; results are represented as 
mean ± SEM; the values of p are vs. pcDNA-injected animals.
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with focal proteolysis and punctate actin/
cortactin–rich invadopodia structures that 
entered the ECM and were sites of active 
focal ECM proteolysis (arrows). Three-
dimensional reconstructions of typical inva-
dopodia and podosomes with their respec-
tive RGB analyses are shown in Supplemental 
Figure 6, A and B.

The relative expression of invadopodia 
and podosomes were quantified by scor-
ing the cells for the Invadopodial Index and 
the Podosomal Index (Figure 4B) as de-
fined in Materials and Methods and in Sup-
plemental Figure S5. Indeed, WT and 
PDZ1mut cells had an increased Invadopo-
dial Index compared with the parental cells, 
whereas the PDZ2mut cells had a very 
low Invadopodial Index (Figure 4B, left). In 
contrast, WT and PDZ1mut cells had a re-
duced Podosomal Index compared with 
the pcDNA cells, whereas PDZ2mut cells 
showed a potent increase of this parameter 
(Figure 4B, right). Taken together, these re-
sults demonstrate that NHERF1-induced 
ECM digestive invadopodia formation is 
stimulated by the PDZ2 domain and slightly 
inhibited by the PDZ1 domain, whereas the 
opposite occurs in NHERF1-induced podo-
some formation.

The PDZ2 domain regulates NHERF1-
mediated neoangiogenesis and 
vasculogenic mimicry–like ability
To determine the angiogenic role of 
NHERF1, we first measured the ability of tu-
mor conditioned medium (CM) from each 
cell variant to affect the ability of human um-
bilical vein endothelial cells (HUVECs) to 
form capillary-like structures. Figure 5A 
shows that CM from pcDNA, PDZ1mut, and 
PDZ2mut cells induced networks of capil-
lary-like structures. In contrast, capillary-like 
outgrowth was totally blocked in HUVECs 
treated with WT-CM. Of interest, networks 
formed in the presence of pcDNA-CM and 
PDZ2mut-CM displayed typical irregular 
capillary-like networks anastomosing to 
multicentric nodes to delimit completely 
closed areas (lacunae, asterisk), whereas 
cells treated with PDZ1mut-CM had large, 
regular, orthogonal networks with long, thin 
ramifications formed by a few cells. Histo-
grams quantifying these morphological data 
(Figure 5B) for mean number of lacunae 

FIGURE 2: NHERF1 regulates tumor cell proliferation and apoptosis. Tumor sections from 
tumors obtained by subcutaneous injection of pcDNA-, WT-, PDZ1mut-, and PDZ2mut-
transfected cells were subjected to (A) immunohistochemical analysis for the proliferative 
marker Ki-67, (B) immunofluorescence assay for the apoptosis marker active caspase-3, and 

(C) the endothelial marker CD31. Left, 
representative images at the original 
magnification (bar, 10 μm). Right, 
quantification of expression performed using 
ImageJ software, n = 4; results are 
represented as mean ± SEM; the values of p 
are compared with levels in pcDNA tumors.
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We next analyzed the cells for their innate vasculogenic-like 
ability when grown embedded in growth factor–reduced Matrigel 
without added serum (Figure 6A). Both the PDZ2mut cells and the 
pcDNA cells generated a complex 3D vascular-like tubular network 
emerging from multicentric cellular nodes. Vertical sections of the 

(left), number of capillary-like connections (middle), and capillary 
tube morphology (right) verified these angiogenic patterns. These 
data suggest that especially the PDZ2 domain is critical for efficient 
NHERF1 overexpression-mediated inhibition of endothelial cell vas-
cular network.

FIGURE 3: The lack of functional PDZ2 domain decreases invasion of tumor cells. (A) The ability of the indicated 
transfected MDA-MB-231 cells to cross a Matrigel layer in 6 h was analyzed in Boyden chambers. Each cell variant was 
evaluated five times in triplicate, and results are represented as mean ± SEM. The values of p compared with the 
pcDNA-transfected cells. (B) Representative microphotographs of Matrigel evasion assays. Cells were included in 
growth factor–free Matrigel drops and incubated at 37°C for 6 d (bar, 30 μm). (C) NHERF1 regulation of ECM 
degradation measured by an in vitro fluorescence–Matrigel degradation assay. Cells were seeded on coverslips coated 
with Matrigel (4 mg/ml) and BSA-BODIPY (30 μg/ml) and incubated at 37°C for 24 h. Panels show representative 
pictures of proteolytic degradation in the Matrigel matrix in green (BSA-BODIPY) and immunofluorescence of NHERF1 
protein expression in red (NHERF1; bar, 10 μm). (D) Quantification of invadopodia function (ECM degradation) analyzed 
as percentage of cells digesting the matrix (top) or total focal digestive activity of 100 cells (bottom); n = 5; mean ± SEM 
values of p test vs. pcDNA. (E) Migration assay of the indicated cell lines through collagen IV–coated filters in Boyden 
chambers. Results are expressed as numbers of migrated cells/field. Top, representative fields of migrated cells through 
filters. Bar, 10 μm. Mean ± SEM of three independent experiments performed in duplicate. The values of p are 
compared with the pcDNA-transfected cells.
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3D-reconstructed tubes from the pcDNA 
and PDZ2mut fields (Figure 6B) revealed 
that these are open lumen-like structures 
surrounded by or delineated by fluorescent 
cells. In contrast, PDZ1mut cells generated 
short, thin, cord-like structures issuing out of 
the nodes but not forming lacunae, whereas 
WT cells did not form cords at all. The data 
quantified in Figure 6C verified these vascu-
logenic-like patterns.

NHERF1 orchestrates in vivo 
organotropism of metastases
Because of this strong in vitro tumor pheno-
type selection through the two NHERF1 PDZ 
domains, we tested whether NHERF1 modu-
lation could affect the ability of these cells to 
develop in vivo experimental metastases by 
intracardiac injection with our stable trans-
fected variants (Rucci et al., 2006). As re-
ported by many groups, animals injected 
with the parental pcDNA cells formed both 
bone (Figure 7, C and D) and visceral metas-
tases (Figure 7E) and had medium levels of 
both cachexia (Figure 7A) and mortality 
(Figure 7B). Remarkably, mice injected with 
cells having differential PDZ-domain function 
displayed a very strong stratification in me-
tastasis formation and organotropism. Mice 
injected with cells overexpressing WT 
NHERF1 displayed a strong reduction in 
both bone osteolytic lesions and large vis-
ceral metastases and was the only variant to 
form a large number of micrometastases 
(<30 mm3). These characteristics translated 
into reduced cachexia and increased survival. 
Of importance, mice injected with PDZ2mut 
cells displayed a much stronger osteolytic 
bone tropism than the parental, pcDNA-in-
jected mice (higher incidence and shorter 
time to first incidence) and formed large vis-
ceral metastases, whereas the PDZ1mut cell–
injected mice formed only visceral metasta-
ses. Consistently, cachexia and mortality 
appeared earlier and had the highest inci-
dence in the mice injected with PDZ2mut 
cells, whereas mice injected with parental, 
pcDNA, or PDZ1mut cells had intermediate 
rates of both cachexia and mortality.

Consistent with this pattern of in vivo in-
duction of osteolytic bone metastases, treat-
ment with pcDNA-CM and PDZ2mut-CM 
stimulated in vitro osteoclast formation that 
was very strongly inhibited in the presence 
of WT-CM and partially reduced by 
PDZ1mut-CM (Supplemental Figure S7). 
These data also indicate that, although 
PDZ1mut cells induced the lowest incidence 
of bone metastases, once they reached the 
bone microenvironment, their ability to in-
duce osteolysis was similar to that of pcDNA 
and PDZ2mut cells.

FIGURE 4: The PDZ2 domain regulates invadopodia and the PDZ1 domain regulates podosome 
dynamics in NHERF1-overexpressing cells. Invadopodia and podosome rings in the cells 
cultured on glass coverslips coated with Matrigel containing BSA-BODIPY for 24 h to visualize 
ECM digestion (green) and stained for F-actin (red) and cortactin (blue). (A) Confocal 
immunofluorescence localization shows invadopodia (arrows) visible as F-actin dots colocalizing 
with cortactin and overlapping with areas of ECM degradation. Podosomal ring structures are 
marked with cortactin and surround F-actin rich cores in pcDNA and PDZ2mut cells (asterisk). 
Bar, 10 μm. (B) Quantification of the Invadopodia Index (left) and Podosomal Index (right) for 
each cell variant calculated as described in Materials and Methods. Data are representative or 
the mean ± SEM of cells from three independent experiments; the values of p are compared 
with the pcDNA-transfected cells.
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ganotropic metastatic choice. We observed that this can occur 
even in cells considered to be “endpoint” in their malignant 
evolution.

Although clinical expression studies have found NHERF1 overex-
pression to be associated with aggressive tumor characteristics and 
poor prognosis (Stemmer-Rachamimov et al., 2001; Cardone et al., 
2007; Song et al., 2007; Bellizzi et al., 2010; Hayashi et al., 2010; 
Tabrizi et al., 2010; Karn et al., 2011; Molina et al., 2012), in vitro 
studies have observed a negative role of WT NHERF1 in tumor 
growth (Pan et al., 2006; Kreimann et al., 2007; Zheng et al., 2010; 
Wheeler et al., 2011; Molina et al., 2012), suggesting that NHERF1 
functions instead as a tumor suppressor. Furthermore, this tumor 
suppressor role of WT-NHERF1 in cell lines contrasts with reports 
that WT-NHERF1 overexpression enhances invasion in tumor cell 
lines (Cardone et al., 2007). In the present study, these apparently 
divergent results are reconciled, as we confirmed that overexpres-
sion of WT-NHERF1 in highly metastatic human breast cancer cells 
greatly reduces both anchorage-independent and xenograft tumor 

DISCUSSION 
The complex set of processes required to produce metastatic le-
sions is based on tumor cell phenotypic plasticity, which enables, 
while still within the primary tumor, the acquisition of special pro-
metastatic phenotypes that function as cell-fate determinants, in 
that they specify cell destiny by governing organotropism (Kang 
et al., 2003; Minn et al., 2005, 2007). This phenotypic plasticity 
relies on specific signal transduction systems, which coordinate 
defined cellular programs (Firestone and Chen, 2010). Signaling 
modules are orchestrated by scaffolding proteins, and here we 
show that one such scaffolding protein, NHERF1, finely regulates 
the development of metastatic lesions by selecting and eventu-
ally integrating the various metastatic behaviors that the cells are 
capable of expressing. Indeed, the present study identified a 
novel role for NHERF1 in cellular plasticity, in that by turning off 
one or the other of its PDZ domains, we could control the shift 
from one to another phenotypic outcome, thus both conferring a 
specific metastatic competence to the cell and determining or-

FIGURE 5: NHERF1 inhibits neoangiogenesis via the PDZ2 domain. (A) Representative microphotographs of capillary 
network formation of HUVECs seeded on Matrigel and incubated with EBM (medium without serum), EGM (medium 
with serum), or CM of each cell variant for 24 h. Asterisks indicate empty areas (lacunae) bordered by the capillary-like 
network. (B) Graphs showing quantification of mean number of lacunae/field (left) and of capillary-like connections/field 
(center), and tube morphology (tube length × width; right) in HUVECs in the presence of EBM, EGM, or CM from each 
cell variant. Mean ± SEM; the values of p compared with the EBM-, EGM-, or pcDNA-transfected cells as indicated.
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increased apoptosis observed in the WT xe-
nograft supports the previously observed 
suppression of tumor expansion by WT 
NHERF1 overexpression.

In recent years, we have better under-
stood that motility/adhesion and invasion 
occur through the intervention of specific 
membrane organelles—podosomes (Yoshio 
et al., 2007) and invadopodia (Gimona et al., 
2008; Buccione et al., 2009; Stylli et al., 
2009), respectively. Some cell types can si-
multaneously form both podosomes and 
invadopodia, whereas other types primarily 
form only podosomes or only invadopodia. 
Very recent work shows that they are indeed 
quite different structures in both their dy-
namics and regulation (Artym et al., 2011; 
Oser et al., 2011). An important question is 
whether these two structures are under sep-
arate regulatory control. We find that over-
expression of either the WT or PDZ1mut 
constructs increased invadopodia formation 
and ECM digestion with a reduction in 
podosome formation, whereas in cells ex-
pressing PDZ2mut, invadopodia disap-
peared, and this was accompanied by an 
increase in podosome number and motility. 
These results demonstrate that there are im-
portant dynamic differences between podo-
somes and invadopodia in the regulation of 
their formation, in that there is a mechanistic 
“switch” regulated by the binding of 
NHERF1 to specific, and yet-to-be-deter-
mined, protein partners. In this regard, it is 
possible that the presence of an excess of 
one active domain sequesters that domains’ 
binding proteins from wild-type signaling 
complexes. A recent article by Mamonova 
et al. (2012) showed that PDZ-partner inter-
actions involve competition between the 

two NHERF1 PDZ domains and their target proteins. Therefore it is 
reasonable to assume that the mutation of one of the domains, 
while abolishing the ability of the mutated domain to bind its net-
work of partner proteins, also alters the binding capacity and speci-
ficity of the remaining PDZ domain, which reinforces and creates 
new signal networks.

Much of solid tumor growth is dependent on the ready supply of 
nutrients and oxygen from a local blood supply and, as a conse-
quence, it can stimulate angiogenesis, or, due to malignant cell 
plasticity, can form its own tumor vascular channel–like structures 
without the participation of endothelial cells (vasculogenic mimicry; 
Dome et al., 2007). As has been reported (Buchanan et al., 2011; 
Cuddy et al., 2012), we found that MDA-MB-231 cells secrete pro-
teins that are able to influence the network-forming ability of en-
dothelial cells. Our data reveal that NHERF1 regulates endothelial 
activation and vascular channel formation by breast cancer cells, 
and this could potentially influence the organotropic choice. We 
find that parental MDA-MB-231 cell CM positively influences 
angiogenesis, whereas WT-CM inhibits HUVEC network formation. 
These data also fit well with the xenograft results, in which a strong 
reduction of WT tumor size resulted from increased apoptosis, mod-
erate decrease in proliferation, and also strong reduction in vessel 

growth while increasing invasion and ECM digestion via stimulation 
of invadopodia formation.

Various signaling mechanisms have been put forward for the 
NHERF1-growth suppression function: 1) NHERF1-PDZ1–mediated 
PTEN membrane recruitment and subsequent PI3K/AKT signaling 
pathway inactivation (Molina et al., 2012); 2) a PTEN-independent 
Akt-modulating effect by formation of a complex with PHLPP1/
PHLPP2 Akt phosphatases (Molina et al., 2012); 3) a PDZ2-depen-
dent down-regulation of the Wnt/β-catenin axis (Wheeler et al., 
2011), and 4) an increased apoptosis due to WT NHERF1 overex-
pression mediated by the suppression of ERK (Zheng et al., 2010). 
The data of the present study demonstrate that the PDZ1 domain 
is the main player in growth, as it completely reversed the WT 
growth repression, supporting previous reports in which NHERF1 
regulates proliferation primarily through the PDZ1-PTEN complex 
via the PI3K/AKT signaling pathway rather than via the PDZ2-de-
pendent down-regulation of the Wnt/β-catenin axis. This conclu-
sion was confirmed with WB measurements (Figure 1C) showing 
that 1) the p-AKT survival pathway was attenuated in the WT trans-
fected cells while being increased especially in the PDZ1-mutated 
(PDZ1mut) cells and 2) the p-ERK–induced proliferation pathway 
was inhibited in the WT cells via the PDZ1 domain. Moreover, the 

FIGURE 6: NHERF1 inhibits vasculogenic mimicry–like ability via the PDZ2 domain. 
(A) Representative microphotographs of capillary-like tubule formations obtained with the cells 
when seeded inside Matrigel for 5 d in their growth medium. Cells were stained with Oregon 
Green 488 DHPE and acquired by confocal microscopy. Asterisks indicate empty areas (lacunae) 
bordered by the capillary-like network. Bar, 10 μm. (B) Bottom, XZ-zoomed vertical cross-section 
views of 3D reconstruction of Z-stacked VM tubes of the regions of interest, indicated by 1 or 2, 
in each field from pcDNA cells and PDZ2mut cells. Vertical sections of the 3D-reconstructed 
tubes show that they are open lumen-like structures surrounded by fluorescent cells. (C) The 
mean number of lacunae/field (left) and the capillary connections number (right) were quantified. 
Results are expressed as mean ± SEM; p value vs. pcDNA. All assays were performed in 
quadruplicate.
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FIGURE 7: NHERF1 PDZ domain function dictates organotropism. Four-week-old female BALB/c-nu/nu mice were 
inoculated in the left ventricle with a suspension of each cell variant. n = 8 mice/group. Mice were monitored daily for 
(A) cachexia (decrease of body weight) and (B) survival (p values vs. pcDNA-injected mice are presented) and 
(C) monitored weekly by x-ray analysis to determine onset and incidence of bone metastasis. p value vs. pcDNA-
injected mice. (D) Evaluation of osteolytic area by densitometric analysis of hindlimb x-ray. Bottom, representative 
radiographic images of one hindlimb that developed an osteolytic lesion for each group. Data are presented as 
mean ± SEM; p value vs. pcDNA. (E) At the end of the experiment animals were killed and subjected to anatomical 
dissection to evaluate the incidence of visceral metastases, which were scored, according to the size, as percentage of 
small (left x-axis) or large (right x-axis) metastases.
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liminary measurements analyzing WT-CM 
with an angiogenesis antibody array, the ex-
pression of the antiangiogenic molecule an-
giostatin was up-regulated, whereas the ex-
pression of proangiogenic molecules VEGF, 
UPA, and TF3 were strongly decreased with 
respect to the CM of all the other cell 
variants.

Of importance, we found that NHERF1 
PDZ-domain function also differentially reg-
ulates vasculogenic mimicry (VM)–like chan-
nel formation, in that the ability of pcDNA 
cells to differentiate into extracellular matrix–
rich, vascular-like channels in 3D Matrigel 
cultures was impaired in the highly invasive 
WT- and PDZ1-mutated clones, whereas 
the PDZ2-mutated clone (PDZ2mut) had full 
VM formation ability. These results suggest 
that NHERF1 can orchestrate a bidirectional 
transition between in vitro mesenchymal/
invasive and vasculogenic programs that de-
fines a novel cancer cell transition, the mes-
enchymal–vasculogenic transition (Figure 8). 
The regulation of this transdifferentiation by 
NHERF1 is in line with the inhibitory effect of 
cAMP on VM (Fan and Sun, 2010) and angio-
genesis (Bianco et al., 1997) and its stimula-
tion of invasion (Cardone et al., 2007), as we 
previously observed that cAMP levels in-
crease upon overexpression of both WT and 
PDZ1mut but not PDZ2mut (Cardone et al., 
2007). Because VM was reported to be resis-
tant to angiogenesis inhibitors in tumor ther-
apy (van der Schaft et al., 2004), elucidation 
of molecular mechanisms by which dysregu-
lated NHERF1 signaling promotes both 
angiogenesis and VM could open new per-
spectives for developing therapeutic strate-
gies with maximized efficacy against tumor 
microcirculation.

In agreement with the master role of 
NHERF1 to orchestrate the expression of in 
vitro phenotypic programs, we find here 
that the two PDZ domains of NHERF1 also 
control in vivo metastatic fate by actuating a 
switch in organotropic metastatic choice. 
Remarkably, although the parental pcDNA 
cells have the generalized capacity to form 
metastases in both bone and visceral tis-
sues, the PDZ2mut cells were highly osteo-
tropic, forming bone metastases much ear-
lier and more efficiently than even the 
parental cells, whereas the PDZ1mut cells 
could no longer form bone metastases and 
showed enhanced metastatic growth in 
viscera. These data permit us to associate 
in vitro metastatic hallmark behaviors with 
in vivo organotropism (Figure 8), in that 
PDZ1mut cells in vitro exhibited a preemi-

nent mesenchymal/invasive phenotype with restricted vasculogenic 
capacity that favors visceral metastases, whereas the PDZ2mut cells 
had increased in vitro capability to 1) form podosomes, which is 

density. This inability to recruit blood vessels is likely caused by the 
lack of secretion of proangiogenic factors and/or high secretion of 
antiangiogenic factors (Ossowski and Aguirre-Ghiso, 2010). In pre-

FIGURE 8: Proposed model for NHERF1 PDZ domain-orchestrated switches regulating in vitro 
tumor phenotypes and in vivo metastatic organotropism. On the basis of its expression, NHERF1 
may behave as (A) an oncosuppressor (NHERF1-WT) or (B, C) a metastasis-organotropic–specific 
protein (NHERF1 PDZ1 or PDZ2inactive). Although it is not yet clear which cellular signal 
mechanisms are responsible for this functional switch, exposure to an aberrant tumor 
microenvironment (hypoxic stress, nutrient stress, low extracellular pHe, ECM components) may 
play a role in affecting NHERF1 posttranslational modifications and/or shuttling from one cellular 
compartment to another, probably via altered phosphorylation and activity of one of its PDZ 
domains, thus attenuating its oncosuppressor role and activating specific oncogenic pathways. 
Moreover, the specific loss of function of one of the two PDZ domains, through the selection of a 
wide and flexible spectrum of possible hallmark behaviors, regulates the shift from one set of 
metastatic phenotypes to another and the spread to one specific organ to another (metastatic 
switch). (B) Specifically, when NHERF1 is overexpressed and PDZ1 is blocked (PDZ1mut cells) a 
growth program is activated, and visceral organs are preferred for spreading because 
invadopodia-dependent invasion and growth are up-regulated, whereas podosome/motility/
angiogenic/osteoclastogenic programs are inhibited. (C) On the other hand, when PDZ2 is 
blocked (PDZ2mut cells) bone metastases are promoted because podosome/motility, 
neoangiogenesis, vasculogenic mimicry–like ability, and osteoclastogenesis are stimulated, 
whereas the invasive program is turned off. The shifting from one program to the other could be 
controlled by the well-documented phosphorylation-dependent alteration in PDZ domain function 
of NHERF1. If the switch between these phenotypic programs is bidirectional due to reversible 
phosphorylation-dependent alterations of the activity of one or the other PDZ domains, then this 
could define the phenotypic transition termed the mesenchymal–vasculogenic transition.
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gests that there is a NHERF1 form as a novel signaling nexus that 
could be exploited for antimetastasis therapy (Mayasundari et al., 
2008).

MATERIALS AND METHODS
Cells and expression vectors containing NHERF1 mutants
The human breast cancer cell line MDA-MB-231 was grown as de-
scribed (Cardone et al., 2007). Cells were transfected with FuGene6 
transfection reagent (Roche Molecular Biochemicals, Indianapolis, 
IN) and 3 μg of DNA construct according to the manufacturer’s pro-
tocol. Expression vectors for NHERF1 WT and NHERF1 mutated in 
the PDZ1 or PDZ2 domains (PDZ1mut and PDZ2mut, respectively) 
were developed as described (Weinman et al., 2003) and used for 
the transfection of MDA-MB-231 cells (Supplemental Figure S1). 
The transfected cells were selected and maintained in complete 
medium containing 500 μg/ml hygromycin B (Calbiochem, Schwal-
bach, Germany). Multiple stable NHERF1-transfected clones (WT) 
and PDZ1/PDZ2-defective, mutant, stably transfected clones 
(PDZ1mut and PDZ2mut) expressing approximately three -times the 
NHERF1 levels, together with a pcDNA empty vector–expressing 
clone in which NHERF1 was expressed at endogenous levels, were 
obtained and screened as described in Supplemental Figure S2. 
Adherent HUVECs were propagated in Endothelial Basal Medium 
(EBM) plus 2% fetal bovine serum, bovine brain extract, hydrocorti-
sone, human endothelial growth factor, and gentamicin/amphoteri-
cin B (EGM) in 5% CO2 at 37°C.

ECM digestion by in situ zymography
For in vitro dequenching assay, experiments were conducted in Ma-
trigel (diluted to a final concentration of 4 mg/ml) containing 
quenched BODIPYs linked to BSA (DQ-green BSA, DQ-red BSA) as 
described (Busco et al., 2010). Focal proteolysis produces fluores-
cence in a black background. which is used both to quantify prote-
olytic activity levels and in colocalization analysis.

Colony formation in soft agar, in vitro invasion, 
three-dimensional evasion, migration, and wound-healing 
assays
Details on these measurements are supplied in the Supplemental 
Materials and Methods.

Invadopodia and podosomes
The visualization and analysis of invadopodia and podosomes 
formed in Matrigel were performed as described (Busco et al., 
2010).

The Invadopodia Index was calculated as the product of the per-
centage of invadopodia-positive cells for the mean number of inva-
dopodia per cell, and the Podosomal Index was calculated as the 
product of the percentage of F-actin and cortactin ring–positive 
cells for the mean number of rings per cell. The individual histo-
grams displaying the data for these parameters are shown in Sup-
plemental Figure S5.

In vitro angiogenesis and three-dimensional vasculogenic 
mimicry network formation assays
Details on the measurement and analysis of angiogenic and vascu-
logenic mimicry capacity are supplied in the Supplemental Materials 
and Methods.

In vivo experimental tumors and analysis
Four-week-old female immunocompromised BALB/c nu/nu mice 
(Charles River, Milan, Italy) were maintained under sterile conditions 

highly associated with bone metastasis (Blouw et al., 2008; Sturge 
et al., 2011); 2) induce a vasculogenic program that conferred an 
additional advantage in the bone microenvironmental, as bone is 
one of the most physiologically hypoxic areas of the body (Dunn 
et al., 2009); and 3) induce osteoclastogenesis (Supplemental Fig-
ure S7), which acts synergistically to increase bone metastasis.

In mice injected with WT-NHERF1–overexpressing cells we found 
a striking decrease in both visceral and bone metastasis, with a gen-
eral increase in survival. The high number of visceral micrometasta-
ses and the low number of visceral outgrowth metastases in WT-in-
jected mice suggest that whereas in WT cells the activation of the 
invasive program permits the cells to infiltrate the visceral paren-
chyma of the secondary tissue, the lack of sustaining growth signals 
restrains metastasis outgrowth. These results provide functional evi-
dence for a metastasis suppressor role of NHERF1 in response to its 
stringent blockade of the neovascularization/growth programs. A 
further protective role of overexpression of WT-NHERF1 in bone 
could be due to its reduced osteoclastogenic ability (Supplemental 
Figure S7).

This putative metastasis-suppressor role of WT-NHERF1 seems, 
paradoxically, not in line with clinical studies in which overexpres-
sion of WT-NHERF1 is strongly associated with highly aggressive 
tumors. This suggests that in vivo the activities of one or the other 
PDZ domains must be altered to convert NHERF1 from a metasta-
sis repressor to a metastasis activator and raises the question as to 
how these activities of NHERF1 could be regulated. Whereas pub-
lished data suggests that NHERF1 mutation is of minor importance 
(Dai et al., 2004), changes in phosphorylation are known to be 
among the major mechanisms for regulating NHERF1 activity and 
function, including cellular localization, protein conformation, and 
protein–protein interaction and complex formation (Garbett et al., 
2010). NHERF1 is phosphorylated both constitutively and by phys-
iological stimuli, and phosphorylation modifies both 1) its localiza-
tion and the binding ability/specificity of the PDZ domains through 
serines 77 (Voltz et al., 2007; Weinman et al., 2007) and 162 
(Raghuram et al., 2003; Li et al., 2007) and 2) formation of homodi-
mers via the phosphorylation of serine 289 (Hall et al., 1999) and/
or the stimulus-driven phosphorylation of serines 339 and 340 
(Fouassier et al., 2005; Voltz et al., 2007). During mitosis in HeLa 
cells NHERF1 is phosphorylated by cdc2 on serines 279/301, and 
this acts as a “switch,” in that decreases NHERF1 oligomerization 
while increasing its association with the cell-cycle regulator Pin1 
(He et al., 2001). Moreover, it was recently observed that HPV-16 
E6/E7-induced neoplastic transformation increases cdc2-depen-
dent NHERF1 phosphorylation at serines 279/301, and this activity 
was linked to increased PI3K signaling and Akt activity (Accardi 
et al., 2011). Taken together, these studies provided strong evi-
dence that many critical events involved in cellular responses are 
mediated by NHERF1 phosphorylation We hypothesize that meta-
static cells respond to different microenvironments inherent to dif-
ferent secondary organs, thus altering their phenotypic outcome, 
through the modulation of NHERF1 phosphorylation. In support of 
this hypothesis, we observe in preliminary experiments that breast 
tumors express hyperphosphorylated NHERF1 compared with the 
local nontumor tissue (Supplemental Figure S8). The understand-
ing of the specific phosphorylations in different tumors and the 
mechanisms regulating changes in phosphorylation will be an im-
portant line of future research.

Our findings identified NHERF1 as a key protein in the regulation 
of metastatic phenotype expression and organotropism. This regu-
latory system will permit the deciphering of the molecular mecha-
nisms largely responsible for cell metastatic fate choices and sug-
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and used for all in vivo experiments. Procedures involving animals 
and their care were conducted in conformity with national and inter-
national laws and policies and were approved by our Institutional 
Review Board. Intracardiac and subcutaneously injections were per-
formed as described (Arguello et al., 1988; Yoneda et al., 1997; 
Rucci et al., 2006). Further details can be found in the Supplemental 
Materials and Methods.

Evaluation of osteolytic lesions
Radiographs were scanned using the Bio-Rad scanning densitome-
ter (Hercules, CA), model GS800, and quantification of the area of 
interest was done using the Bio-Rad Quantity One image analysis 
software.

Statistical analysis
Data are presented as means ± SEM. One-way ANOVA Kruskal–
Wallis test was used to compare more than two groups, and Stu-
dent’s t test (two-tailed) was used to compare two groups. A value 
of p < 0.05 was considered significant, assuming equal variances on 
all experimental data sets. The incidence of cachexia, survival, and 
bone and visceral metastases was analyzed by a chi-squared contin-
gency table analysis (Fisher’s exact test), and a value of p < 0.05 was 
considered significant. All analyses were performed with InStat 
(GraphPad Software, La Jolla, CA).
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